
ABSTRACT 

RYAN, KELSEY NICOLE. Modifying Whey Proteins to Improve Thermal Stability at 

Neutral pH. (Under the direction of Dr. E. Allen Foegeding). 

 

Whey is a byproduct of cheese and casein manufacturing processes and is a source 

material for ingredients used in the food and pharmaceutical industries.  Proteins are isolated 

from whey to produce whey protein isolate (WPI), which contains >90% protein and is used 

in many foods due to its nutritional value.  WPI is isolated from whey using two main 

processes – ion-exchange chromatography and membrane filtration concentration.  Whey 

proteins are thermally stable at low pH, but at neutral pH, whey proteins become turbid, 

viscous and insoluble or phase-separated when heated in the presence of salts.  Therefore use 

of WPI in nutritional beverages at neutral pH that contain salts (i.e. meal-replacement 

beverages and sports drinks) is a challenge.  A process was developed to improve the thermal 

stability of β-lactoglobulin (β-lg), the main whey protein, in the presence of salts.  When β-lg 

is heated at neutral pH, without added salts and below the critical gelation concentration, a 

solution with low turbidity and viscosity is produced.  Heating under these conditions forms 

protein aggregates in the size range of 36 to 59 nm that exhibit lower turbidity and viscosity 

when heated in the presence of salts.  These aggregated proteins are referred to as whey 

protein soluble aggregates.   

To understand and optimize the formation of soluble aggregates and their 

physicochemical properties, the following objectives were carried out:  1) determine the 

mechanism of improved thermal stability of whey protein soluble aggregates; 2) determine 

the range of heating conditions that results in thermally stable soluble aggregates; 3) optimize 

the formation of soluble aggregates using ion-exchange and membrane filtration WPI, and 4) 



produce a model protein beverage using soluble aggregates and determine its storage 

stability.     

The mechanism of improved thermal stability of soluble aggregates was investigated 

using β-lg and WPI in order to determine the influence of β-lg on WPI functionality.  

Thermal stability was assessed by measuring turbidity, viscosity, solubility and aggregate 

size.  ζ-Potential, surface hydrophobicity and aggregate shape were evaluated to determine 

the mechanism of thermal stability.  The mechanism for WPI followed that of β-lg, 

suggesting β-lg behavior dominates WPI aggregation behavior under the conditions studied.  

The mechanism was determined to be due to formation of soluble aggregates that are highly 

charged and more resistant to added salts during thermal treatment.  This was true for WPI 

produced using ion-exchange or membrane filtration.  Final protein aggregates after thermal 

treatment with salts were smaller and visually less dense, contributing to the lower viscosity 

and turbidity of solutions heated using soluble aggregates versus the control.         

Soluble aggregates were formed that were resistant to salt concentrations exceeding 

those typically used in nutritional beverages – up to 100 mM NaCl or 15 mM CaCl2.  

Membrane filtration WPI soluble aggregates formed at higher pH (7.5 versus 6.5) were more 

functional (lower turbidity and viscosity, and higher solubility), while functional ion-

exchange soluble aggregates could be formed over the neutral pH range.  

Model beverages using soluble aggregates (treatment) and native proteins (control) 

were prepared at 5% w/w protein at pilot scale and evaluated for stability over nine weeks.  

Beverages prepared using soluble aggregates as the protein source were similar in viscosity 

to the control, but over nine weeks of storage, the native protein viscosity increased more 



than the treatment beverage.  Turbidity of the treatment beverage was slightly lower than that 

of the control beverage over time.   

The objectives of the research were met.  The mechanism of improved thermal 

stability with the use of whey protein soluble aggregates was established, the range of 

conditions that can be used to form functional soluble aggregates was determined, and the 

improved storage stability of beverages produced using soluble aggregates was proven.  
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ABSTRACT 

 

Whey protein soluble aggregates can be used to modify whey protein ingredients for 

improved or expanded applications in foaming, emulsification, gelation, film-formation and 

drug delivery.  Whey protein soluble aggregates are defined as whey protein intermediates 

between monomer proteins and the insoluble gel network or precipitate.  The conditions 

under which whey protein denaturation and aggregation occur have been extensively studied 

and the mechanism for whey protein aggregation under certain conditions has been more or 

less established.  The composition of aggregates on their functionality is reviewed, along 

with the protein interactions involved in formation of aggregates.  The formation of soluble 

aggregates as affected by solution conditions like pH, presence of ions and protein 

concentration, along with heating temperature and time, is discussed.  A goal is to design 

aggregates with specific physicochemical properties suitable for the chosen application by 

using different combinations of these conditions to control denaturation and aggregation.  

Characteristics selected for include specific charge, hydrophobicity, size and shape which 

will alter the final product rheology, optical properties and physicochemical stability.  A 

proposed approach to design of soluble aggregates with improved thermal stability for 

beverage applications is presented.   
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1.  INTRODUCTION 

1.1 Overview 

Soluble Aggregates.  Work done mostly in the 1990s laid the foundation for 

formation of whey protein soluble aggregates under different stress conditions including pH, 

ionic strength and heat load.  The relationships among these conditions affect the amount of 

native structure loss in whey proteins and thus their thermal stability (De Wit 1990).  This 

review covers the physicochemical properties of whey protein soluble aggregates under 

conditions of neutral pH, herein defined as ~ pH 6.0-7.5. 

McSwiney and others (1994) suggested that ―soluble aggregates‖ may be formed 

prior to development of macroscopic gels, below the critical gelation concentration and 

heating conditions that cause gelation.  These authors may have been one of the first to use 

the term ―soluble aggregates,‖ defining them as ―protein intermediates between the 

monomers and the insoluble gel network‖ since they appear as monomers on sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels when a reducing agent is used 

(McSwiney and others 1994).  Recent work by Ako and others (2009) has shown that the 

aggregation process of β-lactoglobulin (β-lg) results in one of four states depending on pH, 

ionic strength and protein concentration.  As seen in Figure 1, soluble aggregates represent a 

colloidal sol of dispersed protein aggregates.  A great deal of research has been done on the 

properties of whey protein soluble aggregates, which are also called whey protein polymers, 

pre-heated whey protein, polymerized whey protein, and even nanoparticles in some 

literature.  Much more work has been done on β-lg, as compared to α-lactalbumin (α-la), 

bovine serum albumin (BSA), and combined whey proteins, mostly to understand the 
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unfolding and aggregation reaction mechanisms.  The major protein in most whey protein 

isolates (WPI) is β-lg, and thus it is likely that the patterns observed for β-lg are a good first 

approximation for WPI.  Most of this review covers β-lg, but WPI results are reported when 

available.   

Thermal Stability.  Much recent research has been carried out on the use of protein-

polysaccharide interactions to improve thermal stability of whey proteins (Baeza and Pilosof 

2002; Capitani and others 2007; Chanasattru and others 2009; Ibanoglu 2005; Jones and 

others 2009; Vardhanabhuti and Foegeding 2008; Vardhanabhuti and others 2009; Zhang and 

Foegeding 2003; Zhang and others 2004).  Formation of protein-polysaccharide complexes 

has been reviewed (Benichou and others 2002; Grinberg and Tolstoguzov 1997; Jones and 

McClements 2010; Schmitt and others 1998; Turgeon and others 2007).  Another approach to 

improving thermal stability is to utilize what is known about protein unfolding and 

aggregation under different conditions; basically, to form soluble aggregates with specific 

properties rendering the proteins more stable to heat and solvent conditions.  This paper 

reviews the concept of protein stability, from the perspective of colloidal stability, and the 

literature focusing on the physicochemical properties of soluble aggregates, and predicts a 

new approach to form soluble whey protein aggregates with improved salt and thermal 

stability for beverage applications.   

1.2  Whey Protein Structure  

Milk contains about 3.3% protein, about which 20% are whey proteins.  The most 

common whey protein products are whey protein concentrates (WPC) and whey protein 



 

5 

isolates (WPI).  WPCs most commonly contain around 35% (WPC35) or 80% (WPC80) 

protein and are produced by separation techniques.  WPIs contain >90% protein (Foegeding 

and others 2011) and are produced by ion-exchange chromatography followed by 

ultrafiltration, or a membrane filtration separation process in which microfiltration is 

followed by ultrafiltration-diafiltration.  Spray drying follows protein concentration and 

isolation (Wang and Lucey 2003).  Depending on the isolation process and drying conditions, 

differences in composition and protein fractions have been reported in the resulting whey 

powders (Wang and Lucey 2003; Holt and others 1999; Foegeding and others 2011).   

The main proteins in whey are β-lactoglobulin (β-lg) and α-lactalbumin (α-la), with 

bovine serum albumin (BSA) and immunoglobulins present in a lower concentration (Table 

1), along with and other non-protein nitrogen.  β-Lg is the major whey protein in bovine milk 

and makes up about 12% of the total milk protein and 44-70% of the total whey protein, 

depending on the process used to isolate the whey proteins (Foegeding and others 2011; 

Wang and Lucey 2003).  β-Lg is an 18 kDa protein (Leonil and others 1997) with 162 

residues and is rich in sulfur amino acids (Braunitz and others 1973; UniProt Consortium 

2011).  Each β-lg monomer has two disulfide bonds and one free sulfhydryl, for a total of 

five cysteine residues.  The pI of β-lg is around 5.2 (Godovac-Zimmermann and others 1996) 

and it exists in the monomer form below pH 3.5 and as a dimer between about pH 5.5 and 7.5 

(Fox and McSweeney 2003; Mills and Creamer 1975; Molinari and others 1996).  In its 

native state, β-lg is composed of 9 anti-parallel strands and 8 β-sheets that wrap to form a β-

barrel, and it has the ability to bind small ligands like fatty acids and vitamin A (Brownlow 



 

6 

and others 1997).  The hydrodynamic radius of the dimer is approximately 3.2 nm and of the 

monomer is about 2.04 nm (Aymard and others 1996a).   

α-Lactablumin comprises about 3.5% of the total protein in milk and about 15% of 

the whey protein (Foegeding and others 2011; Fox and McSweeney 2003).  With a molecular 

weight of about 14 kDa and high level of tryptophan (4 residues·mol
-1

) and sulfur (about 

1.9%), α-la is the major protein in human milk, but not bovine milk.  α-La has four 

intramolecular disulfide bonds per monomer and its pI is around pH 4.8 (Fox and 

McSweeney 2003; UniProt Consortium 2011).  Due to the presence of disulfide bonds, α-la 

is an elliptically shaped, compact, globular protein which is considered heat stable.  α-La has 

a denaturation temperature of 62 °C (Table 1), but denaturation is reversible (Bryant and 

McClements 1998; de Wit and Klarenbeek 1984; Fox and McSweeney 2003).   

The concentration of BSA in milk is about 1-4%.  It is a 66 kDa protein with 582 

residues, including 17 disulfide bonds and one free sulfhydryl group.  Bovine serum albumin 

is also an elliptically shaped protein and it has significant biological function in blood, but 

little in milk, possibly binding metals and fatty acids (Brown and others 1971; Brown 1975; 

Fox and McSweeney 2003; Peters 1985). 

Both β-lg and α-la are highly structured with 10-15% and 25% α-helices, 43% and 

14% β-structure, and 47% and 60% unordered, respectively (Fox and McSweeney 2003; 

Suttiprasit and others 1992; UniProt Consortium 2011).  Whereas caseins are considered heat 

stable, i.e. solutions are not destabilized by heating, whey proteins are generally unstable.  

Whey proteins may be completely denatured after 10 min of heating at 90 °C (Zhu and 
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Damodaran 1994).  Part of their propensity to be heat labile is due to formation of 

intermolecular disulfide bonds.  On average, the whey proteins contain about 1.7% sulfur 

since they are rich in cysteine, especially BSA with 35 residues·mol
-1

 (Damodaran and Paraf 

1997).  Disulfide bonds and free thiol groups influence the physicochemical properties of 

whey proteins as will be discussed later in detail.  

1.3  Protein Stability 

1.3.1  Protein Folding 

 Protein folding knowledge is important for understanding protein unfolding and 

subsequent aggregation of proteins for functional purposes, and to develop proteins with 

novel functions.  Protein structure begins with the primary structure, or the amino acid 

sequence.  The secondary, tertiary and quaternary protein structures all involve folding, or 

establishment of greater structure.  Protein secondary structure is the organization of the 

amino acid backbone into domains or motifs, often comprised of α-helices or β-sheets, 

stabilized by hydrogen bonds.  The organization of secondary structure motifs or domains 

into a more compact structure is the tertiary structure.  Finally, multiple tertiary structures of 

a protein may be organized into one quaternary structure.   

 During protein folding, the most biologically functional, stable and energetically 

favorable conformation must be obtained.  Folding of the polypeptide backbone of a protein 

occurs because it is thermodynamically favorable – the folded state has a lower free energy 

(ΔG).  A folded protein has a favorable enthalpy (H) due to internal interactions, while the 

denatured state has favorable entropy (S) due to the freedom of an unstructured chain 
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(Dobson and others 1998).  Folding occurs because the internal, or hydrophobic, interactions 

slightly outweigh the entropic (unfolding) interactions, as shown qualitatively in Figure 2.  

For example, the energy from internal protein interactions (ΔH; hydrophobic interactions, 

electrostatic interactions, hydrogen bonds and van der Waals forces) plus those from the 

hydrophobic effect (-TΔS) of folding outweigh the energy from the favorable entropy of 

unfolding (-TΔSconf).  Therefore the total change in Gibbs free energy (ΔG) is negative, 

which means the folded state is preferred.   

 Contributing to the total free energy favoring the native state (initial β-lg proteins in 

Figure 3) are the hydrophobic effect, solvation of polar groups, hydrogen bonding, and van 

der Waals and electrostatic interactions.  Hydrophobic amino acids bury themselves in the 

core of the protein, interacting with each other and allowing water to be released, which 

increases entropy.  Polar amino acids may interact with the solvent on the outside of the 

native protein structure.  Thus the amino acid sequence of a protein will dictate its native 

state conformation.  The sequence directs folding and packing of the protein in the most 

thermodynamically stable state, resulting in a compact structure and specific side chain 

packing (Anfinsen 1973; Dobson and others 1998; Makhatadze and Privalov 1995).     

 In addition to important interactions that stabilize the native state, it is known that 

protein folding is a cooperative process with the formation of multiple structures from the 

amino acid chain.  Localized intermediate structures, like α-helices, are present during 

folding and may be part of the barrier to protein refolding in some situations (Figure 4; 

Dobson 2003).  Chaperones may aid proper protein folding.  A molecular chaperone is a 



 

9 

separate protein that aids in the proper folding of another protein, thus preventing misfolding.  

Misfolding, for instance formation of amyloid fibrils, can lead to diseases such as 

Parkinson’s, Alzheimer’s and Huntington’s diseases, among many others (Chiti and Dobson 

2006).  Figure 4 exemplifies some of the possible structures that may be formed from a 

protein primary sequence.  The amino acid chain is synthesized and is present in an unfolded 

conformation.  For example, the properly folded β-lg exists as a dimer at physiological pH, 

about 6.8.  The unfolded amino acid chain folds into an intermediate structure, shown to be 

dominated by α-helix, and then the native structure involving β-structure, α-helices and 

unordered areas (Table 1) develops (Hamada and others 1996; Kuwajima and others 1987; 

Kuwajima and others 1996; Kuwata and others 2001).  Finally the functional quaternary 

dimer structure is formed.  All of the states of protein folding illustrated in Figure 4 depend 

on the specific thermodynamic and kinetic stabilities of the intermediates, and the folding 

environment (Dobson and others 2003).   

1.3.2  Protein Unfolding 

Protein unfolding is essentially the reverse of protein folding.  The folded or native 

state of a protein is only slightly more thermodynamically favorable than the unfolded or 

denatured state (Figure 2).  The free energy difference for native and denatured lysozyme, for 

example, is 14 kcal·mol
-1

 (where a single covalent or ionic bond is about 150 kcal·mol
-1

), 

typical of globular proteins (Makhatadze and Privalov 1995).  Thus disruption of the native 

state is relatively easy, depending on the protein.  Not only is there thermal denaturation, but 

pH, shear forces, and chemical agents are common protein denaturants, and cold 



 

10 

temperatures can induce denaturation as well.  As was seen for lysozyme, where the 

difference in free energy between the folded and unfolded states was small, proteins are very 

susceptible to unfolding with a change in environmental conditions.  Even a mild heat 

treatment will cause denaturation of most proteins, which is common in food processing 

(Figure 3, Step 1).  Heat denaturation specifically occurs because of preference for the 

higher, favorable entropy of the unfolded state.   

The concept of protein stability regarding the term ―denaturation‖ is clear – the 

maintenance of the biologically active protein native state.  But what is protein thermal 

stability as it relates to how it functions in food?  Proteins that are biologically inactive can 

still be functional in foods.  In food applications, thermal stability is no longer the structural 

stability of one protein molecule; it is a colloidal stability concept where protein-protein 

interactions determine the propensity to form aggregates.  Here the aggregate size, shape, 

density and surface properties become the primary determinant of stability (Figure 3).  With 

colloidal, or weak, interactions, charge screening, van der Waals forces, hydrophobic 

interactions, crowding effects, and excluded volume or steric effects become increasingly 

important to stabilization (Weiss and others 2009).  A proposed definition is that thermally 

stable proteins are proteins in which colloidal stabilizing interactions dominate, leading to 

dispersability, under the conditions desired in a food over the desired period of time.  In this 

paper we sort through the published research on whey protein soluble aggregates.  The 

concept of thermal stability will be revisited later after a discussion on whey proteins, their 

aggregates and functionality of whey protein soluble aggregates.  In the end we propose the 

use of these aggregates for improved thermal stability in beverages.  
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1.4  Whey Protein Stability 

1.4.1  Solubility  

Solubility of protein solutions is an operational description based on the amount of 

protein remaining dispersed after a mild centrifugation.  In milk, the whey proteins are 

soluble at pH 4.6, near their pI of ~ 5.2.  Tests that determine solubility at pH 4.6 indicate the 

amount of protein that is in either the native state or a non-native state that is less prone to 

aggregation.   Whey proteins still in the native state indicate the presence of hydrophilic 

protein surfaces that encourage protein-water interactions over protein-protein hydrophobic 

interactions (Zhu and Damodaran 1994).  However, the maximum intermolecular 

aggregation of β-lg without heat does occur near the pI due to neutralization of charges and 

interaction via hydrophobic forces (Mahji and others 2006; Mehalebi and others 2008; 

Schmitt and others 2009; Stading and Hermansson 1990).  Increasing ionic strength results in 

salting in of β-lg (Majhi and others 2006), as would be expected from the ―globulin‖ 

designation in the name (Osborne and Wakeman 1918; Owasu-Apenten 2005).  The protein 

isolation process will also influence the solubility of whey proteins in this pH range (de Wit 

and Kessel 1996). 

1.4.2  Denaturation & Aggregation  

Heat-induced denaturation of β-lg, like any protein, is dependent on pH, ionic 

strength, the nature of the ions, the purity of the protein, protein concentration, dielectric 

constant, and temperature.  Roefs and de Kruif (1994) developed a kinetic model for 

temperature-induced denaturation and aggregation at neutral pH at intermediate temperature 
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(65 °C) based on a general free radical model with steps of initiation, propagation and 

termination.  Initiation involves the formation (or availability) of reactive thiol groups by 

unfolding of the protein.  Propagation is when the reactive thiol reacts with a disulfide bond, 

disulfide interchange occurs, and a new thiol is exposed so the reaction can continue.  

Finally, termination is when two reactive intermediates react to form a polymer without a 

reactive thiol.   

Most work supports this mechanism and the similar proposed mechanism that 

aggregation of β-lg involves the necessary dimer dissociation and conformational change to 

form reactive monomers and then sulfhydryl-disulfide exchange reactions to form larger 

aggregates (Havea and others 2001; Qi and others 1995; Qi and others 1997).  β-Lg dimers 

dissociate between 30-50 °C (Sawyer 1969) and unfold at higher temperatures, around 78 °C, 

resulting in exposure of the free thiol group and increased thiol reactivity (Bryant and 

McClements 1998; Larson and Jenness 1952; Fox and McSweeney 2003; Zhu and 

Damodaran 1994).  Aggregation may also occur without the thiol group via non-covalent 

mechanisms.  The mechanism of β-lg denaturation and aggregation involving dimer 

dissociation, monomer unfolding, and increased thiol reactivity to allow disulfide interchange 

and aggregation via disulfide bonding is shown in Figure 3 (Bauer and others 1998; Cairoli 

and others 1994; Carrotta and others 2003; Croguennec and others 2003; Croguennec and 

others 2004; Havea and others 2001; Hoffmann and van Mil 1997; Mehalebi and others 

2008; Nicolai and others 2011; Schokker and others 1999).  Corresponding with Figure 3, the 

reaction steps may be ordered as follows: 
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1. Formation of reactive monomers.  β-Lg dimers dissociate into monomers and the 

monomers unfold to expose a reactive thiol group. 

2.  Formation of oligomers.  Reactive monomers interact via disulfide bonds to form 

non-native dimers, trimers and other smaller molecular weight aggregates.   

3.  Formation of soluble aggregates.  Oligomers react to form larger aggregates 

through covalent and non-covalent interactions.   

4.  Formation of larger networks, gels or precipitates via mostly non-covalent 

interaction.   

Protein aggregation at neutral pH and near the pI has also been compared to 

crystallization where both are said to follow similar mechanisms of nucleation and growth in 

which an energy barrier is overcome and the concentration of aggregates is a function of 

temperature and time (Bromley and others 2006; Unterhaslberger and others 2006).  A 

nucleation and growth mechanism was also observed at acidic pH and low ionic strength 

(Aymard and others 1996a; Aymard and others 1996b; Aymard and others 1999; Schokker 

and others 2000b).  Furthermore, Ako and others (2009) suggested that micro-phase 

separation of smaller aggregates forms agglomerated, non-covalently linked, larger particles, 

linking phase separation to whey protein aggregation.   

It is proposed that β-lg denaturation is a 1
st
 order unfolding reaction in which an 

equilibrium between native and unfolded β-lg exists, and aggregation is a 2
nd

 order reaction 

where initial reaction order increases with pH in the neutral pH range (Verheul and others 

1998), and an overall reaction order of 1.5 (Hoffmann and others 1997; Hoffmann and van 
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Mil 1997; Verheul and others 1998; Zuniga and others 2010).  The slow, rate-limiting step of 

β-lg aggregation is protein denaturation at heating temperatures ~65-80 °C, at pH close to the 

pI, and at high NaCl concentrations (~1 M) due to delayed unfolding (de la Fuente and others 

2002; Verheul and others 1998).  The second step, aggregation, is rate-limiting under the 

opposite conditions, especially at temperatures >~90 °C (de Wit 2009; Galani and Apenten 

1999; Mounsey and O'Kennedy 2007; Tolkach and Kulozik 2005; Verheul and others 1998).  

α-La does not aggregate on its own at neutral pH unless certain conditions are met (e.g. very 

high temperature, high salt concentration, or the presence of a free thiol group; Dalgleish and 

others 1997; Gezimati and others 1997; Hines and Foegeding 1993; Kavanagh and others 

2000; Matsudomi and others 1992; McGuffey and others 2005; Schokker and others 2000a; 

Rojas and others 1997).  α-La does aggregate in the presence of β-lg, suggesting α-la needs 

the free thiol of β-lg to initiate aggregation.  Thus, aggregation of α-la – β-lg mixtures is 

governed by β-lg (Calvo and others 1993; Dalgleish and others 1997; Gezimati and others 

1997; Hines and Foegeding 1993; Hong and Creamer 2002; Kazmierski and others 2003; 

Mahmoudi and others 2007; Schokker and others 2000a).  During the lag phase of 

denaturation and aggregation, small β-lg aggregates are formed, and after a critical 

concentration of these are reached a secondary, Smoluchowski-type, aggregation occurs, 

where particles diffuse to a nuclei, such as an activated β-lg, to aggregate (von 

Smoluchowski 1916; Walstra 2003).  A more detailed review of whey protein denaturation 

and aggregation kinetics and mechanisms can be found in de la Fuente and others (2002) and 

Nicolai and others (2011).   
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1.4.3  Thermal Stability in Beverages 

 Traditional research on thermally processed whey protein beverage stability has 

mostly investigated use of other ingredients to stabilize whey proteins either in their native or 

denatured state.  One approach is to use small molecular weight compounds, such as sugars 

or sugar alcohols, because they contribute sweetness in addition to altering protein 

aggregation. Addition of sugar alcohols at concentrations between 50 and 100 g·L
-1

 reduces 

turbidity after thermal treatment of whey protein beverages at pH 4.  Lower molecular 

weight, <200 g·mol
-1

, sugar alcohols reduced turbidity more than higher molecular weight 

sugar alcohols.  These smaller molecules were able to interact with protein molecules easier 

than the larger molecules due to less steric hindrance compared to larger sugar alcohols 

(LaClair and Etzel 2010).  Glycerol can reduce intermolecular protein interaction by 

stabilizing the native state or increasing viscosity to slow protein diffusion (Baier and others 

2004; McClements 2002), resulting in lower turbidity due to slower aggregation in protein 

beverages (LaClair and Etzel 2010).  Urea, propylene glycol and ethanol also result in 

reduced beverage turbidity due to solubilization of the non-polar groups of denatured 

proteins, reducing the ability of proteins to form aggregates; thus stabilization of the 

denatured state is achieved (LaClair and Etzel 2010).  Proline was shown to decrease 

turbidity, probably due to its binding with hydrophobic groups on the whey proteins.  

Hydrophilic amino acids with amine groups, asparagine and glutamine, were also shown to 

reduce beverage turbidity.  This again was attributed to stabilization of the denatured state 

(LaClair and Etzel 2010).    
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As will be discussed further, salts are known to destabilize protein beverages at high 

concentrations by inducing protein aggregation and precipitation.  Mineral chelators are used 

to stabilize proteins, examples being ethylenediaminetetraacetic acid (EDTA) and citrate.   

For instance, chelators were used to improve salt stability in beverages by reducing protein-

stabilized emulsion droplet aggregation (Keowmaneechai and McClements 2006).  When 

used together, EDTA and citrate reduced coagulation and gelation of emulsion beverages 

heated from 50-100 °C.  Use of EDTA in a calcium salt emulsion beverage resulted in 

reduced particle diameter (1 μm versus 100 μm) when heated from 50-90 °C 

(Keowmaneechai and McClements 2006).   

At higher β-lg concentration, 6% (w/w), and neutral pH, dextran sulfate was found to 

impart improved thermal stability.  Electrostatic complexes between β-lg and dextran sulfate 

were formed, increasing the negative charge of the particles and reducing protein 

aggregation.  Dextran sulfate actually decreased the β-lg denaturation temperature showing it 

did not stabilize the native state, but altered β-lg aggregation (Vardhanabhuti and others 

2009).  Enzymatic cross linking of WPI by transglutaminase, stabilizing the native state, has 

also been shown to improve the thermal stability (reduced turbidity) of whey proteins in 

beverages (Zhang and Zhong 2009).  Incorporation of whey proteins into water in oil 

microemulsions to produce whey protein nanoparticles proved effective in increasing 

beverage thermal and salt stability.  5% w/v whey protein nanoparticles, pH 6.8, were heated 

from 80-90 °C for 20 min.  Reduced turbidity was achieved and NaCl levels up to 400 mM 

did not affect stability of the whey protein nanoparticles (Zhang and Zhong 2009; Zhang and 

Zhong 2010). In summary, a variety of approaches involving addition of ingredients to 
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stabilize the whey protein native or denatured state have been employed in beverage research 

to improve thermal stability.  It may be desirable to modify whey proteins themselves to be 

more thermally stable through simple methods like heating.         

2.  PHYSICOCHEMICAL PROPERTIES & APPLICATIONS OF WHEY PROTEIN 

SOLUBLE AGGREGATES 

 The composition of aggregates (i.e. the mix of proteins contained in the aggregates) 

and the interactions that form them may be important to their functional properties.  

Furthermore, the conditions used to form aggregates – pH, heating time and temperature, 

protein concentration and presence of ions – will affect the final aggregate physicochemical 

properties.  Therefore, the aim has been to form particles, generally on the nano-scale, with 

structural properties designed for specific applications. 

2.1  Aggregate Composition  

The role of the major whey proteins in aggregation when heated as mixtures has been 

investigated.  It has been shown that all of the major whey proteins, β-lg, α-la, and BSA, are 

involved in aggregate formation.  When aggregates formed in whey protein concentrate 

(WPC) are dissociated, monomers, disulfide-bound dimers, trimers and larger aggregates, 

along with homopolymers and heteropolymers of β-lg, α-la, or BSA, are observed.  1:1 

disulfide bound α-la and β-lg or BSA complexes are also formed, suggesting a free thiol is 

needed to catalyze α-la aggregation (Havea and others 2001; Hong and Creamer 2002; 

Livney and others 2003).   
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The composition of soluble aggregates is related in part to differences in thermal 

stability of the individual proteins.  The aggregation pattern of BSA mixed with β-lg has 

been shown to produce mostly homopolymers of each protein since BSA is reactive at a 

lower temperature and forms aggregates before reactive β-lg is available.  In the presence of 

α-la, initial aggregates are formed by BSA and then later aggregates between β-lg and α-la 

form.  It has been suggested that BSA is a better catalyst than β-lg in polymerizing α-la since 

BSA denatures at 64 °C, closer to the α-la unfolding temperature of 62 °C, whereas β-lg 

denatures at 78 °C (Havea and others 2001).  In contrast, it was shown using a lower protein 

concentration and harsher heating conditions, that BSA:β-lg heteropolymers are formed, 

possibly since more time was available for interchange reactions to occur (Matsudomi and 

others 1994).  These results show that aggregate composition may change with heating time 

and temperature, and may be directed by proper choice of heating conditions. 

2.2  Aggregation Stages 

Aggregation occurs in stages and thus intermediates can exist (Figure 3).  The first 

stage of aggregation is generally defined as formation of oligomers, mostly dimers, trimers 

and tetramers, formed by disulfide bonds (Nicolai and others 2011; Schokker and others 

1999; Schokker and others 2000a).  Further aggregation involves both covalent and non-

covalent association of oligomers to form larger aggregates, generally due to charge 

screening and promotion of hydrophobic interactions (Schmitt and others 2007).  Whey 

proteins are known to be at least partially polymerized via disulfide bonds (Vardhanabhuti 

and Foegeding 1999; Zhu and Damodaran 1994) because SDS will not break them into 
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monomers, but a combination of SDS and β-mercaptoethanol will.  Disulfide bonds are 

mostly responsible for large aggregates at neutral pH, while non-covalent interactions are of 

reduced importance at neutral pH, but become more important at lower pH (Hoffmann and 

van Mil 1997).  Others have shown that hydrophobic interactions are involved in association 

of disulfide linked aggregates (Hoffmann and van Mil 1997; McSwiney and others 1994; 

Schmitt and others 2007).  The types of interactions within and between aggregates will vary 

with solution conditions like salts and pH.   

Intermediate-sized aggregates have also been formed that were either non-disulfide 

linked or were breakdown products of the proteins (Havea and others 2001).  Interestingly, 

under the conditions used by Croguennec and others (2004), soluble aggregate intermediates 

(oligomers) were the final product; these researchers did not see formation of secondary, 

higher molecular weight soluble aggregates.  The time for aggregation of oligomers is a 

function of a critical concentration of these small aggregates (Verheul and others 1998).  

These data also show the importance of determining whether the aggregation reaction has 

been carried to completion or whether it was stopped before completion.  A steady state of 

aggregation will occur as evidenced by no native protein remaining (Le Bon and others 

1999a-b).  Here again, the solution and heating conditions will dictate the extent of 

aggregation that occurs. 

After formation of secondary soluble aggregates, they may go on to form even larger, 

stable, gel-like aggregates which have been labeled microparticles or microgels (Donato and 

others 2009; Mudgal and others 2009; Mudgal and others 2010; Schmitt and others 2011).  



 

20 

At pH 3.35, microgels were labeled as such because β-lg appeared to form a network 

(visualized using TEM) that resembled a macroscopic gel network (Mudgal and others 

2009).  Microgels visualized by Donato and others (2009) were larger spherical aggregates 

between about 200-300 nm and were labeled microgels because they were an organized 

collection of denatured and aggregated β-lg, but microparticles may be the better term since a 

network similar to a macroscopic gel was not observed.  Microparticles are stable to heat, pH 

variation from heating and charge fluctuations from heating.  The larger microparticles are 

not formed at pH 7 because high electrostatic repulsion prevents their formation, but heat-

induced microparticles, and smaller soluble aggregates, are formed between pH 5.7 and 5.9 

(Donato and others 2009).  Microparticles formed at pH 4.6 and 5.8 are characterized by 

spherical aggregation, stable to sedimentation at 26,900 x g for 10 min (Schmitt and others 

2011).  Also, between pH 5.7 and 6.5, spherical WPI microparticles are formed (Britten and 

others 1994).   

The effect of solvent conditions (pH and salts), heating conditions and protein 

concentration on aggregation will be explored further in the following sections.   

2.3  pH   

2.3.1  Intramolecular Factors 

Near the pI, protein conformation is most stable due to low intramolecular 

electrostatic repulsion.  Farther from the pI, more intramolecular charge repulsion exists and 

the conformational stability decreases (Harwalker and Ma 1989), leading to increased 

monomer volume (Qin and others 1998), increased denaturation/aggregation reaction rates 
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and decreased peak denaturation temperature (Verheul and others 1998).  The maximum 

peak denaturation temperature in a DSC thermogram for β-lg is between pH 3 and 4 and 

decreases with increasing pH.   

2.3.2  Intermolecular Factors 

The effect of pH on aggregation is complicated because it affects protein charge, 

conformation and sulfhydryl reactivity.  At pH values greater than the pI, intermolecular 

aggregation is less favored due to increased electrostatic repulsion between molecules or 

aggregates (Verheul and others 1998).  As the pH approaches the pI, the electrostatic barrier 

is decreased; however, more energy is needed to unfold and expose the thiol of β-lg to induce 

intermolecular covalent interactions (Hoffmann and others 1997; Hoffmann and van Mil 

1997).  Also, since the pKa of the cysteine sulfhydryl is ~ 8, increasing pH increases thiol 

reactivity (Hoffmann and van Mil 1997).  Thus, disulfide bond formation is enhanced at high 

pH (Hoffmann and others 1997; Hoffmann and van Mil 1997; McSwiney and others 1994; 

Shimada and Cheftel 1989; Verheul and others 1998).  

2.3.3  Size & Shape 

Increasing pH from 6.0 to above 6.4 causes a reduction in the size of soluble 

aggregates (Donato and others 2009; Hoffmann and others 1997; Hoffmann and van Mil 

1997; Schmitt and others 2007).   The average hydrodynamic diameter of aggregates 

decreased from 96 nm at pH 6 to 42 nm at pH 6.8 (Zuniga and others 2010) due to increased 

intermolecular electrostatic repulsion at higher pH levels.  At pH 5.9, the size of the initial 

aggregates was 50-70 nm, and these went on to form even larger aggregates (Donato and 
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others 2009).  Solution pH conditions will also alter the polydispersity index (Table 2; 

Hoffmann and van Mil 1997; Schmitt and others 2007).  With an increase in pH there are 

more termination reactions from already exposed reactive thiols and more dimers and trimers 

are present versus large aggregates; thus disulfide bonds limit final aggregate size at higher 

pH (Schmitt and others 2007).  Increased pH results in more linear versus spherical 

aggregates as well (Table 2; Figure 5; Langton and Hermansson 1992; Zuniga and others 

2010). 

2.3.4  Yield 

Some research concludes that higher pH results in a greater conversion of native 

proteins (monomers/dimers) to aggregated proteins (Hoffmann and van Mil 1997; Hoffmann 

and van Mil 1999; Schmitt and others 2007).  The rate of conversion of native to aggregated 

protein increases with pH due to greater reactive thiol exposure (Hoffmann and others 1997; 

Hoffmann and van Mil 1997; Hoffmann and van Mil 1999; McSwiney and others 1994) and 

onset time of aggregation decreases with increasing pH (Verheul and others 1998).  

However, it has been shown that without salts a small decrease in soluble aggregate yield 

with an increase in pH from 6 to 7 occurs (Schmitt and others 2007; Zuniga and others 2010).  

This suggests that without salts greater repulsive forces exist between proteins at elevated 

pH, preventing aggregation after denaturation.  In the presence of salts, charge neutralization 

likely causes the increased amount and size of WPI soluble aggregates with increasing pH 

(Schmitt and others 2007).  Once again the complexity of the solution conditions contributes 

to degree of aggregation.   
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2.3.5  Charge  

ζ-Potential is an indicator of overall surface charge; a larger ζ-potential, either 

negative or positive, indicates greater charge and repulsive force.  At pH 7.0, the ζ-potential 

of native β-lg was near -25 mV (Donato and others 2009).  With a decrease in pH from 7.0 to 

5.7, ζ-potential of β-lg decreased when heated at 70 °C for 24 hr and increased when heating 

at 85 °C for 8 hr.  Similar ζ-potential values of -44 to -45 mV could be achieved at pH 7.0 

after heating at 70 °C for 24 or 85 °C for 8 hr (Donato and others 2009).  This means that 

aggregates with various charges can be achieved depending on the heating conditions 

(Schmitt and others 2007).  Another investigation found that the ζ-potential was similar, 

around -30 mV, among aggregates at all pH levels between 6.0 and 7.0.  When measuring ζ-

potential a spherical shape is assumed and it is calculated based on mobility of the proteins so 

specific charge location is unknown.  Possible factors like shape, molecular weight and 

hydrodynamic radius may be a factor and the combination of aggregated and native protein 

ζ-potentials are likely observed in ζ-potential measurements (Schmitt and others 2007).  In 

general, with increasing pH above the pI, charge or ζ-potential increases (becomes more 

negative).  

2.3.6  Surface Hydrophobicity  

Schmitt and others (2007) found that the lowest surface hydrophobicity, after heating 

between pH 6.0 and 7.0, was at pH 6.0 with or without salt.  A decrease in surface 

hydrophobicity was associated with a spherical shape and denser aggregates where 

hydrophobic patches were perhaps buried.  At pH 7.0, surface hydrophobicity was double 
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that of pH 6.0.   This can be explained by structure packing logic.  A sphere has the lowest 

surface area:volume ratio so non-spherical, unfolded proteins will have more surface area 

and more accessible hydrophobic binding patches. The considerations and limitations of 

surface hydrophobicity assays are discussed in further detail in section 2.4.2.   

2.4  Temperature & Heating Time 

Denaturation and aggregation of whey proteins must be considered based on a general 

model for the kinetics.  First, there is a rate constant for the unfolding process that may vary 

with pH and other solution conditions.  Since unfolding is a uni-molecular reaction, 

concentration should not affect the reaction rate except in the case of molecular crowding.  

The aggregation reaction is at least bi-molecular and will change with protein concentration 

and factors determining the interaction potential between molecules.  All rate constants are 

expected to increase with temperature, other conditions being held constant.    

Near complete aggregation of whey protein monomers can occur within a matter of 

minutes when heating WPI, depending on the protein, solution and heating conditions.  With 

an increase in β-lg protein concentration from ~0.01% to 1.9% (w/v), the time for 90% of the 

protein to denature at 67 °C decreases from about 1600 to 150 min (Le Bon and others 

1999b).  At higher protein concentration, it has been shown that β-lg and α-la monomers in 

9% WPI, pH 7, aggregated within 5 min of heating at 90 °C (Zhu and Damodaran 1994).  At 

85 °C and neutral pH, formation of aggregates increases up to 10 min then tends to level off 

while at 70 °C the amount of aggregates and aggregate intermediates increases up to 8 hr due 

to slower diffusion at lower heating temperature (Durand and others 2002; Hoffmann and 
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others 1997; McSwiney and others 1994; Zuniga and others 2010).  At pH 5.9, however, 

more aggregates were formed at 70 than 85 °C, but at pH 5.7 the temperature did not make a 

difference, likely because of a different balance of interactions (Donato and others 2009).  At 

90 °C denaturation is fast, but there is a possibility of incomplete denaturation before 

aggregation is induced.  At 70 °C, denaturation is slower, and so is diffusion, thus the longer 

heating time needed to produce protein aggregates.  The above results suggest that degree of 

aggregation can be optimized by controlling the heating time and temperature depending on 

the pH.   

2.4.1 Size 

A steady average radius of aggregates is formed after a certain period of time and 

further heating does not increase size (Le Bon and others 1999a-b).  However, more native 

protein is converted to aggregates from 0-24 hours depending on the temperature.  This 

means that more aggregates are formed, but not larger aggregates until a critical point is 

reached (Hoffmann and others 1996; Hoffmann and others 1997; Roefs and De Kruif 1994).  

After a certain degree of heating more termination reactions occur involving denatured 

proteins (Hoffmann and van Mil 1999).  Increased heating time in the presence of a low 

concentration of salts (100 mM NaCl) results in greater variability in size distribution.  The 

Trommsdorff effect is also observed, which is essentially an increase in viscosity due to an 

increase in aggregate size with heating time to a certain point.  Viscosity affects the diffusion 

of intermediates and slows termination collisions; smaller molecules can diffuse more easily 

and continue the aggregation process (Hoffmann and others 1997).   
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2.4.2 Surface Hydrophobicity 

Intermolecular hydrophobic interactions are one of the non-covalent interactions that 

can contribute to aggregation. Surface hydrophobicity, an indication of potential for 

intermolecular hydrophobic interactions, is typically determined by measuring the binding of 

hydrophobic probes such as 8-anilino-1-naphthalenesulfonic acid (ANS; an anionic, aromatic 

probe) and cis-parinaric acid (CPA, an anionic, aliphatic probe).  However, interpretation of 

hydrophobic probe binding data is problematic. At pH 6, increasing temperature from 25 to 

65 °C resulted in reduced surface hydrophobicity of 6% (w/v) WPI as estimated by ANS and 

CPA (Lee and others 1992).  In contrast, at pH 7, the highest ANS, but not CPA, surface 

hydrophobicity was seen after heating (Lee and others 1992).  Surface hydrophobicity 

decreased with increasing heating time using CPA (Zuniga and others 2010).  Solubility, 

measured by the turbidity of a dilute protein solution, experiments indicated increased 

hydrophobic character since solubility decreased with increasing heating time.  These 

differences were attributed to the fact that anionic hydrophobic probes bind to hydrophobic 

pockets (i.e. more than one hydrophobic group), whereas solubility or degree of aggregation 

is affected by individual hydrophobic groups interacting.  Hydrophobic pockets may be 

distributed upon protein unfolding but overall surface hydrophobic character increases with 

heating (Zhu and Damodaran 1994).  Another possibility with measuring hydrophobicity is 

that upon heat denaturation of proteins, hydrophobic groups are exposed, explaining 

increases in ANS surface hydrophobicity; however, denaturation followed by hydrophobic-

induced aggregation may also occur, explaining lower surface hydrophobicity values after 

heating (Alizadeh-Pasdar and Li-Chan 2000; Laligant and others 1991).  The type of protein 
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and its isolation conditions will affect factors like degree of denaturation, aggregation and 

composition, and this heterogeneity will make interpretation of hydrophobic probe data 

difficult (Morr and Ha 1993).  These factors combined with the type of probe used – e.g. 

anionic aliphatic (CPA) or anionic aromatic (ANS) – will influence the final hydrophobicity 

results.  Thus, when using fluorescent probes to determine hydrophobicity, results must be 

carefully analyzed.  

2.5  Initial Protein Concentration 

At neutral pH, the conversion rate of native to aggregated β-lg increases with initial 

protein concentration as does the average aggregate size (Le Bon and others 1999a; Le Bon 

and others 1999b).  At higher concentration, it takes more time to reach steady aggregate size 

than at lower concentrations (Hoffmann and others 1997; Hoffmann and van Mil 1997).  

Hydrodynamic diameter and intrinsic viscosity increase with an increase in protein 

concentration (Purwanti and others 2011).  Vardhanabhuti and Foegeding (1999) showed that 

the intrinsic viscosity of aggregates formed at 11% protein (141.7 mL·g
-1

) was greater than 

the viscosity of the aggregates formed at 8% protein (72.7 mL·g
-1

).  In addition to a higher 

concentration during heating resulting in higher average molecular mass and radius of 

gyration, heating at a lower initial protein concentration results in more dimers and trimers 

(Hoffmann and others 1997). 

2.6  Salts 

Salts can affect the colloidal stability of proteins by three related mechanisms.  First, 

at the appropriate protein:salt ratio, salts may either cause salting in or salting out of the 
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proteins.  Second, salts may screen the protein charges to favor aggregation below the critical 

protein concentration, resulting in micro-phase separation.  Third, salts may induce 

aggregation away from the critical pH level relative to the protein pI, also causing micro-

phase separation.   

Most research on the effect of salts on whey protein aggregation has been done using 

NaCl, CaCl2 and a few other salts (Bowland and Foegeding 1995; Croguennec and others 

2004; Foegeding and others 1998; Kuhn and Foegeding 1991; Roefs and Peppelman 2001; 

Unterhaslberger and others 2006).  The mechanism of denaturation and aggregation is not 

significantly changed by the presence of salts, but the rate and amount of aggregation are 

enhanced at both acidic and neutral pH (Unterhaslberger and others 2006).   It is well known 

that CaCl2 can aid in aggregation at a much lower concentration than NaCl; calcium is a 

divalent cation and has the ability to form calcium bridges (Kuhn and Foegeding 1991; 

Xiong 1992).   

2.6.1  Reaction Rate, Stability & Solubility 

There is a critical concentration of NaCl for aggregation that depends on the protein, 

protein concentration, and other solution conditions (Unterhaslberger and others 2006).  Salts 

influence the unfolding equilibrium of β-lg (Von Hippel and Schleich 1969); NaCl stabilizes 

the protein conformation and thus decreases the denaturation rate at high salt concentrations, 

but encourages hydrophobic aggregation and precipitation.  Salt screening is more important 

at higher pH where electrostatic repulsion of negative charges occurs and is strong without 

salt.  The effects of salts reducing solubility and screening protein particle charge are 
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exemplified by the increased aggregation of unfolded β-lg in the presence of NaCl (Verheul 

and others 1998; Xiong and others 1993).   

An effect of NaCl (0-400 mM), along with arginine HCl (0-400 mM) and 

guanidinium HCl (0-60 mM), is a lower aggregation-induction temperature at neutral pH; the 

presence of each of these salts leads to increased aggregation, forming soluble aggregates at 

low salt concentration (Unterhaslberger and others 2006).  With increasing NaCl 

concentration within a pH, turbidity increases (Schmitt and others 2007), indicating 

formation of larger aggregates.  At high NaCl concentration, physical interactions (i.e 

hydrophobic interactions, electrostatic interactions and hydrogen bonding) are important in 

aggregation where large aggregates continue to form over time (Verheul and others 1998).  

The critical salt concentration for aggregation increases with increasing pH, in general, due 

to negative charge neutralization by sodium ions (Schmitt and others 2007).  At neutral pH 

where the charge of whey proteins is negative, the maximum overall aggregation rate with 

heat is a function of NaCl concentration due to its conformation stabilizing, salting out-like 

effect at high concentration (>~50-100 mM) (Verheul and others 1998).   

2.6.2  Size & Shape 

Without salt (pH 7), a rapid growth in aggregate size is observed with heating at 68.5 

°C, with the aggregate size becoming constant around 25 nm (Roefs and de Kruif 1994).  

With prolonged heating, more aggregates are formed but there is no increase in aggregate 

size.  Thus there is a steady state after the aggregation growth phase (Le Bon and others 

1999a-b).  With NaCl, hydrodynamic diameter increases with heating time and NaCl 
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concentration due to decreased intermolecular repulsion, promoting chemical and physical 

aggregation and decreased solubility (Verhuel and others 1998; Kristjánsson and Kinsella 

1991).  Therefore salts also increase the rate of oligomer or intermediate protein aggregation, 

increasing final aggregate size, when aggregates have charges that can be screened and the 

ability to associate through hydrophobic interactions.  Furthermore, this increase in 

hydrodynamic diameter increases viscosity (Verheul and others 1998; Zhu and Damodaran 

1994).  

Aggregates are spherical and compact at pH 6.0 without salt; at pH 7.0 the aggregates 

are more curved and thinner, with a combination of the two conformations existing at pH 6.6 

(Table 2, Figure 5).  In the presence of salt, aggregates at pH 6.0 are spherical and compact.  

pH 6.6 aggregates are not spherical, but more linear.  At pH 7.0, fibrillar aggregates formed, 

but are denser than the aggregates without salt, suggesting electrostatic screening prevents 

the ―head-to-tail‖ aggregation that occurred without salt (Schmitt and others 2007).  The 

explanation of these results can be aided by looking at the micro-phase separation model 

(Figure 1).  The micro phase separation model takes into account salt concentration and 

protein concentration, with alterations in the model occurring with pH shift.  Gel or aggregate 

structure is a function of pH and salts, or electrostatic considerations (Ako and others 2009).  

Thus soluble aggregate morphology can be explained by the balance of pH and salt 

concentration due to their affect of altering electrostatic interactions between proteins.     
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2.6.3  Charge 

ζ-Potential of WPI aggregates without salt remains relatively constant around -30 

mV.  With salt, increasing pH resulted in a less negative ζ-potential.  Salt addition likely 

decreased the surface charge by screening charges, as described above (Schmitt and others 

2007). 

2.7  Aggregation at Temperatures >100 °C 

Some work has been done on formation of soluble aggregates at very high 

temperature (>100 °C) compared to lower temperatures.  A few experiments have been 

performed over the range of 100-150 °C (de Wit 2009) .  Differential scanning calorimetry 

(DSC) thermograms at neutral pH show two major peaks – one near 75 °C and one near 125 

°C (De Wit and Klarenbeek 1981; Holt and others 1998; McPhail and Holt 1999; Paulsson 

and others 1985; Photchanachai and Kitabatake 2001).  The peak near 75 °C falls within the 

typical unfolding temperature range of β-lg, between about 71 and 82 °C (de Wit and 

Klarenbeek 1984).  The peak near 125 °C could be due to unfolding of native proteins 

present or unfolding of secondary structures that were retained or reformed at lower 

temperature, 80 °C (de Wit and Klarenbeek 1981).  Most α-helical structure is lost above 65 

°C (Qi and others 1997), but some β-structure remains at 90 °C (Indrawati and others 2007; 

Qi and others 1997).  The peak may also be initiated by disulfide bond breakdown at high 

temperature (Watanabe and Klostermeyer 1976).  Photchanachai and Kitabatake (2001) 

argue that the breakdown of β-lg at temperatures above 125 °C is due to protein 

decomposition, including peptide bond breakage.  Above 113 °C aggregates were dissociated 
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and above 140 °C peptide bonds were cleaved, leading to reduced aggregate size and 

viscosity (Photchanachai and Kitabatake 2001).   

A critical temperature exists in which the activation energy decreases and, it is 

dependent on pH (Dannenberg and Kessler 1988; Tolkach and Kulozit 2005).  For example, 

the critical temperature for β-lg at pH 6.7 is about 90 °C.  Below this critical temperature 

aggregation is said to be denaturation limited and above this temperature aggregation is the 

limiting step.   

2.8  Applications  

Work on protein aggregate characterization is vast, but most research analyzes the 

protein aggregates and does not go to the next step of using them in a food application.  On 

the other hand, many studies have been carried out using soluble protein aggregates in food 

applications, but they do not fully characterize the protein aggregates that are used.  

Recently, more work has been done on characterizing protein soluble aggregates formed 

under different conditions and then comparing them in applications.  Some examples relating 

physicochemical properties to application of whey protein soluble aggregates are shown in 

Table 3.   

The applications for whey protein soluble aggregates that have been studied the most 

are emulsification, foaming, gelation, encapsulation and film-forming applications.  These 

applications have recently been reviewed more extensively by Nicolai and others (2011).   
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2.8.1  Thermal Stability, Viscosity & Gelation 

Formation of highly viscous soluble aggregates was investigated as a potential 

replacement for polysaccharides in applications that require thickening.  Mleko and 

Foegeding (1999) used a two-step procedure to form viscous soluble aggregates.  Solutions 

(WPI, pH 8.0 in 100 mM NaCl) were initially heated at 80 °C until just before the gel point 

and then diluted and adjusted to the desired pH and heated again at 80 °C for 1.5 hr.  The 

higher the second pH, the less viscous the final solution was, and the lower the concentration 

in the first heating, the less viscous the final solution was (Mleko and Foegeding 1999).  In a 

follow-up experiment, Mleko and Foegeding (2000) found that increased viscosity was 

correlated with increased heating time from 15-53 min and lower pH in the range of pH 6-8.  

In an applied gel experiment it was found that a model process cheese with up to 23% of the 

rennet casein replaced with whey protein aggregates can retain the texture properties and 

meltability similar to a 100% casein gel (Mleko and Foegeding 2001).   

In addition to being used as solution thickeners or gelation aids, many studies have 

been carried out using whey protein soluble aggregates to form thermally-, salt-, acid- or 

enzyme-induced gels.  Thermally-induced gels formed with aggregated WPI can be utilized 

for their increased transparency compared to native protein gels heated with CaCl2 and NaCl 

(Vardhanabhuti and others 2001).  Increased transparency suggests more stranded network 

structures due to a higher proportion of linear soluble aggregates compared to more globular 

aggregates formed from native proteins.  
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One of the unique properties of soluble aggregates is the so-called ―cold gelation.‖  

This term has been used to describe gelation that occurs at ambient temperature and is 

triggered by decreasing electrostatic repulsion (i.e. addition of salts or lowering pH).  NaCl- 

and calcium-induced cold gelation and thermal gelation of whey protein aggregates has been 

studied extensively (e.g. Barbut and Foegeding 1993; Barbut 1995a; Barbut 1995b; Britten 

and Giroux 2001; Hongsprabhas and Barbut 1996; Hongsprabhas and Barbut 1997a; 

Hongsprabhas and Barbut 1997b; Hongsprabhas and Barbut 1997c; Hongsprabhas and 

Barbut 1997d; Ju and Kilara 1998a; Ju and Kilara 1998b; Kitabatake and others 1996; 

McClements and Keogh 1995; Roff and Foegeding 1996; Vardhanabhuti and others 2001; 

Wu and others 2005).  Temperature and salt concentration affect gel clarity, viscosity, 

strength, and fracture properties as well as pore size and water holding capacity 

(Hongsprabhas and Barbut 1996; Roff and Foegeding 1996; Vardhanabhuti and others 2001).  

Due to calcium being a divalent cation, and the ability to form calcium bridges, less calcium 

is needed to screen the charges and cause gelation of whey protein soluble aggregates than 

sodium salts (Bryant and McClements 1998; Bryant and McClements 2000a).  Interestingly, 

whey protein soluble aggregates underwent gelation when NaCl, trisodium citrate, KCl or 

CaCl2 were added, but native whey protein did not gel when heated with some of these salts 

(Kinekawa and others 1998).  

Barbut and Foegeding (1993) used 8% (w/v) WPI aggregates prepared at neutral pH 

to form cold-set gels by adding CaCl2.  Pre-heating to greater than 70 °C is required for 

formation of aggregates that will gel with salts at room temperature (Barbut and Foegeding 

1993; Bryant and McClements 2000b).  Analogous to thermally-induced gelation of whey 
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protein soluble aggregates, cold-set gels prepared using WPI soluble aggregates were 

transparent and had a fine-stranded microstructure compared to heat-induced gels that had a 

particulate microstructure.  With salt-induced cold-set gelation, the higher viscosity of the 

initial whey protein soluble aggregates, the faster the rate of gelation with the addition of 

NaCl (Bryant and McClements 2000b).  This can be attributed to the larger and more linear 

whey protein soluble aggregates as discussed above.    

Gelation of aggregates is also induced by enzymes.  Gels formed by a protease 

enzyme from Bacillus licheniformis were dependent on the extent of aggregated protein 

where more aggregated protein resulted in firmer gels and faster gelation onset.  Gels formed 

using native WPI were particulate in microstructure and weaker whereas gels formed using 

denatured proteins were stronger and had a fine-stranded microstructure (Ju and others 

1997), like thermally- and salt-induced cold gelation.   

Cold gelation by acidification has been shown to not only be dependent on non-

covalent interactions, but also dependent on disulfide bond formation (Alting and others 

2000; Britten and Giroux 2001).  The number of free thiol groups in the aggregates 

(indicative of the number of potential disulfide bonds), not the size and shape of the 

aggregates, affects gel hardness (Alting and others 2003).  As stated already, however, the 

size and the shape of aggregates are important for gel transparency. 

2.8.2  Foaming, Emulsifying & Surface Activity 

Soluble aggregates can improve foam stability by reducing the foam drainage rate.  

The size of the soluble aggregates will dictate their foam stabilizing ability.  Large 
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aggregates (>~70 nm) may not contribute to foam stability, but aggregates <~70 nm are able 

to diffuse to and stabilize the interface (Rullier and others 2008).  More energy may be 

needed for foam formation with soluble aggregates due to their slower diffusion, adsorption 

and rearrangement at the interface compared to non-aggregated proteins (Nicorescu and 

others 2009).  Thus the amount of non-aggregated protein necessary for foam stabilization 

depends on the size of the aggregated proteins.  Even 1% addition of aggregated protein can 

improve foaming properties (Rullier and others 2008).  Larger aggregates may contribute to 

interfacial viscosity, increasing interfacial film stability, along with the possibility of the 

protein aggregates cross-linking between interfaces or filling the Plateau border and limiting 

liquid drainage (Rullier and others 2008; Schmitt and others 2007).   

Use of soluble aggregates as a fraction of the whey protein in a WPI foam results in 

increased stability (Bals and Kulozik 2003; Nicorescu and others 2009; Rullier and others 

2008; Schmitt and others 2007; Unterhaslberger and others 2006; Zhu and Damodaran 1994).  

Foaming studies by Zhu and Damodaran (1994) suggest that forming soluble aggregates at 

70 °C versus 90 °C was more beneficial in foam formation and foam stability.  A ratio of 

40:60 monomer to aggregate resulted in the best foam stability and a ratio of 60:40 was best 

for foam formation.  However, in another study, use of 100% protein aggregates resulted in 

the highest foam drainage half life, indicating the highest stability (Davis and Foegeding 

2004).  Differences in results are likely due to different soluble aggregate preparation 

conditions and physicochemical properties of the aggregates.   
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Use of >~50% protein aggregates resulted in lowered interfacial elasticity and 

weakening of the network (reduced yield stress; Davis and Foegeding 2004).  In another 

study, aggregates prepared from pH 6 to 7 had similar interfacial elasticity and viscosity, but 

surface adsorption was faster for aggregates formed above pH 6.8.  In addition, single bubble 

gas permeability decreased for aggregates formed above pH 6.6 and these conditions 

produced the highest foamability and foam stability.  The aggregates formed above pH 6.6 

and 70 mM NaCl formed stable foams with small air bubbles (Schmitt and others 2007).   

The characteristics of soluble aggregates formed by spray drying have also been 

investigated.  Aggregates formed by spray drying whey protein concentrate at 138 °C had 

enhanced foamability versus those formed at 85 °C.  The high temperature aggregates had a 

greater concentration of large aggregates (defined as > 100 kg·mol
-1

), and had greater 

porosity (Relkin and others 2007).  

Whey protein aggregates can increase emulsifying activity and emulsion stability 

(Voutsinas and others 1983).  The simple process of heating whey protein concentrate to 

form some degree of soluble aggregates improved emulsion stability in 30% oil in water 

emulsions. One plausible reason for increased stability is that soluble aggregates increase the 

continuous phase viscosity (Dybowska 2011), similar to their function in increasing foam 

stability.  Knudsen and others (2008) found that aggregated β-lg used in an emulsion resulted 

in a 200-fold increase in viscosity and a 10-fold increase in yield stress compared to native β-

lg.  Emulsion stability increased with increasing aggregate heating temperature from 60-90 

°C, indicating larger aggregates stabilize emulsions better, and this is expected to increase 
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viscosity.  Emulsifying activity (i.e. formation of smaller droplets) was increased with higher 

levels of denatured WPI and, like in foams, native and denatured proteins work together to 

improve emulsion functionality (Britten and others 1994). 

2.8.3  Delivery System 

 Soluble aggregates may be used to form nutraceutical delivery systems.  This 

application has been reviewed by Chen and others (2006) Jones and McClements (2010), and 

Nicolai and others (2011).  This can be considered a nano or microscale of cold gelation 

because the general approach is to entrap the nutraceutical compound in a protein network.  

Proteins are a reasonable vehicle for bioactive delivery because they have nutritional value 

themselves and are also generally recognized as safe (GRAS; Chen and others 2006).  One 

example is β-lg soluble aggregates formed at pH 5.8 that were used to bind an anionic 

polysaccharide (beet pectin) in order to be used for encapsulation and bioactive compound 

delivery or lipid droplet substitution.  The complexes were stable to aggregation in the pH 

range of 4-6 and have good salt stability (up to 250 mM NaCl; Santipanichwong and others 

2008).   

3.  NEW APPROACH TO THERMAL STABILITY – DESIGN OF SOLUBLE 

AGGREGATES USING THERMAL TREATMENT 

Researchers have suggested that the balancing of protein physicochemical properties 

and interactions can be carried out to achieve desired functional properties (Moro and others 

2011).  The plethora of evidence shared in the previous sections suggests that with proper 
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control of solution and heating conditions, whey protein soluble aggregates can be formed 

with the desired physicochemical properties to impart salt and thermal stability (Table 4).    

We predict, based on the published literature, that functional soluble aggregates can 

be designed by altering heating and solution conditions, forming aggregates with increased 

thermal and salt stability, particularly in beverage applications at neutral pH (Figure 6).  This 

step can be added to the beverage processing procedure.  It is desired that beverages have 

low viscosity and high protein solubility.  This is complicated by the fact that many times 

salts are added for nutritional purposes.  In some beverages, like sports beverages, low 

turbidity is desired.  The desired characteristics of whey protein aggregates that are stable 

during heating in the presence of salts are as follows: 

1.  A highly charged surface with minimal amount of surface hydrophobicity.   

It has been hypothesized that during aggregation protein structure is altered along 

with its charge distribution, possibly inferring stability on the aggregates due to a high energy 

barrier from electrostatic and steric effects (Donato and others 2009).  This and the other 

evidence presented above suggest that specific solution conditions, heating times and 

temperatures can result in soluble aggregates with higher charge that dominates the increase 

in surface hydrophobicity.   

2.  An overall aggregate structure that is small and low in density.   

As low of protein concentration as possible should be used to prevent formation of 

aggregates that are too large.  Small aggregates will be more soluble over time and contribute 

less to viscosity.  A small amount of salt, perhaps the salt present naturally in most whey 
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protein products, may be beneficial to speed up the aggregation reaction; however, too much 

salt will result in large aggregates more prone to precipitation, and contribute to higher 

viscosity.  Smaller aggregates will also result in lower turbidity.   

Heat-stable soluble aggregates would be formed, mixed with other beverage 

ingredients (e.g. salts, sweeteners, flavors and colors), and thermally processed.  Aggregates 

that are high in charge will resist added salts that will screen charges and promote 

hydrophobic interaction.  Thermal stability may be conferred by the same mechanism, but 

other factors like the size and shape of the aggregates are important since diffusion and steric 

considerations will affect further aggregation.  

4.  CONCLUSIONS 

The conditions used for formation of whey protein soluble aggregates affect their 

physicochemical properties and subsequently their functionality in foods.  We have proposed 

that whey protein soluble aggregates can be formed that are high in charge, small in size, 

compact in structure and/or low in surface hydrophobicity.  We hypothesize that these 

aggregates will be resistant to added salt and heat in beverage applications to result in low 

viscosity, low turbidity and highly soluble protein drinks.  Work in this area is ongoing in our 

laboratory and preliminary results have confirmed the stated hypothesis.   
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Table 1. Structure and properties of the major whey proteins.   

Protein %1, a MW2 pI2 Td
1, b #  aa2, c 

% β-

sheet2 

% a-

helix2,3 

% 

unordered2,3 

Hydrophobicity 

(kcal/residue) 2 

S-S (per 

molecule)2 

β-Lg 60 18,320 5.13 78 162 ~43 ~15 ~20-47 1077 2 + 1 SH 

α-La 22 14,161 4.2-4.5 62 123 ~14 ~25 ~60 1019 4 
BSA 5.5 66,267 4.7-4.9 64 582 ~16 ~55 ~29 995 17 + 1 SH 

a Approximate % of the whey protein 
b Thermal denaturation temperature (°C) 
c Number of amino acids per molecule 
1 Bryant and McClements 1998 
2 Suttiprasit and others 1992 
3 de Jongh and others 2001 
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Table 2.  Effect of pH on whey protein aggregate shape after heating. 

Conditions Result 

WPI
a
 Increasing pH No salt 

Increased polydispersity 

Decreased MW of aggregates 

WPI
a
 pH 6.0 No salt Spherical, compact aggregates 

WPI
a
 pH 7.0 No salt Curved and thinner aggregates 

WPI
a
 pH 6.0 Salt Spherical, compact aggregates 

WPI
a
 pH 7.0 Salt Dense, fibrillar aggregates 

β-lg
b
 pH 6.0 No salt Large, spherical aggregates 

β-lg
b
 pH 6.8 No salt Smaller and more linear aggregates 

β-lg
c
 pH 7.0 No salt Small, fine-stranded, long aggregates 

β-lg
c
 pH 5.9 No salt Compact aggregates 

a Schmitt and others (2007) 
b Zuniga and others (2010) 
c Donato and others (2009) 
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Table 3.  Selected examples of soluble aggregate physicochemical properties and 

applications.  Values are rounded.  pH values only above the pI of each protein were 

included.  

Application 

Aggregate 

formation 

conditions 

Physicochemical Properties 

Result 
ζ-

Potential 

(mV) 

So 

Compared 

to other 

samples 

Size 
Intrinsic 

Viscosity 

Accessible 

-SH 

Emulsification1 
1.2% WPC, 
85 °C, 60 

min, pH 7.0 

NA 

So index 

~1300 
(higher was 

more 

functional) 

NA NA NA 

Highest 

emulsifying 

activity and 
stability 

Foaming2 

1% (w/w) 
WPI, 85 °C 

15 min, pH 

6.9, 100 

mM NaCl 

-14 

140 
ug·mmol-1 

ANS (higher 

was more 

functional) 

296 nm 

(Hydrodynamic 

diameter) 

NA 
6.8 mmol 
SH·mg-1 

Highest Foam-

Liquid Stability 
and Foam 

Capacity 

Salt-Induced 
Cold Gelation3 

10% (w/w) 

WPI, pH 7, 
85 °C 15 

min 

NA NA NA 

Apparent 

viscosity at 
100s-1 about 

175 mPa∙s 

NA 

Fastest gelation 

upon NaCl 

addition 

Acid-Induced 

Cold Gelation4 

9% (w/w) 

WPI, 24 hr, 
68.5°C 

NA NA 

69 nm 

(Hydrodynamic 
diameter) 

47.9  mL∙g-1 0.32 mM Hardest gels 

Encapsulation5 

0.2% (w/w) 

lactoferrin, 

pH 10 (pI 
8-9), 75 °C, 

20 min 

-25 NA 
~50 nm (ζ-

diameter) 
NA NA 

Resistant to 200 

mM NaCl and 
pH 2-12; 

Predicted use for 

encapsulation of 
bioactives 

Heat-Set 

Gelation6 

9% (w/w) 
WPI, 68.5 

°C 24 hrs, 

pH 7.0 

NA NA 

49.2 nm 

(Hydrodynamic 
diameter) 

13.5 mL∙g-1 
(higher 

resulted in 

weaker gels)a 

0.33 mM 

(lower was 
less 

reactive 

and more 

functional) 

Weakening of 

final gel 

a Larger aggregates have less contact points and thus the gels made from them would be weaker.   
1Moro and others (2001) 
2Schmitt and others (2007) 
3Bryant and McClements (2000b) 
4Alting and others (2003) 
5Bengoechea and others (2011) 
6Purwanti and others (2011) 
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Table 4.  The effect of native protein solution and processing parameters on the formation of 

soluble aggregates, their predicted thermal stability, and the benefit of using protein soluble 

aggregates.   

Parameter Result 
Predicted Ideal for 

Thermal Stability 

Use of Protein 

Soluble Aggregates 

in Food or Beverage 

Applications . . . 

Higher Protein 

Concentration 

 Slower diffusion of protein molecules 

 More crowding of protein molecules and less room for 
complete unfolding 

 Faster unfolding of protein monomers and faster 
aggregation 

 Higher buffering capacity of proteins  

 Larger aggregates formed with less spherical shape 

As low of protein 
concentration as 

allowed by the 

food/beverage 
application so smaller 

aggregates are formed.  

May extend the 
functional protein 

concentration range.  

pH Increasing 

above the Protein 

pI 

 Increase in  net protein charge 

 Lower intramolecular protein stability 

 More intra and intermolecular protein electrostatic 

repulsion; less energy needed for unfolding; faster 

denaturation  

 Greater protein thiol reactivity and more disulfide bonding 

 Less non-covalent attractive protein interactions 

 Smaller protein aggregates; more thiol termination 
reactions 

 More aggregated protein material, but slower onset time of 
aggregation 

 Protein charge can become greater (more negative) with 
heating 

 Increasing protein molecular surface hydrophobicity (more 
accessible patches) 

 Increases the critical salt concentration for aggregation 

Higher pH is ideal for 
smaller final aggregate 

size and higher charge.  

Must balance with 
salts. 

May extend the 
functional pH range.  

Increased 

Concentration of 

Ions 

 Increases the rate and amount of aggregation,  not the 
mechanism 

 Salting out (low concentration results in salting in) 

 Increased aggregation rate during heating of unfolded 

proteins 

 Lowered aggregation induction temperature 

 Increased aggregate size and viscosity 

 Increased density of aggregates  

 Reduced ζ-potential/decreased surface charge 

A low level of salts or 
the naturally present 

salts may be desirable 

for charge screening 

and induction of some 

non-covalent 

aggregation at neutral 
pH. 

May extend the 

functional salt type 

and concentration 

range.  

Increased Heating 

Time 

 Greater conversion of native to aggregated protein 

 More protein aggregates, not larger aggregates  

 Increased viscosity when aggregates are formed; results in 

slower diffusion and slower subsequent aggregation 

Heating time must be 

optimized to result in 

self-similar soluble 
aggregates. May extend the 

storage time of a 
processed 

food/beverage given 

the appropriate 
thermal treatment.   

Increased Heating 

Temperature 

 Faster protein diffusion 

 Faster protein aggregation  

 Faster protein denaturation; possibly incomplete before 

aggregation 

 Surface hydrophobicity generally increases upon heat 

treatment 

 Heat treatment can increase charge  

Temperature must be 

optimized to result in 

self-similar soluble 
aggregates.  The higher 

the temperature the less 

time needed for 
aggregation. 
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Figure 1.  State diagram of NaCl versus β-lactoglobulin protein concentration at pH 7 and 

the conditions required for formation of soluble aggregates or a sol, homogenous or micro-

phase separated gels, and precipitates.  Adapted from Ako and others (2009) – Reproduced 

by permission of The Royal Society of Chemistry (http://dx.doi.org/10.1039/b906860k). 
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Figure 2.  Balance between forces for native protein structure. H is enthalpy, ΔS is the 

change in entropy, T is temperature in Kelvin and ΔG is the change in Gibbs free energy, or 

the propensity for the system to change.   Recreated from 

http://web.campbell.edu/faculty/nemecz/323_lect/proteins/prot_chapter.html.   
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Figure 3.  Model of β-lactoglobulin (β-lg) denaturation and aggregation at pH > 5.7.  Native 

monomer and dimer β-lg is present initially and with heat it dissociates and denatures, 

forming reactive monomers (Step 1).  These reactive monomers go on to form non-native 

disulfide linked oligomers, mostly dimers and trimers (Step 2).  Next, these small aggregates 

go on to form larger soluble aggregates, mainly through noncovalent interaction (Step 3).  

With further heating under the right conditions of pH, salt, temperature, and protein 

concentration, the aggregates may form larger networks, undergoing gelation or 

precipitation.  Note the scale change after step 4.  + indicates positive charge and – indicates 

negative charge on the protein surface.  Gray globules indicate hydrophobic patches.  

Adapted from Nicolai and others (2011). 
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Figure 4.  Possible protein folding pathways, including formation of the native protein 

structure and misfolded structures (Dobson 2003).  
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Figure 5.  Examples of whey protein soluble aggregate shapes at neutral pH.  1% whey 

protein isolate was heated at 85 °C for 15 min.  Reprinted with permission from Schmitt and 

others (2007).  Copyright 2007 American Chemical Society.  
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Figure 6.  Considerations of physicochemical properties desired in soluble aggregates, 

properties of thermal stability and factors important in soluble aggregate formation.    
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ABSTRACT 

The formation of whey protein aggregates, often termed soluble aggregates, with specific 

physicochemical properties has been shown to result in improved functionality in gels, 

foams, emulsions, encapsulation, films and coatings.  This work evaluated the potential of 

whey protein soluble aggregates to improve thermal stability in the presence of salts and 

determine the mechanism of improved thermal stability.  Solutions of whey protein isolate 

(WPI) or β-lactoglobulin (β-lg) (7% w/w, pH 6.8) were heated for 10 min at 90 °C to form 

soluble aggregates.  Native proteins and soluble aggregates were diluted to 3% w/w in 

solutions containing 0-108 mM NaCl and thermally treated (90 °C, 5 min).  Turbidity, 

solubility, and viscosity were evaluated, in addition to ζ-potential and So (surface 

hydrophobicity).  Size-exclusion chromatography coupled with multiangle laser light 

scattering (SEC-MALLS) and dynamic light scattering were used to determine aggregate size 

and transmission electron microscopy (TEM) was used to evaluate aggregate shape.  Use of 

soluble aggregates improved thermal stability due to their altered aggregate shape and higher 

charge, and resulted in final aggregates that were smaller and less dense, leading to reduced 

viscosity and turbidity, and increased solubility compared to native proteins.  It is concluded 

that soluble aggregates formed under the appropriate conditions to produce the desirable 

physicochemical properties can be used to improve whey protein thermal stability with a 

possible application in beverages.   

 

Keywords:  Whey protein, soluble aggregates, polymers, stability, protein beverage 
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1. INTRODUCTION 

Studies have reported a possible association between milk protein consumption and 

positive health affects (Hayes & Cribb, 2008; Krissansen, 2007; Luhovyy, Akhavan, & 

Anderson, 2007).  Whey protein intake has also been implicated in increased satiety 

(Paddon-Jones et al., 2008).  Therefore, there is an interest in increasing consumption of 

whey proteins for health benefits.  Two food categories that have applications for whey 

proteins are high protein sports drinks and meal replacement beverages.  However, low 

thermal stability often limits the application of whey proteins in beverages.  Thermal stability 

is the ability of proteins to survive thermal processing without detrimental changes.  Heat-

induced aggregation of whey proteins can result in excessive turbidity, increased viscosity, 

phase separation, precipitation, and gelation.  These outcomes can be detrimental to the 

quality of protein beverages.  

When beverages are the vehicle for dairy protein delivery, it is desirable for sports 

beverages to be clear and for proteins in all types of beverages to be thermally stable.  Whey 

proteins are stable at pH levels of less than 3.5, but astringency is a concern in this pH range 

(Beecher, Drake, Luck, & Foegeding, 2008).  Meal replacement beverages usually have pH 

levels greater than 6.5, so astringency is not of concern.  However, thermal stability is a 

problem for whey proteins in this pH range, especially when salts are added for nutritional 

purposes, so blends of protein (i.e. casein and whey protein blends) that are more thermally 

stable are commonly used in meal replacement beverages.  Thus, it is desirable to develop 

whey protein ingredients with improved thermal stability for meal replacement beverage 
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applications, and also for new applications in protein sports drinks formulated near neutral 

pH. 

Whey protein isolate (WPI) consists mostly of β-lactoglobulin (β-lg, about 44-70%) and 

α-lactalbumin (α-la, about 14-22%), along with immunoglobulins and bovine serum albumin 

(BSA, about 1-5%) (Foegeding & Luck, 2002; Kinsella & Whitehead, 1989).  In its native 

state, WPI is soluble in the pH range from 2-9, indicating a hydrophilic surface that 

encourages protein-water interactions over protein-protein hydrophobic interactions (Zhu & 

Damodaran, 1994).  During whey protein thermal denaturation, protein unfolding is followed 

by aggregation (de Wit, 1990; Verheul, Roefs, & de Kruif, 1998).  Solution conditions, like 

pH and ionic strength, greatly influence thermal stability and aggregation of whey proteins 

(de Wit, 1990; Hoffmann & van Mil, 1997; Vardhanabhuti & Foegeding, 2008; Verheul et 

al., 1998; Xiong, 1992).  It has been shown that when WPI solutions are heated under 

conditions which do not yield a gel (concentration less than the critical gelation 

concentration, neutral pH, and no added salts), whey protein aggregates are formed that 

increase solution viscosity and behave like anionic polymers (Vardhanabhuti & Foegeding, 

1999).  McSwiney et al. (1994) suggested that the formation of ―soluble aggregates,‖ (also 

called polymers, pre-heated whey, polymerized protein, or protein nanoparticles in some 

literature), occurred prior to gel formation and that both disulfide and hydrophobic 

interactions were involved in aggregation. Furthermore, Vardhanabhuti and Foegeding 

(1999) showed that all WPI protein monomers (β-lg, α-la, and BSA) were involved in soluble 

aggregate formation after heating 8-11% solutions for 1 or 3 hours at 80 °C.  Reducing and 
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non-reducing SDS-PAGE results indicated that disulfide bonding was largely responsible for 

soluble aggregate formation (Vardhanabhuti & Foegeding, 1999).   

Studies have evaluated the effect of heating and cooling times on aggregate formation 

and subsequent functionality, in addition to protein concentration, salt type and 

concentration, heating temperature and time, and pH (Hoffmann, Sala, Olieman, & de Kruif, 

1997; Nicolai, Britten, & Schmitt, 2011; Schmitt, Bovay, Rouvet, Shojaei-Rami, & 

Kolodziejczyk, 2007; Vardhanabhuti & Foegeding, 1999; Vardhanabhuti, Foegeding, 

McGuffey, Daubert, & Swaisgood, 2001; Xiong, 1992; Zhu & Damodaran, 1994).  There has 

been much research related to the thickening and gelation properties of whey protein 

aggregates (Bryant & McClements, 2000; Kitabatake, Fujita, & Kinekawa, 1996; McSwiney, 

Singh, & Campanella, 1994; Mleko & Foegeding, 1999; Mleko & Foegeding, 2000; Roff & 

Foegeding, 1996; Vardhanabhuti et al., 2001), in addition to other applications such as foam 

and emulsion stability, encapsulation and film formation.  The formation and applications of 

whey protein aggregates have been recently reviewed (Nicolai et al., 2011), but application 

of soluble aggregates for thermal stability has received minimal attention.  Specific studies 

investigating the formation of whey protein aggregates for use in low viscosity or weakened 

gel applications near neutral pH are limited (Ashokkumar et al., 2009; Purwanti et al., 2011; 

Vardhanabhuti & Foegeding, 1999; Vardhanabhuti & Foegeding, 2008; Zhang & Zhong, 

2009).  Near neutral pH, without salt, there is increased electrostatic repulsion and formation 

of covalent disulfide bonds which reduce aggregate size (Schmitt et al., 2007).  Whey protein 

aggregates formed under these conditions require higher levels of salts to screen the charge 

and form gels (Vardhanabhuti & Foegeding, 1999; Vardhanabhuti et al., 2001).  This 
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indicates that aggregates are highly charged and are more resistant to aggregation facilitated 

by ions, suggesting that whey protein soluble aggregates may be formed with enhanced 

thermal and salt stability.    

The objective of this study was to determine the thermal stability of β-lg and WPI soluble 

aggregates in the presence of salts by measuring turbidity, protein solubility, and viscosity.  

Soluble aggregate properties were also investigated by determining the influence of surface 

hydrophobicity, charge, and aggregate size and shape on thermal stability.  A mechanism is 

proposed for the use of whey protein soluble aggregates for improving thermal and salt 

stability. 

2. MATERIALS AND METHODS 

2.1  Materials 

Commercial β-lactoglobulin (β-lg) and whey protein isolate (WPI) were gifts from 

Davisco Foods International (Le Sueur, MN).  The WPI contained 94.21% protein and the β-

lg contained 91.74% protein based on inductively coupled plasma spectroscopy nitrogen 

analysis.  Mineral composition of WPI was (w/w) 14.77% N, 0.08% P, <0.005% K, 0.06% 

Ca, <0.005% Mg, 1.72% S and 0.8% Na; mineral composition of β-lg was (w/w) 14.73% N, 

0.06% P, 0.129% K, 0.03% Ca, <0.005% Mg, 1.38% S and 0.70% Na.  All other chemicals 

were of analytical grade.   
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2.2  Preparation of Proteins and Soluble Aggregates 

Protein stock solutions (15% w/w) were prepared by slowly dissolving the WPI and β-lg 

powder in approximately 90% of the total deionized water (>17 M) for turbidity assays or 

buffer (5 mM sodium phosphate buffer, pH 6.8, 0.02% sodium azide) for all other assays.  

Protein solutions were stirred at room temperature (23 °C) and left overnight for complete 

hydration.  The next day, the stock solutions were diluted to 7% w/w protein.  To make the 

soluble protein aggregates (>90% solubility), 7% protein solutions were heated at 90 °C for 

10 min and cooled in an ice bath for 10 min.  To determine salt stability, stock solutions of 

7% native WPI and β-lg, and their soluble aggregate counterparts, were mixed with a NaCl 

solution and deionized water or buffer to give 3% (w/w) protein and 0-108 mM NaCl; pH 

was adjusted to 6.8.  These mixtures were also thermally treated (subsequently referred to as 

thermal treatment) in a water bath at 90 °C for 5 min, quenched in an ice bath for rapid 

cooling, and then moved to room temperature until analysis.   

2.3  Determination of Salt and Heat Stability  

The turbidity of protein solutions was determined by measuring the optical density (OD) 

at 400 nm and 600 nm at room temperature using a Shimadzu UV-160U spectrophotometer 

(Shimadzu Corp., Tokyo, Japan).  To determine protein solubility, heated samples were 

centrifuged at 11,640 x g for 15 min using a Beckman Microfuge 11 (Beckman Coulter, 

Fullerton, CA).  The protein concentration was determined using a Pierce BCA Protein 

Assay Kit according to manufacturer’s instructions (Pierce, Rockfold, IL). The amount of 
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soluble protein is reported as percent protein left in the supernatant after centrifugation 

relative to before centrifugation.  Assays were performed in triplicate.  

Viscosity was determined by performing shear rate sweeps between 1 and 200 s
-1

 using a 

StressTech Rheometer (Rheological Instruments AB, Lund, Sweden) with a cone (4°) and 

plate geometry.  Samples were pre-sheared for 60 s at 50 s
-1

 followed by a 30 s equilibrium 

time and all measurements were at 22 °C.  Flow curves were best described by a Bingham 

plastic model.  Assays were done in triplicate. 

2.4  Surface Hydrophobicity  

Surface hydrophobicity was determined following the method of Alizadeh-Pasdar & Li-

Chan (2000) with modifications.  Briefly, samples were diluted to five concentrations 

between 0.002 and 0.01% protein.  Twenty microliters of 8 mM 1-anilinonaphthalene-8-

sulfonic acid (ANS, Sigma Co., St. Louis, MO) in buffer were added to 4 mL protein sample 

and 100 µL of each sample and blank were loaded into three wells on a 96-well microtiter 

plate. Fluorescence (excitation and emission were 390 and 470, respectively) was measured 

using a Safire
2
 fluorescent plate reader (Tecan Systems Inc., San Jose, CA).  Blanks were 

protein samples without ANS, and buffer with ANS.  Surface hydrophobicity was determined 

according to the slope method (Alizadeh-Pasdar & Li-Chan, 2000).  Assays were duplicated. 
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2.5  Particle Size and ζ-Potential 

ζ-Potential was measured using two different instruments to ensure accuracy.  ζ-Potential 

was first determined using phase analysis light scattering with a ZetaPALS ζ-potential and 

particle size analyzer (Brookhaven Instruments Corporation, Holtsville, NY).  About 1.5 mL 

sample was placed in a 1 cm polystyrene cuvette and electrophoretic mobility of particles 

was determined using a parallel plate electrode inserted in the cuvette (Vanapalli & 

Coupland, 2000).  Ten runs comprised of 20 cycles were completed for each sample.  ζ-

Potential was calculated by the ZetaPALS software based on the Smoluchowski model.  

Second, ζ-potential and particle size were measured using a Zetasizer Nano-ZS (Malvern 

Instruments, Worcestershire, UK).  Particle size was represented as the z-average and mean 

diameter based on volume distribution. The z-average is the intensity weighted mean 

hydrodynamic size of the particles measured by dynamic light scattering (DLS).  Volume 

distribution is appropriate when the amount of large particles dominates the DLS measured 

intensity distribution. The ζ-potential was calculated from the measurement of the 

electrophoretic mobility of particles in an applied oscillating electric field using laser 

Doppler velocimetry and phase analysis light scattering.  ζ-Potential values from the two 

methods correlated well.  At least three ζ-potential replicates from the two methods were 

combined and averaged.  Particle size was measured for all samples once and repeated a 

second time for six samples to ensure accuracy.  The repeated measurements corroborated 

the initial determinations.  
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2.6  Molecular Weight and Shape Determination 

Size exclusion chromatography (SEC) in conjunction with multi-angle laser light 

scattering (MALLS) was used to determine the mass of proteins and protein aggregates.  

Samples were separated on a Shodex KW 804 size exclusion column (Shoko American Inc., 

CA).  The column was eluted with 5 mM sodium phosphate buffer, pH 6.8, with 0.02% 

sodium azide at a flow rate of 0.6 mL·min
-1

 with a Waters 515 HPLC pump (Waters 

Corporation, Franklin, MA).  Buffer for samples heated with NaCl also contained 54 mM 

NaCl.  Sample volumes of 75 and 100 µL were injected onto the column for unheated (5 

mg·mL
-1

) and heated (1 mg·mL
-1

) samples, respectively.  Size and molecular weight were 

determined based on light scattering. The excess scattering angular dependence was 

determined using a DAWN EOS (Wyatt Corporation, Santa Barbara, CA) equipped with a 

K5 flow cell with 18 available angles.  The 90° detector was calibrated using filtered, HPLC 

grade toluene and the remaining detectors were normalized with BSA monomer (Sigma Co., 

St. Louis, MO).  The concentration of each eluting slice was detected using a Waters 2996 

photodiode array detector set to 280 nm and a Waters 410 refractometer (Waters 

Corporation, Franklin, MA).  Data was collected and processed using Astra software for 

Windows, version 4.9.08 and Empower Pro software by Waters.  

The weight-averaged molar mass was calculated for each eluting slice (set at 0.1 s) using 

a first order Zimm fit for heated samples and first order Debye fit for unheated samples with 

the second virial coefficient set to zero (Vardhanabhuti & Foegeding, 2008) and a specific 

refractive increment (dn/dc) of  0.185 mL·g
-1

 (Huglin, 1972).  The concentration of each 
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eluting slice was calculated using the refractometer detector.  Assays were performed in 

duplicate. 

Transmission electron microscopy (TEM) was performed following the method of (Hayat 

& Miller, 1990) using negative staining. 

2.7  Statistical Analysis 

Analysis of variance was performed using PROC GLM in PC SAS version 9.1.  A 

significant treatment effect was indicated by a significant F test (P ≤ 0.05).  Differences 

between means were determined using the Tukey-Kramer multiple means comparison test. 

3.  RESULTS  

3.1  Heat and Salt Stability 

3.1.1  Turbidity 

NaCl has been found to have a pronounced effect on heat-induced aggregation of whey 

proteins (Majhi et al., 2006; Xiong, 1992), so it was of interest to examine the effect of NaCl 

concentration on aggregation of soluble aggregates and native proteins as determined by 

turbidity (optical density).  Optical density (OD) was measured at both 400 and 600 nm (Fig. 

1) because at lower turbidities and smaller particle size, OD400nm is more sensitive to turbidity 

differences while at higher turbidities and larger particle size, OD600nm is more sensitive to 

turbidity differences (due to spectrophotometer dynamic range limitations).  This effect can 

be seen when comparing OD400nm results to OD600nm results for both WPI and β-lg (Fig. 1).   
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Turbidity varies with protein treatment (native or soluble aggregates) and NaCl 

concentration (Fig. 1).  Results for both β-lg and WPI suggest whey protein soluble 

aggregates are more tolerant to thermal treatment in the presence of NaCl.  Over most of the 

NaCl concentration range, native WPI and WPI soluble aggregates were more turbid than β-

lg, indicating that β-lg overall is more stable to heat and salts.  This could be due to 

compositional differences in the protein powders as WPI contains, in addition to β-lg, α-la 

and BSA, which can alter aggregation (Schokker, Singh, & Creamer, 2000).   

At every NaCl concentration, heated soluble aggregates were less turbid than heated 

native proteins (Fig. 1).  Turbidity differences were especially evident at higher NaCl 

concentrations where heated native proteins were very turbid (72 mM NaCl) or formed a 

weak gel (108 mM NaCl).  With 72 mM NaCl, WPI soluble aggregate OD400nm was 0.60 and 

β-lg soluble aggregate OD400nm was 0.39 while native WPI OD400nm was 1.34 and native β-lg 

OD400nm was 1.22.  Even at 54 mM NaCl, representative of the ionic strength in nutritional 

beverages, turbidity was reduced nearly 50% when WPI and β-lg soluble aggregates were 

used.  Lower turbidity suggests smaller particles since there is less light scattering.  

Therefore, the samples made from soluble aggregates likely contain smaller particles after 

heating than the samples made from native proteins.   

Turbidity results are in line with those from another study on WPI in which increasing 

NaCl concentration (0-120 mM) within a pH range (6.0-7.0) increased turbidity (Schmitt et 

al., 2007).  The authors suggested this was due to negative charge neutralization on the 

unfolded protein by sodium ions, thus resulting in aggregation and increased turbidity.  

Similarly, Xiong (1992) showed that, at pH 6.0, addition of up to 20 mM NaCl accelerated 
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WPI protein aggregation when heated from 60-90 °C.  It is also hypothesized that salts 

screen charges on native whey proteins and whey protein soluble aggregates to cause 

aggregation and thus increase turbidity.   

3.1.2  Viscosity  

The soluble aggregate plastic viscosity (µpl) was higher than the native protein (no 

thermal treatment) viscosity for WPI and β-lg (Table 1), as expected due to formation of 

protein aggregates.  After thermal treatment, increased NaCl concentration resulted in 

increased viscosity for both WPI and β-lg and for both native and soluble aggregates. Soluble 

aggregates thermally treated in the presence of 108 mM NaCl had lower viscosity and yield 

stress than thermally treated native proteins at the same NaCl concentration. Furthermore, the 

difference in viscosity, and also yield stress, between β-lg soluble aggregates and native β-lg 

(viscosity, µpl, of 4.68 mPa·s and 64.5 mPa·s, respectively) was greater than the difference 

between WPI soluble aggregates and native WPI (viscosity, µpl, of 3.57 mPa·s and 12.7 

mPa·s, respectively).  Native β-lg becomes more viscous than native WPI after thermal 

treatment with and without salts. β-lg and WPI soluble aggregate viscosities remain similar, 

but β-lg soluble aggregates are still larger than WPI soluble aggregates after thermal 

treatment with and without salts.  The additional proteins in WPI possibly lead to different 

aggregate sizes and shapes to influence final viscosity.  Changes in viscosity of native and 

soluble aggregates of WPI are outlined in Fig. 2 according to heat treatment and NaCl 

concentration. 
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3.1.3  Solubility 

Both thermally treated native and soluble aggregates of β-lg and WPI remained highly 

soluble even in the presence of 54 mM NaCl (Table 1).  Solubility higher than 100% can be 

explained by BCA assay limitations.  Since a ratio of protein concentration in the supernatant 

after centrifugation and entire protein sample is calculated to determine percent solubility, 

the result for protein concentration in the supernatant may be higher than the protein 

concentration in the entire sample due to BCA assay error.  Thus, the percent solubility will 

be greater than 100% and the solubility is an estimate of resistance to separation under the 

applied conditions (see section 2.3).  At 108 mM NaCl, solubility of thermally treated native 

β-lg significantly decreased, and native WPI slightly decreased, while soluble aggregates 

were still very soluble (>96%).   

3.1.4  Molar Mass and Size 

Solutions were filtered (0.45 μm nominal pore size) before SEC-MALLS analysis and the 

percent protein removed is reported in Table 2.  All solutions had aggregates that were 

filtered out; WPI and β-lg soluble aggregates thermally treated with NaCl had the lowest 

percent protein remaining relative to the amount present before filtration, 66.6% and 59.9%, 

respectively (Table 2).  However, these proteins remained dispersed (i.e. soluble) after 

centrifuging at 11,640 x g for 15 min (Table 1).  It is also important to note that for WPI and 

β-lg, soluble aggregates with NaCl, not thermally treated, had lower amounts of protein 

remaining after filtration than their native counterparts. This suggests some degree of salt-

induced aggregation prior to heating.  Without salt, soluble aggregates and native proteins 

receiving the same treatment had similar concentrations of protein remaining after filtration 
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and the concentrations were relatively high (>80%).  It is unknown exactly how large the 

filtered aggregates may be, but they are greater than the 0.45 µm pore diameter. 

Representative chromatograms of SEC-separated native proteins and aggregated proteins 

are shown in Fig. 3.  Peak 1, eluting near 10 min, is the aggregated protein UV280nm peak 

while peak 2, eluting near 16 min, is the native protein peak.  Figs. 4a-d display the 

cumulative weight fraction as a function of molar mass for WPI and β-lg treatments.  About 

85% of the native β-lg, without salt and without thermal treatment, was less than ~3.0×10
4
 

g·mol
-1 

(Fig. 4a).  This was expected because the molecular weight of β-lg is ~1.8×10
4
, and it 

is present in the dimer form (molecular weight ~3.6×10
4
) near neutral pH, so a mixture of β-

lg monomers and dimers would give this molecular weight range, which was also reported by 

(Vardhanabhuti & Foegeding, 2008).  Addition of NaCl to the native protein without thermal 

treatment did not result in any considerable aggregation (Fig. 4b).  In fact, it appears to have 

caused a slight ―salting-in‖ of the proteins (Table 2).  This was expected because native 

proteins are largely salt stable without heat above the pI.  When native β-lg was thermally 

treated without NaCl, ~60% of the protein was between ~2.0×10
4
 and 1.0×10

5
 g·mol

-1
, and 

~40% was between ~1.0×10
5 

and 5.0×10
6
 g·mol

-1
.  An increase in molar mass with thermal 

treatment of whey protein is expected due to heat-induced aggregation.  Use of soluble 

aggregates without NaCl, with and without thermal treatment, resulted in similar cumulative 

weight fraction patterns, with about 15% of the protein falling between ~1.0×10
5
 and 1.0×10

6
 

g·mol
-1

, while the remainder was between ~1.0×10
6
 and 1.0×10

7
 (Fig. 4a and c).  When NaCl 

was added, results shifted considerably for native WPI and β-lg thermally treated compared 

to the control samples without heat (Fig. 4b and d).  Approximately 10% of the thermally 



 

82 

treated native β-lg was between ~2.0×10
5
 and 4.0×10

6
 g·mol

-1 
and ~90% was between 

~4.0×10
6 

and 8.0×10
7
 g·mol

-1
 (Fig. 4d), the largest molar masses observed.  Results were 

similar for WPI, but more protein was in the higher molar mass range (Fig. 4b).  However, 

when β-lg or WPI soluble aggregates were used, addition of salt with or without thermal 

treatment only slightly increased aggregate size distribution (Fig. 4b and d).  β-Lg soluble 

aggregates thermally treated with NaCl had the largest aggregates of the soluble aggregate 

samples (up to ~2.0×10
7
g·mol

-1
), but were still far smaller than native proteins thermally 

treated in the presence of NaCl.  

Particle size based on dynamic light scattering (DLS) is reported as z-average diameter as 

well as volume-average diameter. The z-average diameter is light intensity-weighted and is 

mostly used to report DLS data.  However, in the case where large particles dominate the 

DLS measured intensity, volume distribution may be more appropriate.  It can be seen (Table 

1) that the z-average mean diameters of unheated WPI and β-lg were much larger than the 

volume-average diameter due to the presence of very large particles, even in small amounts.  

Using the Mie theory to convert the data to a volume distribution, the calculated mean 

particle diameters of the major peak (>91% of total peak area) were much reduced (Table 1).  

Regardless of the type of distribution used to calculate the particle sizes, the results show 

similar trends.   

Trends in particle size determined by DLS were as predicted by turbidity and MALLS 

data.  WPI soluble aggregates thermally treated with and without NaCl had volume-average 

diameters of 49.2 and 34.1 nm, respectively, a difference of about 15 nm, while the native 

WPI thermally treated with and without NaCl had volume-average diameters of  57.8 and 
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29.5 nm, respectively, a difference of about 28 nm (Table 1, Fig. 2b).  Also, WPI soluble 

aggregates with NaCl, before thermal treatment, had a volume-average diameter of 43.3 nm, 

so particle size only increased slightly (to 49.2 nm) with the thermal treatment.  Before NaCl 

addition, WPI soluble aggregates were 39.0 nm in diameter, so the subsequent aggregates 

after thermal treatment with NaCl were about 10 nm larger than the initial soluble 

aggregates, indicating salt stability and increased thermal stability compared to native 

proteins.  The native WPI particle size went from 4.9 to 5.4 to 57.8 nm from native to native 

protein with NaCl to thermally treated native protein with NaCl, respectively, an increase of 

about 54 nm in the last step.  Environmental effects (temperature, salt) are consistent when 

comparing across turbidity (Fig. 1), molar mass (Fig. 4) and particle size (Fig. 2 and Table 

1).  Similar trends were observed for β-lg and WPI.   

3.2  Aggregate Properties 

3.2.1  Shape 

Microscopy (Fig. 5) showed that soluble aggregates, and aggregates prepared by 

thermally treating native and soluble aggregated WPI with NaCl appeared branched and 

curved, possibly in the ―string of beads‖ structure that has been described (Bryant & 

McClements, 1998).  Soluble aggregates (Fig. 5a) and soluble aggregates after heating in 

NaCl solutions (Fig. 5c) were similar in appearance.  Similarly shaped, curved stranded 

aggregates formed at neutral pH were also observed by Donato, Schmitt, Bovetto, & Rouvet 

(2009); Jung, Savin, Pouzot, Schmitt, & Mezzenga (2008); Schmitt et al. (2007); and Schmitt 

et al. (2009).  When native WPI was heated in 54 mM NaCl, aggregates with apparently 
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greater strand width were formed (Fig. 5b).  These aggregates also appeared to have more 

branching but denser centers compared to the soluble aggregates heated in 54 mM NaCl, 

which were more elongated.  Native WPI thermally treated in 54 mM NaCl formed 

aggregates with apparent larger hydrodynamic radii, which was confirmed by particle size 

measurements showing larger volume-average diameter and z-average diameter (Table 1).   

3.2.2  Surface Hydrophobicity 

Heat-induced aggregation of proteins is driven by hydrophobic interaction (Laligant, 

Dumay, Casas Valencia, Cuq, & Cheftel, 1991).  To further investigate the mechanism of 

whey protein soluble aggregate thermal stability, So assays were carried out to measure the 

surface property changes that occur with formation of WPI and β-lg soluble aggregates.  It 

was hypothesized that the soluble aggregates would have lower So since exposed 

hydrophobic groups are associated with aggregation (McClements & Keogh, 1995), so 

higher So would be expected to indicate reduced thermal stability.   

The fluorescent probe ANS was used to determine So.  Another fluorescence probe, N,N-

Dimethyl-6-propionyl-2-naphthylamine (PRODAN, Sigma Co., St. Louis, MO) was also 

tested to verify the So results from ANS.  The So values of native β-lg and soluble aggregates 

of β-lg determined using PRODAN (data not shown) were similar to ANS results.   

The So of WPI soluble aggregates prior to thermal treatment and addition of NaCl was 

over three times higher than that of the native WPI (Table 1a).  A similar trend was observed 

for native and soluble aggregates of β-lg (Table 1b).  Heating causes exposure of 

hydrophobic groups (Zhu & Damodaran, 1994), explaining the increase in So after formation 

of soluble aggregates.  Similarly, after thermal treatment, native protein So of WPI and β-lg 
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increased.   After thermal treatment of the soluble aggregate, So decreased, but only slightly 

(Table 1).  The final result was similar So between the native proteins and soluble aggregates 

after thermal treatment without NaCl, thereby refuting the initial hypothesis predicting lower 

So for soluble aggregates.   

Addition of NaCl did not significantly influence So in any case.  When soluble aggregates 

and native proteins were thermally treated in the presence of NaCl, no NaCl concentration 

effect was observed for any treatment.  Like the treatments without NaCl, soluble aggregate 

So actually decreased some, indicating possible rearrangement of aggregates or further 

aggregation via hydrophobic interaction.  This would be possible since volume-average and 

z-average diameter increased slightly for WPI, but only z-average diameter did for β-lg 

(Table 1).   

3.2.3  ζ-Potential 

 Previous research has shown that when WPI solutions are heated under conditions which 

do not yield a gel (concentration less than the critical concentration, neutral pH, and no salts), 

whey protein aggregates are formed that increase solution viscosity and behave like anionic 

polymers (Vardhanabhuti & Foegeding, 1999).  Near neutral pH, without salt, there is 

increased electrostatic repulsion and formation of covalent disulfide bonds which reduce 

aggregate size (Schmitt et al., 2007).  Whey protein aggregates require higher levels of salts 

to screen the charge and form gels, indicating the aggregates are highly charged and are more 

resistant to secondary aggregation caused by ions (Vardhanabhuti et al., 2001).  To better 

understand the repulsive forces of the proteins studied, Doppler velocimetry and phase 

analysis light scattering were used to measure ζ-potential. 
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WPI and β-lg exhibited similar ζ-potential patterns (Table 1).  Forming soluble 

aggregates increased the magnitude of ζ-potential from -18.8 to -24.5 mV for β-lg and from -

24.6 to -26.6 mV for WPI.  Although the formation of soluble aggregates does not result in a 

statistically significant decrease in ζ-potential, for each replication made and for the averages 

of replications, the ζ-potential was lower for soluble aggregates, supporting the hypothesis 

that soluble aggregates have higher charge or increased magnitude of ζ-potential and are thus 

more resistant to further aggregation in the presence of salts and with heat.  Also without 

NaCl, thermally treated native β-lg has a higher negative ζ-potential than the unheated native 

β-lg but not quite as high as the β-lg soluble aggregates.  This observation is valid because 

both were thermally treated, however under different conditions.  The different heating 

conditions may explain the differences in final ζ-potential, similar to the differences in So 

observed with varying heating conditions.  Interestingly, the same pattern was not observed 

in WPI because thermally treated native protein without salt did not exhibit a lower ζ-

potential (greater charge).  It could be that the heat treatment under which WPI soluble 

aggregates were formed was the right condition to increase charge, but the thermal treatment 

was not.  Specifically, soluble aggregates were formed by heating 7% protein at 90 °C for 10 

min, and the thermal treatment was given to 3% protein at 90 °C for 5 min.  These 

differences in heating conditions will influence final physicochemical properties, like ζ-

potential, as are observed here.  Differences between β-lg and WPI results could possibly due 

to differences in protein composition between β-lg and WPI mixtures.  However, the 

differences were not statistically significant in either case, but the differences observed are 

interesting.  Furthermore, the ζ-potential slightly increased (decreased charge) when soluble 
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aggregates were thermally treated without salt, possibly due to rearrangement of charges with 

further heating.   

Salts screen charges on the protein surfaces and thus reduce the ζ-potential (Table 1).  

Native proteins in the presence of NaCl prior to thermal treatment were less charged than 

soluble aggregates in the presence of salt prior to thermal treatment.  With thermal treatment 

in the presence of NaCl, ζ-potential increased (decreased charge) for all treatments compared 

to the ζ-potential of proteins thermally treated without NaCl.  The exception was WPI soluble 

aggregates which had virtually the same ζ-potential (about -24 mV) when thermally treated 

with and without salt.  Also, both native proteins and soluble aggregates in the presence of 

NaCl had a lower ζ-potential (increased charge) after thermal treatment.  Heating may 

rearrange the charges so that more are exposed, resulting in higher ζ-potential, which was 

also observed with the formation of soluble aggregates.  Similarly, further exposure of 

charged groups may encourage attractive electrostatic interactions between opposite charges, 

thus leaving the remaining negative charges free.  At pH greater than the pI, negative charges 

dominate; the pH in this case (6.8) is greater than the pI of whey proteins (~5.2).  This 

hypothesis is consistent with the measured increase in particle size following thermal 

treatment in the presence of NaCl.   

4.  DISCUSSION 

Verheul et al. (1998) showed that when 9 g·L
-1

 β-lg was heated in the presence of NaCl 

(0-1 M) at 68.5 °C, pH 7, the hydrodynamic diameter increased with time (from 0-300 nm in 

about 1 hour with 1 M NaCl).  Higher NaCl concentrations increased the hydrodynamic 



 

88 

diameter faster, and diameter increased with NaCl concentration within each heating time, 

agreeing with the present results.  The authors suggested that increased particle size was due 

to decreased intermolecular repulsion, enhancing chemical and physical aggregation, and 

decreasing solubility (Verheul et al., 1998).  Aggregate association rate is correlated with 

increasing salt concentration and protein concentration, and the affect is accelerated with 

temperature (Ako, Nicolai, & Durand, 2010; Bryant & McClements, 2000; Marangoni, 

Barbut, McGauley, Marcone, & Narine, 2000; McClements & Keogh, 1995; Wu, Xie, & 

Morbidelli, 2005).  Higher temperatures induce hydrophobic interactions which drive 

aggregation in the presence of salt (McClements & Keogh, 1995).   

What is unique about the current results is that soluble aggregates have improved thermal 

stability versus native proteins, especially in the presence of salts.  This suggests a protective 

effect of whey protein soluble aggregates.  Protein aggregation is characterized by protein 

denaturation followed by aggregation (de la Fuente, Singh, & Hemar, 2002).  Thus, 

denaturation and aggregation likely occur during formation of soluble aggregates; however, it 

is not known whether there is further unfolding in soluble aggregates upon thermal treatment 

(second heating) or whether the soluble aggregates are in a kinetically stable state.   It is also 

possible that the interaction potential of the soluble aggregates is being altered with 

formation.  Either way, it is concluded that the proteins are in fact aggregated as evidenced 

by higher turbidity and larger size.  The fact that the protein is already at least partially 

aggregated must infer greater stability as opposed to native proteins that denature with heat 

and aggregate.   
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Aggregation of native proteins is accelerated by the presence of NaCl, but the effect of 

NaCl reduced when the protein is already aggregated in the form of soluble aggregates.  Salt 

addition at constant pH is similar to adjusting the pH toward the pI at constant ionic strength; 

both situations result in weakened electrostatic repulsion by charge screening or decreasing 

charge density, respectively (Nicolai et al., 2011).  However, use of soluble aggregates 

resulted in smaller final aggregates compared to native proteins, possibly because of 

dampening of the charge screening effect due to the higher charge of soluble aggregates.   

The increase in viscosity suggests that more linear aggregates are formed from native 

proteins, especially β-lg.  Lower viscosity exhibited by soluble aggregates suggests either the 

formation of denser or smaller aggregates.  High solubility, low viscosity, low turbidity and 

smaller final aggregate size indicate soluble aggregates of WPI and β-lg are more thermally 

stable than the native proteins when heated in the presence of salts.   

In the presence of salts, large, cross-linked aggregates are formed from short, curved 

primary aggregates (Durand, Christophe Gimel, & Nicolai, 2002; Pouzot, Durand, & Nicolai, 

2004).  Denser aggregates (Fig. 5) and larger size (Fig. 4 and Table 1) could account for the 

higher turbidity observed for thermally treated native proteins with or without salt (Fig. 1).  

Aggregates formed at 9% w/w WPI are less dense and more open, thus exhibiting a larger 

hydrodynamic radius, than aggregates formed at 3% w/w WPI (Purwanti et al., 2011).  The 

concentration affect could possibly explain some of the differences in structure that are 

observed between 7% w/w WPI (formation of soluble aggregates) and 3% WPI thermally 

treated in this study.   
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Schmitt et al. (2007) showed that the So of WPI soluble aggregates formed by heating 1% 

WPI without NaCl was higher than when formed by heating with 120 mM NaCl.  While the 

measurements reported here did not demonstrate a similar trend, the solutions considered 

here were higher in protein and lower in salt concentrations (Table 1).  ANS has been shown 

to bind to hydrophobic pockets, not single hydrophobic groups, while aggregation and loss of 

solubility can be influenced by these single hydrophobic groups (Zhu & Damodaran, 1994).  

Thus ANS data should be interpreted with caution.  Hydrophobic groups in hydrophobic 

pockets may be distributed upon protein unfolding and hydrophobic pockets destroyed, but 

overall surface hydrophobic character may increase with heating (Zhu & Damodaran, 1994).  

In general, molecules with exposed hydrophobic groups on the surface are more prone to 

aggregation (Laligant et al., 1991).  However, this study indicates that while soluble 

aggregates had higher So, they were more heat stable.  Thus, So alone does not explain the 

decreased level of aggregation.  

Protein concentration effects on the rate of aggregation, viscosity, size, and degree of 

unfolding have been reported by others (Hoffmann & van Mil, 1997; Hoffmann et al., 1997; 

Purwanti et al., 2011; Vardhanabhuti & Foegeding, 1999; Zhu & Damodaran, 1994), but not 

specifically the affect of protein concentration on So.  It is interesting that the soluble 

aggregates in the current study (formed at 7% w/w protein and diluted for analysis) had 

higher So than the native proteins thermally treated at 3% w/w protein.  This suggests a 

concentration affect on changes in So when forming whey protein aggregates. However, the 

time of heat treatment was different for each protein concentration.  This could possibly 

allow for continued unfolding and refolding during formation of soluble aggregates which 
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received the longer heat treatment.  Also, unfolding is more difficult at higher protein 

concentration (Zhu & Damodaran, 1994), so perhaps unfolding occurred, exposing 

hydrophobic groups during soluble aggregate formation, but during native protein heating 

there was more space for unfolding and hydrophobic interaction, thus reducing the So.   

Soluble aggregates have a more negative ζ-potential than native proteins before thermal 

treatment, and this remains after thermal treatment with salts.  Schmitt et al. (2007) showed 

that ζ-potential was similar between aggregates at all pH levels studied (from pH 6 to 7) 

without salt, with values around -30 mV.  This was unexpected because differences in ζ-

potential were predicted due to the differences in pH, but other factors like shape, molecular 

weight and hydrodynamic radius may also have been a factor since the model used to 

calculate ζ-potential assumes a spherical particle (Schmitt et al., 2007) moving evenly 

through an electric field.  However, increasing pH and salt resulted in a decrease in ζ-

potential (less negative) (Schmitt et al., 2007), which was also observed in the current study 

with only an increase in salt.  

Bengoechea, Jones, & Guerrero (2011) also observed lactoferrin soluble aggregates to be 

more heat stable in the presence of salt (0-200 mM NaCl) as well as pH (3-11).  However, 

the ζ-potential was around -20 mV for the aggregates as well as the native lactoferrin.  Thus 

higher charge, as reflected in ζ-potential, does not seem to be part of the salt stability 

mechanism with the soluble aggregates formed under these conditions.  However, since ζ-

potential is related to the average charge over the protein surface, there could be patches that 

lower interaction potential in specific locations.    
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Finally, SDS-PAGE revealed (data not shown) that α-la and β-lg were both involved in 

aggregation of WPI (data not shown), suggesting that aggregation is not selective for 

certain proteins.   

5. MECHANISM 

A possible mechanism of improved salt and thermal stability of whey protein soluble 

aggregates is outlined in Fig. 6.  Native proteins are assumed to be folded such that 

hydrophobic groups are in the center.  Since denatured proteins were not removed from the 

protein powders before experiments were performed, denatured or non-native proteins are 

shown that are formed during spray-drying of the powder.  The denatured proteins have 

exposed hydrophobic patches due to unfolding.  The negative charges are representative of 

the average charge of the proteins.  It is proposed that use of soluble aggregates increases 

thermal stability by reducing overall aggregate size and altering aggregate shape, thereby 

reducing final turbidity, viscosity and increasing solubility.  Soluble aggregates are less prone 

to secondary interactions when heated in salt solutions because of their higher overall 

negative charge, more compact structure with less branching, and small size.  It is also 

possible that the soluble aggregates may exhibit some kinetic metastability.  Final ζ-

potentials between thermally treated native proteins and soluble aggregates are similar.  So 

does not seem to be a main factor in improved thermal stability using soluble whey protein 

aggregates.   
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6.  CONCLUSION 

Whey protein soluble aggregates have increased heat stability in the presence of salt at 

neutral pH as compared to native proteins.  Whey protein soluble aggregates may be used in 

beverage applications to result in less turbid and viscous beverages as well as beverages with 

increased shelf life due to reduced protein precipitation.  However, future work must 

continue to investigate the molecular mechanisms and changes over time associated with 

whey protein soluble aggregates.   
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Table 1.  Physicochemical and thermal stability properties of (a) whey protein isolate (WPI) and (b) β-lactoglobulin (β-lg) native 

proteins and soluble aggregates (SA) in the presence of 54 mM NaCl and thermally treated (TT) at 3% (w/w) protein (90 °C, 5 

min) in the presence or absence of NaCl.  Soluble aggregates were formed at 7% (w/w) protein (90 °C, 10 min).  Letters indicate 

statistical differences between values in each column.   

 

a 

Protein 
Native 

or SA 

NaCl 

(mM) 

TT or 

none 

(0) 

So (slope × 

106) 

ζ-potential 

(mV) 
µpl (mPa·s) 

Yield Stress 

(mPa) 

Solubility 

(%) 

Volume 

Diameter 

(nm) 

% 

Peak 

Area† 

z-Avg. 

Diamete

r (nm) 

WPI Native 0 
0 

1.72±0.06b -24.6±3.56ab 2.18±0.31cb 26.4±8.90 c 94.5±3.76a 4.9±0.1 98.7 
   

60.5±0.1 

WPI SA 0 0 7.17±1.37a -26.6±2.63a 4.98±0.12b 71.1±19.4bc 99.3±2.15a 39±4.6 99.9 56.1±0.5 
WPI Native 54 0 1.77±0.00b -13.2±3.60 b -- -- -- 5.4±0.9 99.2 58.4±0.4 

WPI SA 54 0 6.86±0.77a -18.1±0.61ab -- -- -- 43±3.6 99.8 60.8±0.6 

WPI Native 0 TT 4.88±0.47ab -22.3±5.02ab 2.00±0.19c 167±55.6b 102±4.92a 30±1.2 99.2 43.3±0.7 
WPI Native 54 TT 4.69±0.23ab -17.3±2.95ab 2.43±0.13cb 123±46.8bc 108±9.59a 58±2.5 96.8 79.9±0.4 

WPI Native 108 TT 4.24±0.71ab -- 12.7±4.89a 345±187a 94.2±7.78a -- -- -- 

WPI SA 0 TT 5.37±0.30 a -24.0±4.48ab 2.28±0.08cb 79.2±13.9bc 98.0±4.87a 34±3.3 99.7 48.2±0.6 
WPI SA 54 TT 4.07±1.59ab -23.9±4.68ab 2.30±0.15cb 95.9±23.1bc 97.2±5.29a 49±1.3 99.9 66.0±1.1 

WPI SA 108 TT 5.25±0.54a -- 3.57±0.37cb 85.0±11.8bc 102±6.20a -- -- -- 

 

b 

Protein 
Native 

or SA 

NaCl 

(mM) 

TT or 

none 

(0) 

So (slope × 

106) 

ζ-potential 

(mV) 
µpl (mPa·s) 

Yield Stress 

(mPa) 

Solubility 

(%) 

Volume 

Diameter 

(nm) 

% 

Peak 

Area† 

z-Avg. 

Diamete

r (nm) 

β-Lg Native 0 0 1.71±0.09c -18.8±3.28ab 2.07±0.15b 83.1±23.0d 103±9.83a 4.9±0.1 99.8 19.0±0.9 

β-Lg SA 0 0 5.96±2.12a -24.5±3.92a 7.72±1.47b 429±83.7bc 90.9±9.04a 36±7.8 99.8 59.1±0.9 
β-Lg Native 54 0 1.81±0.03ab -9.70±2.88b -- -- -- 5.5±0.3 99.9 23.3±1.7 

β-Lg SA 54 0 6.80±1.57a -16.4±2.23ab -- -- -- 44±3.2 91.7 65.5±0.8 

β-Lg Native 0 TT 4.56±0.67abc -22.4±2.90a 2.83±0.35b 659±120b 105±4.25a 29±0.9 99.9 38.5±0.5 
β-Lg Native 54 TT 5.61±1.20a -17.4±2.20ab 3.90±0.35b 457±110bc 96.4±1.50a 61±2.4 100 80.0±1.1 

β-Lg Native 108 TT 4.28±0.32abc -- 64.5±35.8b 2140±235a 50.3±8.95b -- -- -- 

β-Lg SA 0 TT 5.51±0.57a -23.0±4.86a 2.81±0.35b 321±197c 98.9±3.87a 35±3.1 99.9 47.4±0.8 
β-Lg SA 54 TT 5.70±0.35a -18.9±1.29ab 3.34±0.53b 364±131c 98.1±13.4a 44±3.7 99.6 61.6±1.2 

β-Lg SA 108 TT 5.45±0.55ab -- 4.68±0.91b 220±114cd 96.2±4.44a -- -- -- 

-- not determined 
† Major peak area used to calculate volume-based diameter  
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Table 2.  Percent protein remaining in filtrate after passing native or soluble aggregates (SA) 

samples through a 0.45 µm filter for SEC-MALLS preparation. 

   Protein 

Native or SA NaCl (mM) 
Thermal Treatment (Yes or 

No) 
WPI β-Lg 

Native 0 Yes 86.8 86.8 
Native 54 Yes 90.1 62.6 

SA 0 Yes 80.1 88.1 

SA 54 Yes 66.6 59.9 
Native 0 No 91.2 96.2 

Native 54 No 93.4 99.3 

SA 0 No 96.9 92.4 
SA 54 No 78.1 75.7 
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Figure 1.  Turbidity (optical density, OD) at (a) 400 nm and at (b) 600 nm of 3% native 

whey protein isolate (WPI,), WPI soluble aggregates (), native β-lactoglobulin (β-lg, ), 

and β-lg soluble aggregates () samples heated at 90 °C for 5 minutes in the presence of 0-

108 mM NaCl at pH 6.8.  Results are the mean of three determinations.  Inset images are 

native (top) and modified (bottom) β-lg heated with 108 mM NaCl. 
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a 

 
 

 

 

b 

 
 

Figure 2.  Trends in (a) viscosity and (b) volume-based diameter for WPI after formation of 

soluble aggregates and after thermal treatment () with and without NaCl.   
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Figure 3.  Representative SEC chromatogram of aggregated (peak 1) and native (peak 2) 

protein. 
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Figure 4.  SEC-MALLS cumulative weight fraction distribution from 8-20 minutes, 

including native proteins and protein soluble aggregates (SA).  (a) whey protein isolate 

(WPI) without NaCl; (b) WPI with 54 mM NaCl; (c) β-lactoglobulin (β-lg) without NaCl; 

and (d) β-lg with 54 mM NaCl.  Heat treatment for appropriate samples was 90 °C for 5 min.  

Distributions are representative of duplicates.  
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 a      b        c 

 
 

Figure 5.  Negative staining transmission electron microscopy (TEM) on whey protein 

isolate (WPI) aggregates (0.05%).  (a) 7% (w/w) heated 10 min at 90 °C; (b) 3% (w/w) WPI 

heated with 54 mM NaCl 5 min at 90 °C; (c) soluble aggregates (7% w/w, 10 min at 90 °C) 

WPI diluted to 3% and heated with 54 mM NaCl 5 min at 90 °C.   
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Figure 6.  Proposed mechanism of increased thermal stability of whey protein soluble 

aggregates at neutral pH.  Not drawn to scale or stoichiometrically.  Δ indicates thermal 

treatment.  Circles around final aggregates indicate hydrodynamic diameter.  Negative 

charges are representrative of the overall protein charge.   
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ABSTRACT 

 Whey proteins are currently used in beverage applications because of their desirable 

nutritional and bioactive properties.  One factor limiting the extent of their beverage 

applications is thermal instability. Thus it is of interest to modify whey proteins, specifically 

whey protein isolate (WPI) which contains >90% protein, to be more thermally stable and 

allow for expanded beverage applications.  Previous research in our lab has shown that pre-

heating ion-exchange (IE) WPI to form soluble aggregates (SA) at neutral pH without salts 

results in stable solutions after thermally treating in the presence of salts which are often 

included in nutritional beverage formulations.  One objective of this work was to investigate 

two brands of commercial WPI – one isolated using membrane filtration (MF) and one 

isolated using IE – to determine functional differences between their SA, if any.  Turbidity 

and solubility were investigated under a variety of solution (salts and pH), protein 

concentration and heating time conditions.  A set of conditions for formation of SA that 

resulted in the most thermally stable solutions after thermal treatment were chosen for further 

exploration. Thermal stability indicators and molecular factors were investigated.  It was 

determined that SA formed at pH 7.5, 7%, by heating at 90 °C for 10 min exhibited high 

functionality for both MF and IE WPI.  Thermally treated IE SA were less turbid, less 

viscous, and had lower aggregate size than the control.  Thermally treated MF SA were less 

turbid and had lower aggregate size, but viscosity was not reduced compared to the control.  

Differences in the affect of isolation method on protein composition and functionality are 

discussed.  Results indicate that pre-heating MF WPI to form SA is indeed a useful method 

to improve thermal stability in beverages with salts, and that solution and heating conditions 
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can be optimized for improved thermal stability, and that aggregate charge is likely a main 

factor in thermal and salt stability of SA.   

INTRODUCTION 

Proteins are important ingredients in beverages, mainly nutritional sports drinks and 

meal-replacement beverages.  Many meal-replacement beverages are at neutral pH, and 

neutral pH sports beverages are a potential new product extension.  Whey proteins are a 

sensible protein source for beverages because of their high nutritional profile.  Whey proteins 

are known to be thermally stable, but astringent, at low pH (~ ≤3.5; Beecher et al., 2008).   At 

neutral pH, whey proteins are not astringent, but exhibit low thermal stability in the presence 

of salts, which are often added to nutritional beverages.   

 Whey protein isolates (WPI) are processed using two main methods – ion-exchange 

(IE) chromatography followed by ultrafiltration, and membrane filtration (MF) in which 

microfiltration is followed by ultrafiltration-diafiltration (Wang and Lucey, 2003).  Spray 

drying follows protein isolation.  Differences in total composition and in protein fractions 

have been reported between the two isolation processes and differences can also exist 

between manufacturers (Holt et al., 1999; Wang and Lucey, 2003).   With IE processing, the 

conditions used will determine the ratio of whey proteins retained, while with MF 

processing, all of the whey proteins are concentrated (Wang and Lucey, 2003).  MF WPI is 

known to contain more glycomacropeptide (GMP, ~22-26%) than IE WPI and MF WPI has 

lower levels of β-lactoglobulin (β-lg, ~49-62%), but similar α-lactalbumin (α-la) 

concentrations (~16-18%) compared to IE WPI.  IE WPI has virtually no GMP (0.25-1.36%), 
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higher concentrations of β-lg (~68-73%) and similar concentrations of α-la (~15.5-20%; 

(Holt et al., 1999; Wang and Lucey, 2003) compared to MF WPI.  Ash content is generally 

higher in MF WPI, 2.7-3.1% versus 1.6-2.0% for IE WPI (Wang and Lucey, 2003).  Some 

differences in fat, lactose, lactosylation, immunoglobulin G, lactoferrin, and bovine serum 

albumin (BSA) differences have been reported between isolation processes, but do not 

always differ (Holt et al., 1999; Wang and Lucey, 2003).   

Since β-lg is the major whey protein, research on whey protein denaturation and 

aggregation has focused on this protein and the mechanism is generally accepted (e.g. Qi et 

al., 1995; Qi et al., 1997; Roefs and DeKruif, 1994).  At neutral pH, β-lg is naturally present 

as a dimer.  With heat, β-lg dissociates into monomers (Sawyer, 1969) and then monomer 

denaturation occurs, exposing a reactive sulfhydryl group ( Bryant and McClements, 1998; 

Larson and Jenness, 1952; Shimada and Cheftel, 1989).  The activated β-lg monomers then 

undergo aggregation with each other and the other whey proteins, mainly α-la and BSA 

(Havea et al., 2001).  Primary aggregation is via disulfide exchange and bonding, forming 

intermediate sized aggregates (Schokker et al., 1999; Schokker et al., 2000).  The 

intermediate aggregates go on to form non-covalently linked secondary, soluble aggregates 

between about 15-150 nm (Nicolai et al., 2011; Ryan et al., 2011; Schmitt et al., 2007; 

Vardhanabhuti and Foegeding, 1999; Verheul et al., 1998).  With continued thermal stress, 

larger complexes can form, eventually resulting in gelation.  Soluble aggregates (SA) are 

herein defined as protein aggregates formed by heating under conditions that do not yield an 

insoluble gel (McSwiney et al., 1994; Vardhanabhuti and Foegeding, 1999) and remain 
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dispersed.  These conditions include neutral pH, no added salts, a protein concentration 

below the critical gelation concentration, and regulated heating time and temperature 

(Vardhanabhuti and Foegeding, 1999). 

It has been shown that WPI SA formed at neutral pH show improved thermal stability 

in the presence of NaCl (Ryan et al., 2011).  In comparison to using native whey proteins, SA 

resulted in heat-treated solutions that were less turbid and viscous, had greater protein 

solubility, and a lower protein aggregate size.  Soluble aggregates are more salt and heat 

stable because they are highly charged, reducing further aggregation potential.  The 

objectives of the current work were to expand on the previous study by: 1) determining the 

range across which SA can be formed and contribute to improved thermal stability, and 2) 

evaluating SA produced from two commercial WPIs.  Our results show that this approach 

improves thermal stability for both sources of WPI but conditions for SA production must be 

adjusted to account for differences in sources of WPI. 

 

MATERIALS AND METHODS 

Materials 

Two brands of commercial WPIs were gifts from companies.  One WPI was 

concentrated using membrane filtration (MF) and the other WPI was concentrated using ion-

exchange (IE) chromatography, according to the companies.  Ion-exchange WPI contained 

94.21% protein and MF WPI contained 94.27% protein based on inductively coupled plasma 

spectroscopy nitrogen analysis.  The mineral composition of each protein is shown in Table 
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1, also determined using inductively couples plasma spectroscopy nitrogen analysis.  All 

other chemicals were of analytical grade.   

Protein stock solutions (15% w/w) were prepared by slowly dissolving the protein 

powder in ~ 90% of the total buffer (5 mM sodium phosphate, pH 6.8, with 0.02% sodium 

azide).  Protein solutions were stirred at room temperature (23 °C) and left overnight for 

complete hydration.  On the next day, the solutions were adjusted to final weight.   All 

protein solution percentages following are expressed as w/w.    

pH 4.6 Soluble Protein 

 Percent protein soluble at pH 4.6 was used as a measure of native protein as 

denatured/aggregated proteins are insoluble at pH 4.6 (de Wit and van Kessel, 1996).  

Samples were diluted to 0.3% w/w protein with 100 mM sodium phosphate buffer, pH 4.6, 

and centrifuged at 10,000 × g for 13 min using a Beckman Microfuge 11 (Beckman Coulter, 

Fullerton, CA, USA).  Protein content was determined using the Pierce BCA Protein Assay 

Kit according to manufacturer’s instructions (Pierce, Rockfold, IL, USA).  The protein 

content of the supernatant divided by the protein content of a sample diluted in buffer (5 mM 

sodium phosphate, pH 6.8, with 0.02% sodium azide) multiplied by 100 was the percent 

solubility. 

Sodium Dodecyl Sulfate – Polyacrylamide Gel Electrophoresis 

Non-reducing sodium dodecyl sulfate – polyacrylamide gel electrophoresis (SDS-

PAGE) was performed using a Novex® NuPAGE® gel system (Invitrogen Corp., Carlsbad, 

CA, USA) according to the manufacturer’s instructions.  Samples were prepared following 
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the manufacturer’s instructions using NuPAGE® LDS sample buffer (Invitrogen Corp.).  

The final protein concentration in the SDS-PAGE sample was 0.5 g·L
-1

.  10 µL of each 

sample and 5 µL of Novex® Sharp pre-stained protein standard (Invitrogen Corp.) were 

loaded onto a pre-cast 12% mini Bis-Tris gel and run in NuPAGE® MES SDS running 

buffer (Invitrogen Corp.).     

Formation of Soluble Aggregates  

Stock solutions were diluted to 4, 5, 7, or 9% w/w protein in buffer (5 mM sodium 

phosphate, pH 6.8, with 0.02% sodium azide was the buffer for this and all subsequent 

experiments) and adjusted to pH 7.5 or 6.5 with 0.5 N HCl or NaOH.  The protein solutions 

were heated at 90 °C for 10 or 20 min and cooled in an ice bath for 4 min. 

Thermal Treatment 

Stock solutions of native IE and MF WPI, or the SA, were mixed with NaCl or CaCl2 

solutions and buffer to give 3, 5 or 6% w/w protein and 30 or 60 mM NaCl or 15 or 30 mM 

CaCl2.  pH was adjusted to 6.8.  The mixture solutions were heated in a water bath at 90 °C 

for 5 min, quenched in an ice bath for 2 min, then moved to room temperature until further 

analysis the same day.  Samples that were not analyzed the same day (chromatography and 

microscopy) were diluted to 1 mg·mL
-1 

or 0.5 mg·mL
-1

, respectively, in buffer and stored at 

room temperature (23 °C) until analysis was carried out.  Solutions were stable since they 

were dilute and sodium azide was present in the buffer to deter microbial growth.  Also, 

repeated measurements over several weeks had consistent results.  
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Thermal Stability  

Thermal stability of the protein SA and thermally treated proteins was evaluated by 

determining turbidity, viscosity, solubility and aggregate size.  All thermal stability assays 

were performed in triplicate.  Turbidity was measured using a Hach 2100AN turbidimeter 

(Hach Company, Loveland, CO, USA).  Degree of aggregation and gelation was determined 

qualitatively by tipping the test tube and seeing if the sample flowed. Samples that flowed 

quickly were labeled ―liquid‖; samples that flowed slowly were labeled ―viscous liquid‖; 

samples that flowed but had visible particulates or precipitates were labeled ―particulate 

liquid‖; and samples that did not flow were labeled ―gel.‖  Viscosity was determined on 

samples that showed fluid physical behavior. 

Viscosity.  Viscosity was determined using a StressTech Rheometer (Rheological 

Instruments AB, Lund, Sweden) with a cone (4°) and plate attachment.  Shear stress was 

measured and viscosity was calculated.  Samples were equilibrated to 22 °C then pre-sheared 

for 60 s at 50 s
-1

, followed by a 30 s equilibrium time and shear rate sweeps between 1 and 

200 s
-1

.   

Solubility.  Overall solubility at neutral pH was determined on heated solutions. 

Samples were diluted to 1% w/w protein in pH 6.8 buffer and centrifuged at 10,000 × g for 

13 min using a Beckman Microfuge 11 (Beckman Coulter, Fullerton, CA, USA) and the 

protein content of the supernatant was determined using the Pierce BCA Protein Assay Kit 

according to manufacturer’s instructions (Pierce, Rockfold, IL, USA).  The protein content 
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of the supernatant divided by the protein content of the whole sample multiplied by 100 

was the percent solubility.   

Size Exclusion Chromatography – Multiangle Laser Light Scattering.  To prepare 

for size exclusion chromatography (SEC), samples were diluted to 5 mg·mL
-1

 (native) or 1 

mg·mL
-1 

(heated) and passed through a 0.45 μm filter.  Percent protein was determined 

using the Pierce BCA Protein Assay Kit according to manufacturer’s instructions.  The 

protein content after filtering divided by the protein content before filtering multiplied by 

100 was percent protein remaining.   

Proteins contained in IE and MF WPI were separated using a TSKgel G6000PWXL 

column (Tosoh Bioscence, LLC, Montgomeryville, PA).  The column was eluted with a 100 

mM sodium phosphate, 100 mM sodium sulfate and 0.05% sodium azide buffer, pH 6.7, at a 

flow rate of 1 mL·min
-1

 using a Waters 515 HPLC pump (Waters Corporation, Franklin, 

MA, USA).  Absorbance at 280 nm was detected using a Waters 2996 photodiode array 

detector to determine the relative abundance of the major whey proteins in each commercial 

WPI.   

Size exclusion chromatography coupled with multi-angle laser light scattering 

(MALLS) was used to determine the cumulative weight fraction of protein aggregates 

according to the method of Ryan et al. (2011) with slight modification.  Protein aggregates 

were separated using a TSKgel G2000SWXL column (Tosoh Bioscence, LLC, 

Montgomeryville, PA, USA).  The weight-averaged molar mass was calculated using Astra 

software for Windows (version 4.9.08; Wyatt Corporation, Santa Barbara, CA, USA) and 
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Emprower Pro software (Waters Corporation, Franklin, MA, USA)  for each eluting slice 

using a first order Debye fit with the second virial coefficient set to zero and a dn/dc value of 

0.185 mL·g
-1

 (Huglin, 1972).  Assays were performed in duplicate. 

Molecular Properties  

Surface Hydrophobicity.  Surface hydrophobicity was determined following the 

method of Alizadeh-Pasdar and Li-Chan (2000) with modifications by Ryan et al. (2011).  

Briefly, samples were diluted to five concentrations between 0.002 and 0.01% protein.  

Twenty microliters of 8 mM 1-anilinonaphthalene-8-sulfonic acid (ANS, Sigma Co., St. 

Louis, MO, USA) in buffer were added to 4 mL protein sample and 100 µL of each sample 

and blank were loaded into three wells on a 96-well microtiter plate. Fluorescence (excitation 

and emission were 390 and 470, respectively) was measured using a Safire
2
 fluorescent plate 

reader (Tecan Systems Inc., San Jose, CA, USA).  Blanks were protein samples without 

ANS.  Surface hydrophobicity was determined according to the slope method (Alizadeh-

Pasdar and Li-Chan, 2000).  Assays were performed in triplicate. 

ζ-Potential.  ζ-Potential was measured using a Zetasizer Nano-ZS (Malvern 

Instruments, Worcestershire, UK).  The ζ-potential was calculated from the measurement of 

the electrophoretic mobility of particles in an applied oscillating electric field using laser 

Doppler velocimetry and phase analysis light scattering.  ζ-Potential measurement was 

duplicated.   
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Transmission Electron Microscopy.  Transmission electron microscopy (TEM) was 

performed following the method of Hayat and Miller (1990) using negative staining.  An 

FEI/Phillips Margagni
TM

 EM 208S Transmission electron microscope (FEI, Eindhoven, The 

Netherlands) with a 80 kV beam equipped with a Gatan 785-ES 1000W (Gatan, Inc., 

Pleasanton, CA, USA) digital camera was used to collect TEM images. 

Statistical Analysis 

Analysis of variance was performed using PROC GLM in PC SAS version 9.2 (SAS, 

Cary, NC, USA).  A significant treatment effect was indicated by a significant F test (P ≤ 

0.05).  Differences between means were determined using the Tukey-Kramer multiple means 

comparison test. 

RESULTS 

Comparison of WPI Sources 

The two WPI sources were chosen because they were fairly closely matched in 

protein and mineral composition, with the main difference being higher sodium in the IE 

WPI (Table 1).  Another possible point of difference is in the amount of apparently 

denatured/aggregated protein (i.e. protein insoluble at pH 4.6). Solubility at pH 4.6 

represents native protein and the insoluble protein represents altered structures and/or 

aggregates caused by processing (de Wit, 1990).  The percent pH 4.6 soluble protein of the 

MF WPI was 95.3 ± 13.3% and of the IE WPI was 93.1 ± 4.5% and was not significantly 

different (P ≤ 0.05).  Based on these results, the starting material for each assay was 

equally non-native.   
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The IE WPI used in this study exhibits nearly equal peak absorbance maxima for β-

lg and α-la, the two main whey proteins (Figure 1a).  These two proteins are also present in 

higher concentrations in IE WPI than in the MF WPI used as exhibited by their higher peak 

absorbance at 280 nm (Figure 1).  α-La absorbs about twice as much as β-lg at 280 nm at 

the same molar concentration; thus the α-la extinction coefficient is about double that of β-

lg (Pace et al., 1995).  Therefore, the concentration of β-lg versus α-la is about double in IE 

WPI, and in MF WPI there is even less β-lg relative to α-la, consistent with the findings of 

others (Holt et al., 1999; Wang and Lucey, 2003).  The differences in protein composition 

are not as apparent using SDS-PAGE (Figure 1c); differences in migration of α-la and β-lg 

do appear be slightly different.  Also, the higher molecular weight material appears to be 

fainter in the MF WPI compared to the IE WPI.   

Thermal Stability under a Range of Conditions – Turbidity and Visual Gelation 

The thermal and salt stability of whey protein SA prepared with MF and IE WPI 

was investigated.  Table 2 shows images and turbidity values of samples prepared under 

various pH, protein concentration, heating and salt conditions.  Membrane filtration and IE 

WPI samples exhibited turbidity and viscosity differences.  Protein solutions with low 

turbidity (less than ~ 300 NTU) mostly resulted when SA were heated with NaCl.  In 

general, IE samples were less turbid than the corresponding MF samples.  However, all MF 

samples were liquid – no gelation occurred despite the increased turbidity.  These results 

are interesting because turbidity of IE WPI in the presence of salts is generally associated 

with gelation (Table 2b).  However, SA formed from MF WPI were stable (high solubility 

and/or liquid) with high turbidity.  Overall, soluble aggregates from both WPIs formed low 



 

119 

turbidity solutions when salt concentration was  60 mM NaCl.  With greater 

concentrations of salts, SA from MF WPI form turbid, but soluble, solutions.  

Thermal Stability of Soluble Aggregates with Increasing pH above the pI – Turbidity, 

Solubility and Visual Gelation  

To further investigate the thermal stability of SA, two different conditions with 

potential for improved thermal stability were chosen to compare with native protein 

stability (Tables 3-4).  First, preliminary experiments were done to determine the maximum 

protein concentration that formed functional SA with MF WPI at pH 7.5.  This was 

determined to be 7% w/w (data not shown).  These SA were stable when diluted to 6%, pH 

6.8, and thermally treated in the presence of up to 60 mM NaCl. Addition of 30 mM CaCl2 

resulted in decreased stability; often resulting in gelation (Table 3).  When SA were heated 

with NaCl, turbidity decreased and solubility increased compared to the native control.  For 

both proteins, CaCl2 resulted in lower thermal stability compared to NaCl, as has been 

observed previously (Kuhn and Foegeding, 1991; Xiong, 1992).  Both MF and IE SA 

exhibited lower turbidity and lower viscosity compared to the control when 15 mM CaCl2 

was added, but gelled along with the control when 30 mM CaCl2 was added.   

When evaluating lower pH and protein concentration, the maximum concentration 

of MF WPI that could be used to form SA at pH 6.5 was 5% w/w (Table 4), so these 

conditions were used to evaluate SA thermal stability for both proteins.  All IE samples 

were stable when diluted to 4.25%, pH 6.8, and thermally treated in the presence of NaCl 

as determined by solubility, turbidity and gel status.  Ion-exchange SA were more 

thermally stable than the native proteins with 15 mM mM CaCl2.  Use of SA resulted in 
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liquid (not viscous) samples with higher solubility and lower turbidity.  While many IE 

samples retained lower turbidity, all MF samples were turbid.  Membrane filtration WPI 

was more sensitive to these conditions of lower pH in general, exhibiting low solubility 

under all conditions.  The MF SA formed at pH 6.5 had low solubility (64.4%) and did not 

exhibit improved thermal stability when thermally treated in the presence of salts.   

Thermal Stability and Molecular Properties 

The above data showed that SA formed at pH 7.5 were more stable to a thermal 

treatment in the presence of 30 mM NaCl than native proteins for both MF and IE WPI.  

Solubility, turbidity and gel status were improved under these conditions when using both 

MF and IE WPI.  This was especially true of MF WPI where solubility remained high for 

the MF SA samples versus the MF native control, 92.3% versus 67.8%, respectively, and 

turbidity remained within the range of the instrument for the SA samples.  Previously 

(Ryan et al. 2011) we showed that IE SA have improved salt and thermal stability because 

of their higher overall negative charge.  To begin to investigate the molecular reasons for 

improved thermal and salt stability for MF WPI, viscosity, ζ-potential, surface 

hydrophobicity and size measurements were carried out.  Transmission electron microcopy 

images were collected so aggregate morphology could be contrasted.  Ion-exchange WPI 

was evaluated in parallel so a comparison could be made between the two protein sources.   
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Viscosity.  Viscosity versus shear rate for each sample is shown in Figure 2.   Shear stress 

versus shear rate data were also fit to the Bingham Plastic model with the plastic viscosity 

(μpl), yield stress (σo) and R
2
 values shown in Table 5.    

All treatment conditions resulted in apparent shear thinning over the shear rate 

range reported, which has been reported before for WPI (Beecher et al., 2008).  Membrane 

filtration SA had the lowest μpl overall, 4.42 mPa·s, even lower than the IE SA which had a 

μpl value of 5.17 mPa·s, and had lower turbidity and higher solubility under these heating 

conditions (Table 3).  When the MF SA were thermally treated in the presence of NaCl, the 

μpl exhibited a great increase, approximately doubling from about 4.43 to 8.10 mPa·s.  

Heating of native MF WPI in the presence of 30 mM NaCl actually resulted in lower μpl 

than heating MF SA with 30 mM NaCl, 5.97 mPa·s versus 8.10 mPa·s, respectively.  On 

the other hand, IE SA heated with NaCl exhibited only a slight increase in μpl compared to 

the IE SA that were not thermally treated, 6.03 mPa·s versus about 5.17 mPa·s, 

respectively.  Native IE WPI had the highest μpl overall, 10.17 mPa·s.  The IE WPI results 

are consistent with a previous report of native versus SA (Ryan et al., 2011).   

Size Exclusion Chromatography – Multi-angle Laser Light Scattering.  Samples were 

filtered through a 0.45 µm filter before injecting onto the SEC column.  The percent of the 

protein remaining after filtration is reported in Table 6.  Greater than 90% of the protein 

remained in the IE WPI samples, while that retained in MF WPI protein was much lower, 

ranging from 64.3 – 88.8%.  Loss of large aggregates is consistent with the turbidity levels 

of MF WPI.  When the SA and native MF WPI were thermally treated with salt, the percent 
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protein remaining was reduced to 74.7 and 64.3%, respectively.  These results indicate that 

the native MF WPI thermally treated with salts formed the largest aggregates since 35.7% 

of the protein was filtered out, meaning 35.7% percent of the protein was in the form of 

aggregates larger than a nominal diameter of 0.45 µm.  For the MF SA, 23.3% of the 

proteins were in the form of aggregates larger than 0.45 µm.  However, from the solubility 

experiments, it is known that these aggregates are still soluble (92.3% total protein 

solubility) compared to the native sample (67.8% solubility).  Thus, under the conditions 

used for determining solubility, the MF SA thermally treated with NaCl formed larger 

aggregates that were still soluble.   

The results in Figure 3 must be interpreted in light of the percentage of large 

aggregates removed by filtration.  First, IE and MF SA percent protein remaining were 

relatively similar, 92.3% versus 88.8%, respectively, so the cumulative weight fraction 

profiles can be compared with each other with relative certainty.  The profiles between the 

two SA do appear similar, with all of the proteins greater than 1×10
5
 g·mol

-1 
and exhibiting a 

break point around 6×10
5
.  However, about 50% of the MF SA were greater than 4×10

6
 

g·mol
-1

, while only about 30% of the IE SA were greater than this weight.  These data are in 

accordance with the turbidity of the MF SA which was greater than the turbidity of the IE 

SA.   

Next, it appears that the molar mass of the MF native and SA WPI are lower than the 

IE native and SA WPI.  However, this is not the case since more MF proteins were filtered 

out before analysis.  After filtration of the MF proteins, it can be seen that the remaining 
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native and SA thermally treated proteins have similar cumulative weight fraction profiles.  

However, of the proteins remaining, they were larger for the MF SA.  This data combined 

with the turbidity data reveals that MF SA after thermal treatment are smaller than the native 

MF aggregates.  The results for IE are as what would be expected from turbidity and 

solubility.  Soluble aggregates form smaller aggregates than native proteins after thermal 

treatment.  However, this was not seen in MF WPI because the large aggregates were 

removed by filtration. 

Surface Hydrophobicity 

An indicator of attractive interaction potential is protein surface hydrophobicity 

(McClements and Keogh, 1995; Bryant and McClements, 1998).  Ion-exchange WPI 

samples had higher surface hydrophobicity for all treatments compared to the MF WPI 

samples (Table 6).  Heating did not change the surface hydrophobicity for MF or IE soluble 

aggregates, confirming previous observations for IE WPI (Ryan et al., 2011).   

ζ-Potential 

The ζ-potential was measured as an overall indication of surface charge (Table 6).  

In general, ζ-potential values for IE samples were higher than the ζ-potential for MF 

samples.  Formation of MF SA resulted in a ζ-potential of -25.0 mV.  When heated in the 

presence of 30 mM NaCl, MF SA ζ-potential and MF native protein ζ-potential were 

similar, between -23 and -24 mV.  A similar trend was observed for IE WPI, except the ζ-

potential values were higher, between -25 and -29 mV.   
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Transmission Electron Microscopy  

 Transmission electron microscopy is a useful tool for visualizing the morphology of 

the WPI SA and final aggregates after thermal treatment with salts (Figure 4).  Membrane 

filtration SA (Figure 4a) appear to be longer than the IE SA (Figure 4d) with apparent 

lengths of about 100-200 nm and 50-100 nm, respectively.  The IE aggregates also appear 

to have some aggregates with denser centers while the MF aggregates appear more uniform 

in width.  Both sources of proteins produce branched and curved aggregates which have 

been observed in the neutral pH range before (Pouzot et al., 2005; Schmitt et al., 2007; 

Ryan et al., 2011).   

Figures 4b and 4c show native MF and MF SA, respectively, thermally treated in 

the presence of NaCl.  When native MF WPI was thermally treated, denser, more spherical 

and more branched aggregates appeared to form compared to the MF SA (Figure 4a).  

Native MF thermally treated aggregates appeared to be about 50-100 nm in diameter.  

Thermally treated MF SA were longer like the non-thermally treated SA (Figure 4a), but 

possibly wider with more branching.  Some denser centers were also apparent, but not to 

the extent of the native MF aggregates (Figure 4b).   

Differences between IE treatments were not as apparent (Figures 4e and 4f).  

Thermally treated native IE aggregates had greater contrast and appeared lighter than the 

thermally treated IE SA.  This indicates denser aggregates (Schmitt et al., 2007).  Besides 

density, native IE and IE SA thermally treated aggregates do not appear significantly 
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different, helping to explain the less apparent differences in turbidity compared to MF 

treatments.  Observed in all of the samples were very tiny, spherical-looking aggregates.  

DISCUSSION 

Results presented in Table 2 show that SA can be formed using MF and IE WPI 

that exhibit salt and thermal stability across a range of pH values (6.5-7.5), WPI 

concentrations (4-9%) and salt types and concentrations (30-60 mM NaCl or 15-30 mM 

CaCl2).  A range of final product turbidity is also observed.  Turbidity is important for 

traditionally clear beverages like sports drinks that are packaged in clear bottles.  Meal-

replacement beverages, for example, are not packaged in clear containers and thus low 

turbidity is not a primary goal, but optimum viscosity and stability (i.e. no phase 

separation) are desired.  Under a variety of processing conditions, SA can be formed that 

produce either clear or turbid solutions with salts at neutral pH. 

When evaluating the SA formed at pH 7.5, 7% w/w, turbidity decreased and 

solubility increased for MF SA, but viscosity was greater after thermal treatment in the 

presence of 30 mM NaCl (Figure 2, Table 5).  With IE WPI, formation of SA lead to an 

increase in solubility, and a decrease in turbidity and viscosity compared to the control.  

Results are interesting because they lead to the hypothesis that the aggregation patterns of 

MF and IE WPI are different, which is logical due to their differences in composition.  

However, it is likely possible that with modification of the heating conditions, lower 

viscosities could be achieved if desired, similar to turbidity.   
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It is known that the balance of attractive and repulsive forces contribute to the 

likelihood of protein aggregation (Bryant and McClements, 1998).  For stability, it is 

predicted that a lower surface hydrophobicity and higher ζ-potential is better, although the 

ideal balance and degree of each is unknown.  Thus, in the MF and IE samples, the balance 

of these two forces must be contributing to their thermal and salt stability.   

Surface hydrophobicity results indicated that the aggregates formed with IE WPI had 

greater potential for aggregation.  The IE samples (Tables 3 & 4) exhibited overall greater 

salt and thermal stability than the MF samples, so this suggests that surface hydrophobicity 

as an attractive force is not the only indicator.  Protein compositional differences between 

IE and MF WPI exist (Figure 1; Holt et al., 1999; Wang and Lucey, 2003), so these 

differences likely contribute to thermal stability differences.  It has been shown that fat, 

lactosylation, mineral content, and other ingredient factors differ between MF and IE 

processed WPI as well, and these may contribute to functional differences (Holt et al., 

1999; de Jongh et al., 2001; Wang and Lucey, 2003).  In the commercial WPIs used in this 

study, the mineral composition is known (Table 1), but some of the other factors were not 

determined.   

Heating of native proteins causes exposure of hydrophobic groups and an increase 

in overall hydrophobic character of the proteins/aggregates (Zhu and Damodaran, 1994).  

Thus the SA surface hydrophobicity for both IE and MF WPI should be higher than the 

native protein surface hydrophobicity.  The additional thermal treatment in the presence of 

added salt did not change the overall surface hydrophobic character greatly.  However, the 
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surface hydrophobicity assay used does not reveal the location or density of hydrophobic 

groups or patches.  Rearrangement of the hydrophobic groups after unfolding for a second 

time and refolding to a stable aggregate is possible.  The location or availability of surface 

hydrophobic groups may dictate subsequent aggregation (Laligant et al., 1991).  Overall, 

the same trend in surface hydrophobicity was observed between IE and MF WPI, 

suggesting this aspect of the mechanism of thermal stability of MF WPI follows that of IE 

WPI. 

In general, the reverse trends of surface hydrophobicity were observed for ζ-

potential.  This comparison is important because there are two general possible opposing 

colloidal interactions – attractive (surface hydrophobicity) force and repulsive (negative ζ-

potential) force.  Whereas IE WPI had higher surface hydrophobicity, indicating a greater 

potential for aggregation, IE WPI also has higher ζ-potential, indicating greater repulsive 

force.  Membrane filtration WPI ζ-potential also exhibited the reverse trend of surface 

hydrophobicity compared to ζ-potential.  Membrane filtration WPI exhibited lower surface 

hydrophobicity, indicating a lower potential for aggregation compared to IE WPI, but also 

exhibited lower ζ-potential (-23.0 to -25.0 mV), indicating a lower repulsive force 

compared to IE WPI (ζ-potential of -27.7 to -28.6 mV).   

It was reported previously (Ryan et al., 2011; Vardhanabhuti and Foegeding, 1999) 

that upon formation of β-lg and IE SA, ζ-potential increased.  With further heating in the 

presence of salts, ζ-potential remained relatively constant and was also similar to the native 

control (Ryan et al., 2011).  The same results were observed here for IE under different pH 
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and protein concentration heating conditions, and also observed for the first time for MF 

WPI, proving the same mechanism for different types of WPIs.  However, the magnitude of 

ζ-potential was different, as mentioned above.  ζ-Potential was lower for MF WPI, 

indicating less repulsive force between aggregates.  In the previous research, WPI followed 

the same thermal stability trends of β-lg (Ryan et al., 2011).  Differences in this study 

between the two WPI sources may be due to processing and compositional differences.   

The MF TEM results coincide with the turbidity results.  The native MF was likely 

more turbid after thermal treatment due to its denser aggregates and their ability to scatter 

more light.  Thermally treated MF SA were more viscous than the native MF aggregates 

(Figure 2).  This can be explained by the longer aggregates that were formed which have a 

greater hydrodynamic diameter and contribute to greater viscosity.   

The differences in viscosity between IE SA and native thermally treated proteins 

was great (Figure 2), but the TEM results shown do not help to explain this.  A previous 

study showed denser and larger aggregates after thermally treating native IE WPI (Ryan et 

al., 2011).  Likely the heating and protein conditions used in the current study were not 

enough to really elucidate the differences between the IE SA and native IE WPI as was 

seen before.  The conditions used in the current study were selected to see clear differences 

between native and SA MF thermally treated proteins, and to compare these results with IE 

proteins.  Visualizing great differences between native and SA IE proteins was not the goal 

since this has been investigated before (Ryan et al., 2011).  Furthermore, it was shown that 

MF SA appeared longer than the IE SA (Figure 4d).   This is interesting because generally 
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longer proteins sweep a larger area and are more viscous.  In this instance, the MF SA were 

less viscous than the IE SA (Figure 2).  Although the reason is unknown, composition 

differences between the two brands of proteins may account for the differences in viscosity. 

The MF WPI behaved similarly to the IE protein used in the previous study under 

different pH, concentration and salt conditions (Ryan et al., 2011).  Thermally treated 

native IE WPI resulted in aggregates that were denser (and larger), while the thermally 

treated SA final aggregates were thinner, less dense, branched, and smaller.  Furthermore, 

there could be a degree of aggregation differences between studies since in the current 

study we did not attempt to reach a steady aggregate state.  These are important 

observations because they show that, despite differences in functionality in the current 

study, conditions can be modified for each type of WPI to produce SA with improved 

functionality, in this case improved salt and thermal stability.    

It is hypothesized that the small protein aggregates visualized in all treatments were 

not seen in the previous study (Ryan et al., 2011) because of pH differences.  The SA in the 

current study were formed at pH 7.5 and adjusted to pH 6.8 for thermal treatment.  In the 

previous study SA were formed at pH 7 and adjusted to pH 6.8 for thermal treatment.  

Higher pH results in a variety of differences in protein aggregation.  These may include 

restricted size of the protein aggregates due to greater thiol termination reactions (Schmitt 

et al., 2007) and greater intramolecular repulsion resulting in faster denaturation, for 

instance.  Thus pH differences may result in differences in aggregate size and shape.  

However, similar tiny aggregates can be observed in Schmitt et al. (2007) when WPI was 
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heated at pH 7 without salts, but were not discussed.  Another possibility is that 

aggregation was not carried to completion – that a steady state was not reached and that 

with longer heating time these small aggregates would be incorporated into larger 

aggregates.  Although interesting, these aggregates and their composition were not studied 

further in the current study.  

Differences in turbidity and viscosity were observed between MF and IE WPI.  As 

IE WPI turbidity increases, viscosity generally increased.  This was not observed for MF 

WPI (Table 2).  Also, IE SA had lower turbidity and viscosity, but MF SA exhibited lower 

turbidity, but not viscosity.  Functional differences between IE WPI and MF WPI may be 

attributed to their composition.  Since the protein concentrations in IE WPI and MF WPI 

are nearly the same, 94.21% and 94.27%, respectively, there must be another protein or 

nitrogen compound in the MF WPI.  It is known that MF WPI contains more 

glycomacropeptide (GMP) than IE WPI (Verheul et al., 1998; Wang and Lucey, 2003; 

Foegeding et al., 2011), a compound that will be detected as protein using inductively 

coupled plasma spectroscopy nitrogen analysis, but does not absorb at 280 nm.  Wang and 

Lucey (2003) found very little GMP in IE WPI (0.25-1.36% w/w versus 21-26% w/w for 

MF WPI).  It is likely that GMP is at least partially responsible for the functionality 

differences between MF WPI soluble aggregates and IE WPI soluble aggregates since it 

comprises such a large amount of the MF WPI (~25%).  Other factors known to influence 

functionality are salt and lipid concentration and composition, along with lactosylation of 

the proteins (Holt et al., 1999; de Jongh et al., 2001).   
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CONCLUSIONS 

The objectives of the current work were completed.  It was shown that 1) under a 

variety of processing conditions, SA can be formed and used in different beverage 

applications for improved thermal stability compared to native whey proteins; 2) heating and 

solution conditions can be optimized to form both MF and IE SA with improved thermally 

stability; and 3) the mechanisms of thermal stability appear to follow the same pattern with 

the increased charge of the SA possibly being of most importance to the improvement of salt 

and thermal stability.  Clear differences in functionality of the two types of WPI exist and 

future work will investigate the contribution of secondary structure differences between 

processing conditions, if any, and the affect of processing differences on denaturation 

temperature of the WPIs. 

FUTURE WORK 

A question of interest is whether the protein structure is changed after the IE or MF 

process.  Different protein structure will ―seed‖ aggregation differently, resulting in 

possible stability differences between protein sources.  For example, a report on purified β-

lg found that in its native state, β-lg is 54% β-stand, 15% α-helix, 12% β-turn and 19% 

unstructured (de Jongh et al., 2001). Secondary structure of whey proteins changes when 

heated at neutral pH, exhibiting decreased α-helix and β-sheet structures, and increased 

random structure (Qi et al., 1997; Kim et al., 2005; Moro et al., 2011).  Heating up to 30 °C 

results in the same β-strand content, while heating to 95 °C results in reduction of β-strand 

to 22% and increase in unordered structure to about 55%.  α-Helix decreased to 7% at 75 

°C, while β-turn remains consistent throughout heating (de Jongh et al., 2001).  Upcoming 
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work should investigate the secondary structure of the two native WPIs and denaturation 

temperature differences using circular dichroism and nano-differential scanning 

calorimetry, respectively, of the separated whey protein monomers.   
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Table 1.  Protein and mineral content of two different whey protein isolates (WPI), one 

processed using ion-exchange (IE) and one processed using membrane filtration (MF) 

techniques.   

 
Protein Protein (%) N (%) P (%) K (%) Ca (%) Mg (%) S (%) Na (%) 

IE WPI 94.21 14.77 0.08 <0.005 0.06 <0.005 1.72 0.8 

MF WPI 94.27 14.78 0.03 <0.005 0.02 0.01 1.45 0.02 
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Table 2.  Samples prepared using whey protein soluble aggregates (SA) formed with a) 

membrane filtration (MF) whey protein isolate or b) ion-exchange (IE) WPI, 4-9% w/w, at 

pH 6.5 or 7.5 heated for 10 or 20 min at 90 °C and then thermally treated (3% w/w) at 90 °C 

for 5 min in the presence of 30-60 mM NaCl or 15-30 mM CaCl2 and corresponding 

turbidity.  Images are representative of three replications and turbidity values are averages of 

three replications. 

   

a.  Membrane filtration. 

 30 mM 

NaCl 

60 mM 

NaCl 

15 mM 

CaCl2 

30 mM 

CaCl2 

pH 6.5, 10 Min 

4→3% 
 

8729 
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9708 

pH 6.5, 20 Min 

4→3% 
 

-- 

 

 
-- 

 
-- 

 
9789 

pH 7.5, 10 Min 

4→3% 
 

97.5 

 

 
188 

 
388 

 
4440 

pH 7.5, 20 Min 

4→3% 
 

118 

 

 
166 

 
239 

 
3072 

pH 7.5, 10 Min 

9→3% 
 

311 

 

 
446 

 
657 

 
2872 

pH 7.5, 20 Min 

9→3% 
 

396 
 

283 
 

573 
 

2398 

-- Indicates turbidity was greater than the detectable threshold of the instrument used 
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Table 2 (continued) 

b.  Ion-exchange. 

 30 mM 

NaCl 

60 mM 

NaCl 

15 mM 

CaCl2 

30 mM 

CaCl2 

pH 6.5, 10 Min 

4→3% 

 
158 

 

 
200 

 
575 

 
--* 

pH 6.5, 20 Min 

4→3% 

 
162 

 

 
205 

 
842 

 
--* 

pH 7.5, 10 Min 

4→3% 

 
57 

 

 
102 

 
729 

 
9015* 

pH 7.5, 20 Min 

4→3% 

 
59 

 

 
85 

 
466 

 
8958* 

pH 7.5, 10 Min 

9→3% 

 
83 

 

 
127 

 
481 

 
--* 

pH 7.5, 20 Min 

9→3% 

 
88 

 
131 

 
333 

 
--* 

-- Indicates turbidity was greater than the detectable threshold of the instrument used 

* Indicates visually gelled sample 
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Table 3.  Percent soluble protein, turbidity, and visual gel/liquid status of whey protein 

soluble aggregates (SA) formed with a) membrane filtration (MF) and b) ion-exchange (IE) 

WPI, 7% w/w, at pH 7.5 heated for 10 min at 90 °C and then thermally treated (6% w/w) at 

90 °C for 5 min in the presence of 60 mM NaCl or 30 mM CaCl2.  ―Native‖ indicates native 

protein that was not preheated to form soluble aggregates (SA).  Results are the average of 

three replications.  Different letters within each column represent statistically significant 

differences between samples (P ≤ 0.05).  Solubility and turbidity differences are compared 

within each type of salt within the WPI protein source.  Non-thermally treated SA data are 

included twice for statistical comparisons between salts.  

a.  Membrane filtration. 
Native or Soluble 

Aggregates (SA) 

TT or 

None (0) 
mM Salt 

Solubility 

(%) 

Turbidity 

(NTU)* 
Gel Status 

SA 0 0 96.2±3.8
a 312 ± 119

c liquid 

Native TT 30 NaCl 67.8±5.8
c --

2,a liquid 

Native TT 60 NaCl 59.1±6.7
c --

a particulate liquid 

SA TT 30 NaCl 92.3±2.8
ab 825 ± 399

b liquid 

SA TT 60 NaCl 61.2±13.0
bc 1199 ±2 48

b viscous liquid 

SA 0 0 96.2±3.8
a 312 ± 119

b liquid 

Native TT 15 CaCl2 59.0±4.6
c --

a particulate liquid 

Native TT 30 CaCl2 57.4±1.8
c --

a particulate liquid 

SA TT 15 CaCl2 78.0±11.0
b 1277 ± 6746

b liquid 

SA TT 30 CaCl2 nd
1 7041 ± 2116

a gel 

 

b.  Ion-exchange. 
Native or Soluble 

Aggregates (SA) 

TT or 

None (0) 
mM Salt 

Solubility 

(%) 

Turbidity 

(NTU)* 
Gel Status 

SA 0 0 104.8±3.2
a 78.8 ± 5.4

d liquid 

Native TT 30 NaCl 98.8±3.6
ab 161 ± 13

bc liquid 

Native TT 60 NaCl nd 681 ± 27
a gel 

SA TT 30 NaCl 92.4±2.1
bc 142 ± 44

cd liquid 

SA TT 60 NaCl 88.4±4.4
c 225 ± 30

b liquid 

SA 0 0 104.8±3.2
a 78.8 ± 5.4

c liquid 

Native TT 15 CaCl2 nd 1141 ± 70
c gel 

Native TT 30 CaCl2 nd --
a gel 

SA TT 15 CaCl2 87.3±8.8
b 284 ± 32

c liquid 

SA TT 30 CaCl2 nd 6771 ±1757
b gel 

1nd indicates not determined  
2Indicates turbidity was greater than the detectable threshold of the instrument used, >9999.  9999 was used as the value for 

statistical analysis.  
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Table 4.  Percent soluble protein, turbidity, and visual gel/liquid status of whey protein 

soluble aggregates (SA) formed with a) membrane filtration (MF) and b) ion-exchange (IE) 

WPI, 5% w/w, at pH 6.5 heated for 10 min at 90 °C and then thermally treated (4.25% w/w) 

at 90 °C for 5 min in the presence of 60 mM NaCl or 30 mM CaCl2.  ―Native‖ indicates 

native protein that was not preheated to form soluble aggregates (SA).  Results are the 

average of three replications.  Different letters within each column represent statistically 

significant differences between samples (P ≤ 0.05).  Solubility and turbidity differences are 

compared within each type of salt within the WPI protein source.  Non-thermally treated SA 

data are included twice for statistical comparisons between salts.  

a.  Membrane filtration. 
Native or Soluble 

Aggregates (SA) 

TT or 

None (0) 
mM Salt % Soluble Turbidity* Gel Status 

SA 0 0 64.4±6.6
bc --

2a liquid 

Native TT 30 NaCl 76.4±0.9
a --

a liquid 

Native TT 60 NaCl 72.8±6.3
ab --

a liquid 

SA TT 30 NaCl 61.2±1.9
c --

a liquid 

SA TT 60 NaCl 69.4±3.7
abc --

a liquid 

SA 0 0 64.4±6.6
a --

2,a liquid 

Native TT 15 CaCl2 78.5±5.1
a 8303 ± 1329

a liquid 

Native TT 30 CaCl2 54.7±5.6
a --

a chunky liquid 

SA TT 15 CaCl2 59.5±4.5
a --

a liquid 

SA TT 30 CaCl2 60.9±4.6
a --

a liquid 

 

b.  Ion-exchange. 
Native or 

Soluble 

Aggregates (SA) 

TT or 

None (0) 
mM Salt % Soluble Turbidity* Gel Status 

SA 0 0 108.5±3.9
a 120 ± 2.6

c liquid 

Native TT 30 NaCl 95.4±3.5
b 138 ± 6.7

c liquid 

Native TT 60 NaCl 96.6±4.0
b 387 ± 3.0

a liquid 

SA TT 30 NaCl 95.3±1.5
b 164 ± 29

c liquid 

SA TT 60 NaCl 101.2±3.5
ab 223 ± 25

b liquid 

SA 0 0 108.5±3.9
a 120 ± 2.6

e 
 

Native TT 15 CaCl2 91.6±7.5
b 616 ± 36

c liquid 

Native TT 30 CaCl2 nd
1 --

a gel 

SA TT 15 CaCl2 105.1±3.7
a 297 ± 10

c liquid 

SA TT 30 CaCl2 nd 3504 ± 25
b gel 

1nd indicates not determined  
2 Indicates turbidity was greater than the detectable threshold of the instrument used, >9999.  9999 was used as the value for 

statistical analysis.  
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Table 5.  Values of plastic viscosity (μpl), yield stress (σo) and R
2
 from fitting shear stress 

versus shear rate data to the Bingham Plastic model for membrane filtration (MF) and ion-

exchange (IE) WPI native or soluble aggregates (SA) with or without thermal treatment.  

Thermal treatments were in the presence of 30 mM NaCl.  

Sample μpl (mPa·s) σo (mPa) R
2 

MF SA 4.4 ± 0.3
c 69.4 ± 47.9

a 0.9996 ± 0.0003 

IE SA 5.2 ± 0.7
bc 181.7 ± 61.7

a 0.9993 ± 0.0008 

MF SA Thermally Treated 8.1 ± 1.4
ab 141.6 ± 50.7

a 0.9985 ± 0.0008 

MF Native Thermally Treated 6.0 ± 1.1
bc 219.5 ± 130.1

a 0.9948 ± 0.0065 

IE SA  Thermally Treated 6.0 ± 1.1
bc 162.8 ± 48.3

a 0.9994 ± 0.0004 

IE Native Thermally Treated 10.2 ± 1.8
a 223.2 ± 53.7

a 0.9983 ± 0.0007 
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Table 6.  Percent protein remaining after filtration though a 0.45 μm filter for 

chromatography preparation.  ζ-potential and relative surface hydrophobicity for membrane 

filtration (MF) and ion-exchange (IE) WPI native or soluble aggregates (SA) with or without 

thermal treatment.  Percent protein remaining and surface hydrophobicity results are the 

average of three replications and ζ-potential results are the average of two replications.  

Thermal treatments were in the presence of 30 mM NaCl.   

Sample 

% Protein Remaining 

After Filtration for 

SEC 

Relative Surface 

Hydrophobicity 
ζ-Potential 

MF SA 88.8 ± 5.9
ab

 2.33 ± 0.26
b
 -25.0 ± 0.6

a
 

IE SA 92.3 ± 4.0
a
 4.14 ± 1.11

a
 -28.6 ± 0.4

b
 

MF SA Thermally Treated 74.7 ± 6.0
ab

 2.55 ± 0.07
ab

 -23.9 ± 0.6
a
 

MF Native Thermally Treated 64.3 ± 3.9
b
 2.49 ± 0.14

ab
 -23.0 ± 0.9

a
 

IE SA Thermally Treated 91.2 ± 13.7
a
 3.76 ± 0.88

ab
 -27.7 ± 0.3

b
 

IE Native Thermally Treated 92.6 ± 16.3
a
 4.07 ± 0.64

ab
 -28.6 ± 0.0

b
 

 

 

 

  



 

143 

a.  

b. Time (min)

5 6 7 8 9 10 11

A
b

s.
2
8
0
n

m

0.000

0.005

0.010

0.015

0.020

0.025

0.030

 

c. Time (min)

5 6 7 8 9 10 11

A
b

s.
2
8
0
n

m

0.000

0.005

0.010

0.015

0.020

0.025

0.030

 

 
 

Figure 1.  Size exclusion chromatograms for unheated a) ion-exchange (IE) WPI and b) 

membrane filtration (MF) WPI and c) non-reducing SDS-PAGE gel of MF WPI (center lane) 

and IE WPI (right lane) with a molecular weight standard in the left lane.  In the SEC 

chromatograms, the first peak represents primarily β-lactoglobulin dimers and the second 

peak represents primarily α-lactalbumin.  Results are representative of three replications.     
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Figure 2.  Viscosity versus shear rate for membrane filtration (MF) and ion-exchange (IE) 

WPI native or soluble aggregates (SA) with or without thermal treatment in the presence of 

30 mM NaCl.  Results displayed are trendlines representative of three replications.  Shear 

stress versus shear rate data were fitted to a Bingham Plastic model and results can be found 

in Table 5.   
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a.  Membrane filtration. 

  

b.  Ion-exchange. 

 

Figure 3.  Cumulative weight fraction versus molar mass of a) membrane filtration (MF) and 

b) ion-exchange (IE) WPI native or soluble aggregates (SA) with or without thermal 

treatment after filtration of samples through a 0.45 µm filter.  Patterns as in Figure 2 (— SA, 

----- Native Thermally Treated, ∙∙∙∙∙∙∙ SA Thermally Treated).  Results are representative of 

three replications.  
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Figure 4.  Negative staining transmission electron microscopy (TEM) on WPI aggregates 

(0.05%).  (a) membrane filtration (MF) WPI soluble aggregates (SA); (b) native MF WPI, 

thermally treated; (c) MF WPI SA thermally treated; (d) ion-exchange (IE) WPI soluble 

aggregates (SA); (e) IE WPI, thermally treated; (f) IE WPI SA thermally treated.   
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CHAPTER 4.  APPLICATION OF SOLUBLE AGGREGATES AND A MODEL 

BEVERAGE USING A PILOT SCALE PROCESS:  PROPERTIES, 

FUNCTIONALITY AND STORAGE STABILITY 
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ABSTRACT 

Whey protein soluble aggregates were formed at bench scale by heating 7% w/w 

whey protein isolate (WPI), pH 7, at 140 °C for 30-105 s or at 90 °C for 10 min.  Turbidity, 

solubility at neutral pH, solubility at pH 4.6 and size of the protein aggregates were 

compared.  Results indicated that soluble aggregates with similar turbidity, solubility and 

size, but lower percent denaturation, could be formed at 140 and 90 °C.  Differences between 

particle size distributions (determined by size exclusion chromatography - multiangle laser 

light scattering) and percent denaturation suggested that denaturation and aggregation at high 

and low temperature proceeded differently.  The process was increased to pilot scale using a 

MicroThermics
TM

 UHT/HTST Lab Direct and Indirect Processing System to form soluble 

aggregates (7% w/w WPI, pH 6.5, at 90 °C for 2 min).  Beverage ingredients, including a salt 

mixture similar to that found in common sports drinks, were added to the soluble aggregates 

and thermally processed under ultra-high temperature (UHT) conditions to produce a model 

beverage (5% w/w WPI).  A control beverage using native (non-preheated) WPI (5% w/w) 

was also prepared.  Over nine weeks of storage at 22.5 °C, the treatment beverage that 

utilized the soluble aggregates exhibited lower turbidity, aggregate size and viscosity.  After 

three weeks of bulk storage at 2 °C, the 7% soluble aggregates maintained similar turbidity, 

aggregate size and viscosity, suggesting that they can be stored at refrigerated conditions for 

an extended time.  Overall, results suggest that WPI soluble aggregates can be formed under 

a variety of conditions and that beverages made from these soluble aggregates are more 

stable over time compared to beverages prepared with native WPI.   
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INTRODUCTION 

Whey proteins are currently used in beverage applications, mainly for their health 

benefits.  Protein-containing beverages can be generally sub-divided based on pH and 

thermal processing.  Acidic beverages are at pH 4.6 or less (21 CFR 114) and can be 

processed at temperatures < 100 °C; neutral beverages are at pH > 4.6 (21 CFR 113) and 

require thermal processing at temperatures > 100 °C for shelf stability.  Salts are added to 

beverages for nutrition, as can be seen by reading the labels of common sports and meal 

replacement drinks.  Salts decrease electrostatic repulsion and thereby favor protein 

aggregation (Verheul et al., 1998; Xiong et al., 1993); however, we have shown that soluble 

aggregates of whey proteins are more stable than native proteins when heated in solutions 

containing salts (Ryan et al., 2011).  The mechanism is attributed to formation of soluble 

aggregates with higher charge that are more resistant to charge screening and aggregation 

due to salts (Ryan et al., 2011; Vardhanabhuti and Foegeding, 1999; Chapter 3).   

 The major whey proteins are β-lactoglobulin (β-lg), α-lactalbumin (α-la) and bovine 

serum albumin (BSA).  The majority of research on whey proteins has been on β-lg due to it 

being the major whey protein (44-79% of total protein; Foegeding et al., 2011; Wang and 

Lucey, 2003).  In order for β-lg to aggregate, its native dimer structure must dissociate and 

then unfold at temperatures near 78 °C, exposing a reactive thiol group.  Aggregation 

proceeds via disulfide bonding and non-covalent interactions (Hoffmann and van Mil, 1997; 

Larson and Jenness, 1952; Qi et al., 1995; Qi et al., 1997; Roefs and de Kruif, 1994;  

Schokker et al., 1999).  On its own, α-la, the second most abundant whey protein (~15% of 
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the whey protein; Foegeding et al., 2011; Fox and McSweeney, 2003), does not tend to 

aggregate (Dalgleish et al., 1997; Matsudomi et al., 1992; Schokker et al., 2000; ).  In the 

presence of a free thiol, like denatured β-lg, α-la will aggregate via disulfide interactions as 

well as non-covalent interactions.  Bovine serum albumin will participate in the aggregation 

process as well (Havea et al., 2001; Vardhanabhuti and Foegeding, 1999).   

 Below a critical temperature at neutral pH, whey protein denaturation is the rate-

limiting step in whey protein aggregation (Dannenberg and Kessler, 1988; Tolkach and 

Kulozik, 2005).  Above the critical temperature, aggregation is the rate-limiting step.  The 

rate constants of β-lg and α-la denaturation change at the critical temperature (Dannenberg 

and Kessler, 1988; Lyster, 1970).  For β-lg, the critical temperature is ~90 °C and for α-la it 

is ~80 °C (Dannenberg and Kessler, 1988).     

 Other studies have evaluated aggregation of β-lg at temperatures above and below 

100 °C and found that two peaks appear on a differential scanning calorimetry (DSC) 

thermogram.  One peak exists near 78 °C for β-lg, which is near its denaturation temperature 

(deWit and Klarenbeek, 1984), and the other appears around 125 °C.  The peak at 125 °C 

may be due to secondary structure breakdown that was retained or reformed at lower 

temperatures (de Wit and Klarenbeek, 1981) or disulfide or peptide bond breakdown 

(Watanabe and Klostermeyer, 1976; Photchanachai and Kitabatake, 2001).  When heated to 

90 °C, some β-lg α-helix and β-structure still remains (Indrawati et al., 2007; Qi et al., 1997).  

Galani and Apenten (1999) reported that non-covalent interactions become more important at 

higher temperatures, between ~ 90-110 °C.   
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Previous work on whey protein thermal stability in beverages has focused on 

introduction of other ingredients to either stabilize the native or denatured state of the 

proteins (e.g. Keowmaneechai and McClements, 2006; LaClair and Etzel, 2010; 

Vardhanabhuti et al., 2008; Zhang and Zhong, 2009).  In this study, we investigate stabilizing 

the whey protein itself by formation of whey protein soluble aggregates and determine their 

thermal stability in a model beverage.  The first objective of the current work was to 

determine if whey protein soluble aggregates could be formed at higher temperatures using 

shorter times, 140 °C for 30-105 s, and to compare their aggregate properties to soluble 

aggregates formed at lower temperature for longer time, 90 °C for 10 min.  The second 

objective was to determine the stability of the aggregates in a model beverage.  This was 

accomplished using a pilot scale process to produce the aggregates and thermally process the 

beverage.  Shelf stability was evaluated over a 9 week period.   

MATERIALS AND METHODS 

Materials 

A commercial WPI (BiPro) was a gift from Davisco Foods International (Le Sueur, 

MN, USA).  The WPI contained 94.49% protein as shown by inductively coupled plasma 

spectroscopy nitrogen analysis.  The mineral composition of the protein is as follows:  703 

ppm P, 738 ppm Ca, 444 ppm K, 53 ppm Mg and 7090 ppm Na.  Mineral content was 

determined by inductively coupled plasma spectroscopy nitrogen analysis.  The salts used for 

the model beverage were of U.S. Pharmacopeia (USP) grade, suitable for food and 

pharmaceutical use.  Sucrose (sugar) was purchased from a local grocery store.  Splenda
®
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sucralose was a gift from Tate and Lyle Sucralose, Inc. (Decatur, IL, USA) and Red 40 was a 

gift from Emerald Performance Materials, LLC (Cuyahoga Falls, OH, USA).  All other 

chemicals used for analysis were of analytical grade.   

Protein Preparation and Formation of Soluble Aggregates  

For the bench top studies, 15% (w/w) protein stock solutions were prepared by 

dissolving the protein powder in ~ 90% of the total buffer (5 mM sodium phosphate, pH 6.8, 

with 0.02% sodium azide) overnight for complete solubilization at 23 °C.  The solutions 

were adjusted to final weight the next day.    

Standard soluble aggregates were produced using the method of Ryan et al. (2011) by 

heating 7% w/w WPI in buffer, pH 7, at 90 °C for 10 min using a bench top water bath; these 

soluble aggregates served as the control.  Soluble aggregates were also formed by heating the 

same protein solutions at 140 °C using a Neslab EX 7 recirculating oil bath (Thermo 

Scientific, Waltham, MA, USA) for 30-105 s.  Turbidity, percent denaturation, solubility and 

aggregate size were measured in duplicate at minimum.   

Model Beverage Manufacture 

Two model beverages were prepared using a MicroThermics
TM

 UHT/HTST Lab 

Direct and Indirect Processing System (MicroThermics, Inc., Raleigh, NC, USA).  Steam 

injection heating was utilized with a tube-in-shell heat exchanger.  The flow rate was 1 

L·min
-1 

for all processes.  The formula for the model beverages is shown in Table 1, along 

with the final salt concentrations.  Proteins were hydrated in DI water for 25 min using a 
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various speed stand mixer (Powerstat variable autotransmotor, The Superior Electric Co., 

Bristol, CT, USA) equipped with a high viscosity head.  Proteins were considered to be 

hydrated when the solution was visually transparent.  The ―control‖ beverage utilized native 

WPI, and the ―treatment‖ beverage utilized WPI soluble aggregates that were formed by 

preheating at 90 °C with a hold time of 2 min in the processing system.  Preheating was 

carried out using direct heat at pH 6.5 and 7% w/w WPI in DI water.  After the preheat step, 

the protein soluble aggregates were collected and the remaining ingredients were added and 

adjusted to pH 6.8 for beverage thermal processing.  The final protein concentration was 5% 

(w/w) for the control and treatment beverages.  For the beverage thermal process, the mixture 

was preheated to 90 °C and held for 60 s, and then an ultra-high temperature (UHT) steam-

injection treatment of 141.7 °C for 2.73 s was carried out for a 12-log reduction of 

Clostridium botulinum.  To destroy C. botulinum a UHT treatment of 141 °C for 1.8 s is 

often used (Fellows, 2000).  The heat treatment in the current experiment intentionally 

exceeded these normal conditions so the reduction of C. botulinum was ensured.  At the end 

of the process a vacuum was pulled to remove the water added by the steam-injection 

process.  Beverages were packaged in sterile 250 mL Nalgene bottles in an ultra-clean setup 

and stored at 22.5 °C.  The remaining soluble aggregates were stored in bulk at 2 °C.  

Selected analysis was done at time 0, 24 hr, 72 hr and each week for 9 weeks.         

Thermal Stability 

Turbidity.  Turbidity of the model beverages and soluble aggregates was assessed with the 

use of a Hach 2100AN turbidimeter (Hach Company, Loveland, CO, USA) and by 
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measuring the optical density at 400 and 600 nm using a Shimadzu UV-160U 

spectrophotometer (Shimadzu Corp., Tokyo, Japan).   

Solubility at pH 4.6 and 6.8 or 7.0.  Percent solubility at pH 4.6 and pH 6.8 (for the model 

beverages) or pH 7.0 (for the soluble aggregates formed at 140 °C and the control) was 

carried out according to the methods in Chapter 3.  Solubility at pH 4.6 is representative of 

denatured and aggregated proteins (de Wit and van Kessel, 1996) and solubility at pH 6.8 or 

7.0 is the solubility of proteins in the beverages or soluble aggregates at their normal pH.  

Solubility at pH 6.8-7.0 is an indicator of the stability of the proteins in the beverage or the 

stability of the soluble aggregates.   

Aggregate Size.  The size of the protein aggregates was determined using size exclusion 

chromatography with a multiangle laser light scattering detector (SEC-MALLS) according to 

the methods in Chapter 3.  The column used was a TSKgel G2000SWXL column (Tosoh 

Bioscence, LLC, Montgomeryville, PA, USA).  The mobile phase was 5 mM sodium 

phosphate, pH 6.8, with 0.02% sodium azide.  The buffer contained the salts outlined in 

Table 1 for the model beverage samples. 

Viscosity.  Viscosity of the model beverages was measured according to the method of 

Beecher et al. (2008) using a StressTech Rheometer (Rheological Instruments AB, Lund, 

Sweden) with no modifications. 
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 ζ-Potential 

ζ-Potential was determined according to the method in Chapter 3 using a Zetasizer 

Nano-ZS (Malvern Instruments, Worcestershire, UK).   

Sodium Dodecyl Sulfate – Polyacrylamide Gel Electrophoresis 

Sodium dodecyl sulfate – polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed on native IE and MF WPI as outlined in Chapter 3 using a Novex® NuPAGE® 

gel system (Invitrogen Corp., Carlsbad, CA, USA) according to the manufacturer’s 

instructions.  Samples were reduced using β-mercaptoethanol (Fisher Scientific, Waltham, 

MA, USA). 

RESULTS AND DISCUSSION 

Soluble Aggregates at 140 °C 

Previous work (Ryan et al., 2011) focused on forming soluble aggregates and 

thermally treating at temperatures of 90 °C.  It was of interest to do bench top experiments at 

UHT temperatures (140 °C) to verify that the process would scale up successfully (i.e. that 

soluble aggregates could be formed at a higher temperature if necessary).  Turbidity 

progressively increased with heating time at 140 °C.  The turbidity neared that of the control 

soluble aggregates after heating between 60-75 s (Figure 1).  Also with increasing heating 

time at 140 °C, the percent solubility stayed consistent and was near the solubility of the 

control soluble aggregates at each heating interval, around 95% (Figure 2).  On the other 

hand, percent denaturation increased with increasing heating time, but never reached the 
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same value of the control, about 75%, even after heating for 105 s.  Finally, the overall size 

range of the control soluble aggregates and soluble aggregates formed at 140 °C overlapped, 

but they exhibited different cumulative weight profiles (Figure 3).  The soluble aggregates 

formed at 140 °C had similar cumulative weight fraction profiles to each other, but the 

control had less intermediate molecular weight range proteins, in this case between about 1 × 

10
5
 and 2 × 10

6
 g·mol

-1
.  Therefore, most of the control proteins were either on the small side 

(1-5 × 10
4 

g·mol
-1

) or large side (1 × 10
6 

- 1 × 10
7 

g·mol
-1

).  The soluble aggregates formed at 

140 °C seemed to have smoother curves and thus more intermediate sized aggregates, 

relative to the control.  

Results show that soluble aggregates can be formed at high temperature, 140 °C in 

this case, that are similar in turbidity and solubility as soluble aggregates formed at 90 °C.  

These higher temperature soluble aggregates have similar size ranges, but differ in the 

relative ratio of each size range of aggregate.  Finally, denaturation of the soluble aggregates 

formed at high temperature remains lower than that of the control.  Altogether, results are 

interesting because they suggest that yes, similar soluble aggregates in size and solubility can 

be formed below and above 100 °C, but the aggregation pattern or process may be different 

since cumulative weight fraction profiles and degrees of denaturation are different.  

It is known that the rate-limiting step of whey protein denaturation and aggregation 

shifts at a certain temperature.  At pH 6.7 for β-lg this specific temperature of transition is 

about 90 °C (Dannenberg and Kessler, 1988; Tolkach and Kulozit, 2005), which is the 

reference temperature for the current experiment.  Also, two differential scanning calorimetry 
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(DSC) peaks appear when whey proteins are heated at high temperature – one near 75 °C and 

one near 125 °C as explained above (de Wit and Klarenbeek, 1981; Holt et al.,1998; McPhail 

and Holt, 1999; Paulsson et al., 1985; Photchanachai and Kitabatake, 2001).  Based on this 

data, it is hypothesized that denaturation and aggregation proceeded differently at 90 °C for 

10 min versus at 140 °C for 30-105 s.  There could be protein breakdown (i.e. breaking of 

covalent bonds) at the higher temperature as hypothesized by other researchers 

(Photchanachai and Kitabatake, 2001; Watanabe and Klostermeyer, 1976) and shown in 

Figure 4b.  All samples that were heated to 140 °C exhibited faint bands in the 3.5 to 10 kDa 

range.  These fragments were due to breakdown at the high temperature because a milder 

heat treatment (80 °C for 15 min; Figure 4a, lane 3) did not result in these protein breakdown 

products.  It is not clear which proteins are being broken down from the gels.  Regardless of 

the mechanism, it was shown that soluble aggregates could be formed above 100 °C with less 

heating time, which would be more efficient for beverage producers.  Preliminary results 

(Appendix A, Table 1) show that when thermally processed at 140 °C in the presence of 

salts, soluble aggregates formed at 140 °C behave similarly to those formed at 90 °C.  

Turbidities were 146 and 141 NTU, respectively.  Soluble aggregates were next produced 

using a pilot scale thermal processing system and the properties of these aggregates and a 

beverage made from them were determined.  

Soluble Aggregates Formed at Pilot Scale 

Turbidity and optical density measurements were used as indicators of aggregation 

(Table 2).  Turbidity (NTU) is an overall measure of turbidity, but may be dominated by 
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large aggregates.  Absorbance (optical density) was determined at 400 nm and 600 nm to 

detect smaller (400 nm) and larger (600 nm) aggregates within the dynamic range of the 

spectrophotometer.  Trends for turbidity (NTU), absorbance at 400 nm and absorbance at 600 

nm were similar.  Soluble aggregate turbidity showed some change after 9 weeks of storage, 

while a large decrease in ζ-potential was observed (Table 2a).  Enzymatic activity remained 

after formation of the soluble aggregates, as demonstrated by the increase in peptides with 

molecular weights below the main whey proteins (Figure 4a).  Proteolysis is supported by the 

slight turbidity (Table 2) and size decreases (Figure 5).  The reduction in ζ-potential may be 

due to this proteolysis, but the mechanism was not investigated.   

The ζ-potential of the soluble aggregates decreased slightly over 3 weeks (Table 2a) 

and then decreased by more than half after 9 weeks.  At time 0, soluble aggregate ζ-potential 

was -30.4 mV.  This is moderately higher than the ζ-potential reported previously for soluble 

aggregates formed by heating at 90 °C for 10 min (7% w/w, pH 7), which was -26.6 ± 2.63 

mV (Ryan et al., 2011) and slightly higher than the soluble aggregates formed by heating at 

90 °C for 10 min (7%, pH 7.5), which was -28.6 ± 0.4 mV (Chapter 3).  In the current study, 

soluble aggregates were formed in DI water and were also prepared using continuous flow, 

which are expected to slightly alter the results.  Regardless, the ζ-potential of the soluble 

aggregates at time 0 was higher than the ζ-potential of 7% unheated WPI (-24.6 mV; Ryan et 

al., 2011).  This result supports the mechanism that was proposed previously (Ryan et al., 

2011; Chapter 3; Vardhanabhuti and Foegeding, 1999), that formation of soluble aggregates 

increases the ζ-potential of the proteins and this protects them from added salt and heat.  
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Proteins with higher charge will require more salts to screen that charge and increase the 

propensity for hydrophobic interaction.         

Soluble aggregate cumulative weight fraction over the 9 weeks is shown in Figure 5.  

The corresponding percent protein remaining after filtering through a 0.45 µm filter for SEC-

MALLS preparation is shown in Table 2a.  For all weeks, the percent protein remaining was 

high (>90%).  Some values are over 100% due to the error of the micro-BCA assay 

employed to measure protein concentration before and after filtration.  The profiles of the 

cumulative weight fractions remain consistent over time, and the aggregate sizes did not 

appear to increase greatly, and possibly started to decrease after 9 weeks of storage, in 

agreement with the turbidity and SDS-PAGE results.  This is also in agreement with the 

turbidity results that show no major change in turbidity from 0-3 weeks (Table 2a), 

suggesting proteolysis did not occur until after then.   

The soluble aggregates appear to have a cumulative weight profile (Figure 5) similar 

to the control aggregates formed at 90 °C (Figure 3).  Both have size profiles divided into 

two main fractions.  In the case of the model beverage soluble aggregates, the small size was 

~1 × 10
4
 to 1 × 10

5
 g·mol

-1
 and the large size was ~1 × 10

6
 to 3 × 10

6
 g·mol

-1
 compared to 

the control aggregates where the small fractions were ~1-5 × 10
4 

g·mol
-1

 and the large 

fractions were ~1 × 10
6 

- 1 × 10
7 

g·mol
-1

.  Thus the control aggregates formed at 90 °C 

contained slightly larger aggregates (Figure 3) and also had a corresponding larger turbidity 

(Figure 1).  This observation is key because it shows that the soluble aggregates formed on 

the bench top correlate very well with those formed by scaling up to a larger process.    



 

160 

The viscosity of the soluble aggregates over storage time was very consistent (Figure 

6).  Initial shear thinning was observed, followed by a constant viscosity around 5 mPa·s 

from ~100 to 500 s
-1

 over the 9 weeks.  This is consistent with the plastic viscosity (µpl) of 

4.98 and 5.17 mPa·s observed in previous studies when WPI soluble aggregates were formed 

at 7% w/w, pH 7 or pH 6.5, respectively, at 90 °C for 10 min (Ryan et al., 2011; Chapter 3).  

This again shows the similarity in soluble aggregates formed on the bench top and formed 

using a larger scale process.   

Model Beverage 

Two model beverages were made – one was the control where native WPI was used 

as the protein source, and the other was the treatment where WPI soluble aggregates 

(preheated WPI) were used as the protein source.  Properties of the beverages over time are 

shown in Table 2b and c.  The pH varied over time but did not show a consistent trend for 

any treatment.  The pH was 6.8 for the control and treatment beverages before thermal 

treatment.  Over the storage time, the treatment beverages had, on average, a slightly higher 

pH (Table 2c).  This observation is interesting because it suggests that perhaps the buffering 

capacity of the soluble aggregates is not quite as high as that of the native proteins since a 

greater pH shift occurred during thermal treatment.  To confirm this however, further 

experimentation is needed. 
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Thermal Stability  

Turbidity.  There was not a clear trend of turbidity increase or decrease over time, but it 

appeared as if there was an initial increase in turbidity for both the control and treatment 

beverages within the first week (Table 2b and 2c, respectively).  After this, the turbidities 

stayed relatively consistent, with some minor dips and increases over time.   

In general, the treatment beverages had lower turbidities over the 9 weeks than the 

control beverages.  As stated in the previous section, the pH of the treatment beverages 

tended to be higher than the control.  With increasing pH, lower turbidity results because 

protein aggregates tend to be smaller (Donato et al., 2009; Hoffmann et al., 1997; Hoffmann 

and van Mil, 1997; Schmitt et al., 2007; Verheul et al., 1998;  Zuniga et al., 2010).  To make 

sure the turbidity differences (Table 2) were not simply due to the slight pH variation, bench 

top WPI samples (5% w/w) were prepared at pH 6.9 ± 0.01 (representing the control 

beverages) and pH 7.0 ± 0.01 (representing the treatment beverages).  After the pH was 

adjusted, no turbidity differences were observed (O.D.400nm = 0.22 ± 0.02 and 0.22 ± 0, 

respectively and O.D.600nm = 0.12 ± 0.01 and 0.11 ± 0, respectively).  It was concluded that a 

difference in pH of 0.1 will not significantly affect the turbidity of 5% WPI.  The lower 

turbidity of the treatment beverages was not due to the slight differences in pH between the 

treatment and control beverages.  The formation of soluble aggregates before addition of the 

other beverage ingredients and thermal treatment appears to lower the turbidity of the final 

drinks.        
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Aggregate Size Distribution.  The aggregate size profiles of the control and treatment 

beverages are shown in Figure 7a and 7b, respectively.  Table 2b and 2c show the percent 

protein remaining after filtering through a 0.45 µm filter for the control and treatment 

beverages, respectively.  The control beverages generally retained between 77 and 82% of 

the protein while the treatment beverages retained between 82 and 86% protein.  This 

showed that the control beverages had slightly more aggregates over 0.45 µm in diameter 

than the treatment beverages.   Size distributions of aggregates in the control and treatment 

beverages were relatively similar when considering the protein remaining after filtration, 

with a slight increase in aggregate size occurring in each beverage over time.  This correlates 

with turbidity results that suggest that the control beverages were slightly more turbid than 

the treatment beverages (Table 2b and 2c, respectively), likely due to the presence of larger 

aggregates that were filtered out before SEC-MALLS analysis.   

After 9 weeks of storage the aggregate sizes for both beverages ranged from ~ 1 × 10
6
 

to 1 × 10
7
.  These results correlate with previous findings (Ryan et al., 2011) of solutions 

processed at 90 °C showing that the use of WPI soluble aggregates results in final aggregates 

between 1 × 10
6
 and 1 × 10

7
 when thermally treated in the presence of salts (54 mM NaCl in 

the previous report).  Results from the previous study show that the control WPI aggregates 

are larger after thermal treatment in the presence of salts.  However, the treatment samples 

retain less protein than the control (66.6 versus 90.1%) when filtered for SEC-MALLS 

preparation.  Because of the protein loss, the actual size of the aggregates between the two 

studies may be very similar.  Differences in the studies may be attributed to the mix of salts 
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used in the current study or the presence of other beverage ingredients, along with different 

heating and protein concentration conditions.  Also, continuous flow was used in the current 

study.  Perhaps the thermal treatment at UHT conditions or under continuous flow, versus 

static thermal treatment at 90 °C for 5 min, protects the soluble aggregates from increased 

aggregation.  Also, as stated earlier, high temperature may cause cleavage of disulfide or 

peptide bonds, resulting in smaller aggregate sizes (Watanabe and Klostermeyer, 1976; 

Photchanachai and Kitabatake, 2001).  In order to determine if this happened, a range of 

temperatures from 90-140 °C would need to be evaluated.   

Solubility.  Solubility of both the control and treatment beverages was close to or above 90% 

over the 9 week period (Table 2).  This indicates resistance to precipitation over time.  These 

results are in agreement with previous work (Ryan et al., 2011) at similar total salt 

concentration.  It was shown previously that with higher salt concentrations, 108 mM NaCl, 

the solubility of the β-lg control was significantly reduced compared to β-lg soluble 

aggregates thermally treated with salts.  When the same experiment was performed with 

WPI, no significant differences in solubility between the control and treatment with 0-108 

mM NaCl was observed (Ryan et al., 2011).  Differences between the former and current 

studies are that the current study used a variety of salts and sweeteners to simulate a 

beverage.   

Viscosity.  Clear differences in viscosity were observed between the control and treatment 

beverages (Figures 8-9a and 8-9b, respectively).  Figure 8 shows 5 sampling times over the 9 

weeks of storage, while Figure 9 only shows the first and last sampling time for ease of 
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viewing.  First, as with the soluble aggregates, both the control and treatment beverages 

exhibited shear thinning.  At time 0, the treatment beverage had a viscosity of approximately 

4.5 mPa·s at 200-500 s
-1

 and the control had a viscosity of approximately 5 mPa·s in this 

shear rate range.  Over time, the viscosity of both the control and treatment beverages 

increased (Figure 8a and 8b, respectively).  The differences in viscosity of the control and 

treatment beverages after 9 weeks of storage are clear in Figure 9b.  The final control 

beverage viscosity was around 7 mPa·s compared to the approximate 5 mPa·s of the 

treatment.  Over time the control beverage viscosity increased more than the treatment 

beverage viscosity.  This suggests that formation of soluble aggregates, before adding 

additional beverage ingredients and thermally processing, is beneficial if a less viscous 

beverage is desired.  Results are again consistent with the previous study that showed that use 

of soluble aggregates contributes to final solutions that are less viscous when thermally 

treated in the presence of 108 mM NaCl, but not 54 mM NaCl (Ryan et al., 2011).  

Interestingly, in the current study a concentration of salts lower than 108 mM was used but a 

large difference in viscosity was observed between the control and treatment after 9 weeks of 

storage.  In the previous study the solutions were not stored for any period of time.  It is 

possible that differences in viscosity between the control and treatment at the lower NaCl 

concentrations would have been observed if viscosity was monitored over time.  Again, the 

salt mix was different in the current study, but the results show that viscosity was not 

increased to the same degree in the treatment beverage as the control.   
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Generally, longer and more branched aggregates that sweep a larger volume 

contribute to greater viscosity.  The current results suggest that the final control aggregates 

are differently shaped compared to the treatment aggregates, and that the aggregation over 

time proceeds differently between the control and treatment.  Results suggest that the control 

aggregates are larger since they scatter more light and contribute to greater viscosity, and are 

larger than the treatment aggregates since more were filtered out before SEC-MALLS 

experiments.  Also, the control aggregates were differently shaped and more branched, since 

they contribute to higher viscosity.  The control and treatment aggregates may have been 

similarly shaped at time zero since the viscosities were similar, but over time aggregation 

proceeded faster and thus to a different degree than the treatment.  Previous research (Ryan et 

al., 2011) showed that after thermal treatment with salts, soluble aggregates had a lower 

hydrodynamic radius than the control and they also appeared more compact and less 

branched when visualized using transmission electron microscopy.  The soluble aggregates 

exhibited lower viscosity and turbidity as well.  A similar mechanism of reduced viscosity is 

also likely in the current study.   

ζ-Potential 

The control and treatment beverage ζ-potentials decreased slightly over time (Table 

2b and 2c, respectively).  The ζ-potentials between these two samples were similar, 

consistent with the previous study (Ryan et al., 2011).  Since the ζ-potential decreased and 

the turbidity and size of the aggregates increased over time, the aggregates likely interacted 

via electrostatic interactions to increase aggregate size and subsequently decrease ζ-potential.      
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CONCLUSIONS 

 Whey protein soluble aggregates can be formed at neutral pH by heating at high 

temperature for shorter times, 140 °C and 30-105 s.  These soluble aggregates have similar 

properties to whey protein soluble aggregates formed at 90 °C, 10 min.  Functional whey 

protein soluble aggregates can also be formed using a pilot scale process.  Beverages, 

thermally processed using a pilot scale process, produced with these soluble aggregates were 

more stable over 9 weeks when stored at 22.5 °C compared to the control, as evidenced by 

lower turbidity, aggregate size and viscosity.  Results show that soluble aggregates formed 

under a variety of conditions are similar and have enhanced functionality.  Pilot scale 

processes can be used to produce soluble aggregates; this is a positive finding since the 

results can be applied in the dairy beverage industry.    
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Table 5.  Model beverage formulation.  

Ingredient % (w/w) 

Final 

Concentration 

(mM) 

Water 92.88  

Protein (7% w/w; Native or Soluble Aggregates) 5.00  

NaCl (10% w/w) 0.09 15 

Sodium Citrate (10% w/w) 0.27 9.2 

KH2PO4 (10% w/w) 0.13 9.6 

CaCl2 (10% w/w) 0.07 5.0 

Sucralose Solution (25% w/w) 0.03  

Sucrose Solution (20% w/w) 1.50  

Red 40 0.02  

NaOH (0.5 N) 0.01  
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Table 2.  Analysis of soluble aggregates, control beverage and treatment beverage over a 9 

week period.  Presence of a standard deviation indicates that two replicates were run.  No 

data indicates that data was not collected at this time point.   

a. Soluble aggregates 

Time pH 
Turbidity 

(NTU) 
O.D.400 nm O.D. 600 nm 

Solubility 

(%) 

% After 

Filtration 

Zeta Potential 

(mV) 

0 6.66 89.4 -- -- -- -- -30.4 
3 wk 7 86.5 0.546 0.224 103.0 93.9 -28.2 

7 wk 6.8 -- 0.550 0.207 96.4 101.8 -10.6 

9 wk 6.7 73.4 0.538 0.192 102.6 107.5 -- 

 

b. Control 

Time pH 
Turbidity 

(NTU) 
O.D.400 nm O.D. 600 nm 

Solubility 

(%) 

% After 

Filtration 

Zeta Potential 

(mV) 

0 6.83 159 -- -- -- -- -25.7 
24 hr -- 182.5 ± 0.7 -- -- 90.5 ± 3.1 -- -- 

72 hr -- 142.5 ±  26.2 -- -- 99.1 ± 1.8 -- -- 

1 wk -- 168.5 ± 12.3 -- -- 94.1 ± 1.9 -- -- 
2 wk 6.84 ± 0.02 203 ± 2.8 1.213 ± 0.01 0.345 ± 0.006 91.1 ± 0.2 -- -- 

3 wk 6.81 ± 0.01 196.5 ± 16.3 1.199 ± 0.04 0.337 ± 0.016 89.6 ± 2.5 82.0 ± 0.9 -27.9 

4 wk 6.85 ± 0.04 194 ± 35.4 1.172 ± 0.09 0.324 ± 0.052 95.0 ± 0.7 78.6 ± 2.7 -- 
5 wk 6.91 ± 0.01 -- 1.230 ± 0.02 0.358 ± 0.18 95.0 ± 2.8 77.3 ± 1.0 -- 

6 wk 6.91 ± 0.01 -- 1.187 ± 0.01 0.327 ± 0.017 90.3 ± 0.8 80.1 ± 0.1 -- 
7 wk 6.90 ± 0.01 -- 1.208 ± 0.03 0.341 ± 0.025 91.6 ± 5.4 82.1 ± 2.6 -19.6 

8 wk 6.87 ± 0.04 -- 1.208 ± 0.06 0.342 ± 0.033 92.4 ± 3.4 77.1 ± 9.4 -- 

9 wk 6.81 ± 0.03 181.5 ± 3.5 1.161 ± 0.01 0.301 ± 0.009 94.2 ± 2.3 96.4 ± 27.2 -- 

 

c. Treatment 

Time pH 
Turbidity 

(NTU) 
O.D.400 nm O.D. 600 nm 

Solubility 

(%) 

% After 

Filtration 

Zeta Potential 

(mV) 

0 6.86 153 -- -- -- -- -26.2 

24 hr -- 165 ± 1.4 -- -- 97.6 ± 0.9 -- -- 
72 hr -- 166 ± 2.8 -- -- 97.3 ± 0.2 -- -- 

1 wk -- 164 ± 0 -- -- 95.5 ± 1.9 -- -- 
2 wk 6.90 ± 0.02 154.5 ± 114.8 1.081 ± 0.06 0.290 ± 0.006 97.2 ± 2.2 -- -- 

3 wk 6.92 ± 0.01 165.5 ± 0.7 1.109 ± 0.03 0.284 ± 0.002 94.4 ± 4.2 81.9 ± 2.6 -27.3 

4 wk 6.93 ± 0.01 159 ± 11.3 1.106 ± 0.04 0.296 ± 0.011 95.4 ± 4.6 84.9 ± 4.2 -- 
5 wk 6.98 ± 0.01 -- 1.104 ± 0.01 0.297 ± 0.001 93.0 ± 3.9 85.2 ± 2.9 -- 

6 wk 6.97 ± 0.01 -- 1.137 ± 0.01 0.291 ± 0.001 97.6 ± 1.3 82.8 ± 3.0 -- 

7 wk 6.95 ± 0.04 -- 1.142 ± 0.02 0.292 ± 0.006 93.8 ± 6.4 86.2 ± 5.1 -21.75 
8 wk 6.95 ± 0.01 -- 1.106 ± 0.01 0.282 ± 0.002 89.4 ± 1.6 83.4 ± 2.6 -- 

9 wk 6.91 ± 0.00 161 ± 4.2 1.125 ± 0.00 0.279 ± 0.001 94.6 ± 3.1 93.4 ± 1.0 -- 
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Figure 1.  Turbidity (NTU) of WPI soluble aggregates formed at pH 7, 7%, at 90 °C (10 

min) or 140 °C (45-105 s).  Results are the average of at least two replications. 
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Figure 2.  % solubility at pH 4.6 (representing % denaturation, ) and % solubility () of 

7% WPI heated at 140 °C for 30-105 s.  Dashed lines are % denaturation (---) and % 

solubility (---) after heating at 90 °C for 10 min (control).  Results are the average of at least 

two replications.    
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Figure 3.  Cumulative weight fraction of soluble aggregates formed at 90 °C (10 min) or 140 

°C (60-90 s).  Percent protein lost due to filtration through a 0.45 μm filter for SEC 

preparation was 96.7 ± 10.2% (10 min), 91.8 ± 1.8% (60 s), 93.1 ± 2.1% (75 s), and 97.4 ± 

0.7% (90 s).  Cumulative weight fraction results are representative of three replications and 

percent protein filtered is the average of three replications.     
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a. Soluble Aggregates                          b.  Model Beverage  

                       

 

Figure 4.  SDS-PAGE gel of soluble aggregates and beverages.  a) Soluble Aggregates:  

Lane 1, molecular weight standard; lane 2, unheated WPI; lane 3, WPI heated for 15 min at 

80 °C to induce aggregation; lane 4, soluble aggregates after 3 months of storage at 2 °C.  b) 

Model Beverages:  Lane 1, molecular weight standard; lane 2, unheated WPI; lane 3, WPI 

heated for 105 s at 140 °C; lane 4-5, control beverage after 3 months of storage at 22.5 °C; 

lanes 6-7, treatment beverages after 3 months of storage at 22.5 °C.   
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Figure 5.  Cumulative weight fraction of soluble aggregates over time.  Results represent one 

replication.   
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Figure 6.  Viscosity versus shear rate of soluble aggregates over time.  Time 0 (); Week 7 

(); Week 9 ().  Results represent one replication.   

  

0

2

4

6

8

10

0 100 200 300 400 500 600

V
is

co
si

ty
 (

m
P

a
·s

)

Shear Rate (s-1)



 

179 

a.  

 

b.  

 

Figure 7.  Cumulative weight fraction of the control (a) and treatment (b) beverages over 

time.   Results represent two replicates each. 
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a.         b. 

     

Figure 8.  Viscosity versus shear rate of the control (a) and treatment (b) beverages over 

time.   Time 0 (); Week 1 (); Week 3 (); Week 6 (); Week 9 ().  Results represent 

two replicates each. 
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a.   

 

b.   

 

Figure 9.  Viscosity versus shear rate of the control () and treatment () beverages over 

time.  a) time 0 and b) week 9.  Results represent two replicates each.   
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APPENDICES 
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APPENDIX A.  ADDITIONAL DATA 
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Context.  In order to make a whey protein soluble aggregate ingredient to be used in 

beverages, it was desirable to know under what conditions WPI soluble aggregates could 

be formed.  Work summarizing formation of whey protein soluble aggregates below 100 

°C, including the current work at 90 °C (Chapters 1-3), is extensive.  It was determined that 

WPI soluble aggregates can be formed at 140 °C using ion-exchange WPI.  Aggregates 

formed by heating for 75-105 s at 140 °C exhibited similar turbidity, solubility, 

denaturation, and size as those formed by heating at 90 °C for 10 min (Chapter 4). Thus, 

beverage or other manufacturers can form soluble aggregates by preheating whey proteins 

near 90 °C for a longer period of time, 10 min, or at high temperatures for shorter periods 

of time, for example 140 °C for ~60 s.   

The salt and thermal stability of aggregates formed at 90 °C and 140 °C was tested using 

diluted soluble aggregates and their controls at 6% WPI (Table 1, Figure 1).  A salt mix 

similar to those used in clear sports beverages and at similar levels was used (Table 2).  Of 

the treatments, the highest thermal stability was observed when soluble aggregates were 

formed at 90 °C and thermal treatment was at 140 °C, although the turbidity of this sample 

was very similar to the sample with both heat treatments at 140 °C (Table 1, Figure 1).  For 

practical purposes, soluble aggregates were formed at 90 °C when used in a pilot scale model 

beverage.  However, formation at higher temperature may be beneficial for longer shelf life 

of bulk soluble aggregates at refrigeration temperatures.     

In conclusion, soluble aggregates may be formed at lower (90 °C) or higher (140 °C) 

temperatures depending on the desires of the manufacturer.  Final beverage WPI 
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concentrations can be as high as 5-6% (Chapter 4; Table 1; Figure 1), which is considered a 

good source of protein.          

 

Table 6.  Soluble aggregate formation conditions with 7% w/w WPI, pH 7, the thermal 

treatment conditions (in the presence of the salts listed in Table 2) and the corresponding 

turbidities after thermal treatment at 6% w/w WPI, pH 6.8.  Images of these samples are 

shown in Figure 1. 

Pre-Heating 
Thermal Treatment 

(TT) 
Turbidity (NTU) 

with salt mix 

after TT Temperature Time Temperature Time 

140 °C 75 s 90 °C 5 min 276* 

140 °C 75 s 140 °C 30 s 146 

90 °C 10 min 140 °C 30 s 141 

90 °C 10 min 90 °C 5 min 158 

*Sample was visually viscous 

 

Table 2.  Salt mixture simulating sports beverages.   

Salt mM 

Sodium Chloride 15 

Sodium Citrate 9.2 

Potassium Phosphate 9.6 

Calcium Chloride 5.0 

Magnesium Chloride 0.5 

 

 

 

Figure 1.  Images of samples (Table 1) after thermal treatment with salt mix (Table 2).  The 

first temperature indicates the temperature of soluble aggregate formation (7% w/w WPI, pH 

7) while the second temperature is the thermal treatment temperature (6% w/w WPI, pH 6.8). 

  

Soluble Aggregate Formation:   140 °C 140 °C 90 °C 90 °C

Thermal Treatment: 90 °C 140 °C 90 °C 140 °C
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APPENDIX B.  HOFMEISTER SERIES EFFECTS ON THE STABILITY OF 

SOLUBLE WHEY PROTEIN ISOLATE AGGREGATES 

 

A.R. Anders, K.N. Ryan and E.A. Foegeding  
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ABSTRACT 

Stability of whey proteins in thermally processed beverages at near neutral pH is a 

problem that limits the application of whey proteins.  A technology was recently developed 

in our laboratory to produce whey protein soluble aggregates with improved heat stability in 

the presence of salts at neutral pH.  The current study was conducted in order determine the 

effects of salt concentration and type on the stability of whey protein isolate (WPI) soluble 

aggregates formed under different heating conditions.  Changes in protein solubility at 

neutral pH and at pH 4.6, and turbidity, (optical density at 350 nm), were used as an 

estimation of overall solution stability.  Soluble aggregates formed using high heating 

temperature (140 °C) for a short amount of time (60-90 s) showed greater salt stability than 

those formed using lower heating temperature (90 °C) for a long period of time (10 min). 

Sodium chloride required higher concentrations, near 1 M, to begin to affect the stability of 

the WPI soluble aggregates.  Sodium citrate caused a salting-in effect at concentrations in the 

~0.1 M – 0.6 M range, and salting out at concentrations >0.6 M.  These results can be 

partially explained by the Hofmeister series which predicts that the anion citrate will be more 

of a destabilizing ion than chloride, and chloride has a lower overall effect on protein 

stability until higher concentrations are used.  When trying to optimize stability in protein 

beverages, a high heat treatment for a short amount of time should be used, and chloride will 

result in less destabilization compared to citrate. 
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INTRODUCTION 

Protein beverages are produced throughout the world for nutritional and health 

benefit, and a major protein found in beverages today is whey protein (Hayes, et al., 2008; 

Krissansen, 2007; Luhovyy, et al., 2007). In the manufacture of beverages containing whey 

proteins, it is important to consider the many ingredients that can affect protein solution 

stability. Salts are present in sports and meal replacement beverages for nutritional purposes, 

but they are especially problematic because they are known to destabilize heated whey 

protein solutions (Verheul et al., 1998; Xiong et at. 1993).  Formation of soluble aggregates 

by heating whey proteins at neutral pH without additional salts results in protein aggregates 

that exhibit greater thermal stability in the presence of salts (Ryan et al., 2011).  

Heating causes proteins to unfold and increases potential for intermolecular 

interactions.  Research has shown that β-lactoglobulin (β-lg), the main whey protein, exhibits 

two endothermic peaks when using differential scanning calorimetry.  The first peak at 

around 90
 
°C corresponds to the thermal denaturation of the protein, and the second peak at 

around 150 °C corresponds to the thermal decomposition, or breaking of covalent bonds 

(Photchanachai & Kitabatake, 2001). Even partial denaturation of protein during processing 

may cause aggregation and precipitation during storage, and thus adversely affect the sensory 

attributes of the product (de Wit 1990).   

Aggregation is also seen when the surface charge of a protein is decreased, which 

causes a decrease in protein-protein repulsion.  As salts are added to a protein solution, the 

ions become associated with charged groups on the protein surface, reducing the overall 

surface charge and allowing for hydrophobic interaction.  Different ions have different 
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effects according to the Hofmeister series (Figure 1; Zhang et al., 2006), and this is a 

principal interest in this study.  Salts also have an impact on protein hydration layers, which 

can cause salting in and salting out effects (Bostrom, et al., 2005; Zhang, et al., 2009).  

Salting in is where initial addition of salt leads to the displacement of protein hydration 

waters thereby increasing ―free water‖, which is thermodynamically favorable and increases 

protein solubility.  Salting out occurs once the protein surface has been saturated with ions, 

and this leads to a decrease in free water, causing a loss in solution stability (Zhang, et al., 

2009). 

The objective of this study was to determine the effect of Hofmeister salts on native 

proteins and proteins heated under different conditions to form soluble aggregates.   

 

MATERIALS AND METHODS 

Formation of Soluble Aggregates.  A 7% wt/wt whey protein isolate (WPI) solution was 

prepared with ~90% of the total buffer (5 mM sodium phosphate, pH 6.8, with 0.02% sodium 

azide) and allowed to sit overnight on a stir plate to maximize solubility.  The next day the 

solution was adjusted to a pH of 6.5 with 1 N HCl and brought to final volume. 7% WPI was 

heated in either: 1) a 90 °C water bath for 10 min, or 2) in a 140 °C oil bath for 60, 75, and 

90 s (an unheated sample was also prepared).  After heat treatments, all samples were cooled 

in an ice bath to room temperature. 
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Salt Addition. 4 M NaCl and a 2 M sodium citrate (both analytical grade) solutions were 

prepared.  NaCl was used to dilute samples to final protein concentrations of 0.7% w/w with 

0 – 3.6 M NaCl (7 dilutions were prepared for each heat treatment).  Sodium citrate was used 

to dilute samples to 0.7% w/w protein with final citrate concentrations ranging from 0 – 1 M.   

 

Turbidity determination.  Turbidity was measured by adding 200 μL of salt diluted samples 

before centrifugation to a transparent 96 well plate and measuring the optical density at 350 

nm on a Safire
2
 plate reader (Tecan Systems Inc., San Jose, CA, USA). 

 

Solubility at Neutral pH.  To perform solubility tests, all samples were diluted to 0.7% w/w 

protein with 5 mM sodium phosphate buffer, pH 6.8, containing 0.02% sodium azide. A 2 

mL volume of each treatment was centrifuged at 10,000  g for 13 minutes using a WVR 

Symphony 2417R bench top microcentrifuge (WVR International, Radnor, PA, USA).  

Uncentrifuged controls were also prepared.  The protein concentration of samples before and 

after centrifugation was measured using a Pierce BCA Protein Assay Kit according to 

manufacturer’s instructions (Pierce, Rockfold, IL, USA).  Solubility was calculated as 

follows:   
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Solubility at pH 4.6.  To determine the amount of insoluble protein at pH 4.6, 0.7% w/w WPI 

samples were made as described in the preceding section, but were further mixed in a 1:1 

ratio with 100 mM sodium phosphate buffer, pH 4.6.  These samples were then centrifuged 

and assayed in the same manner as the solubility assay.  This assay gives an indication of the 

amount of denatured/aggregated protein present in the samples since native whey proteins are 

soluble at pH 4.6 and denatured/aggregated whey proteins are not (de Wit and van Kessel, 

1996).  The calculation used to determine the amount of insoluble protein at pH 4.6 is as 

follows: 

 

                                       
                      

                       
  

 

Absorbance at 280 nm.  Absorbance at 280 nm was also measured after centrifugation 

(10,000  g for 13 min) of diluted samples (0.7% w/w) in order to detect secondary 

aggregation of soluble aggregates with the addition of salts.  The supernatant of the 

centrifuged solutions was pipetted into a quartz cuvette and absorbance at 280 nm was 

measured using a Shimadzu UV-160U spectrophotometer (Shimadzu Corp., Tokyo, Japan).  

Absorbance at 280 nm is another protein quantification assay since the aromatic amino acids, 

tyrosine, tryptophan and phenylalanine, absorb at this wavelength.  This step was done as 

another method of determining protein content at neutral pH, and as confirmation of the 

results of the solubility at pH 7 assays. 
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RESULTS 

Turbidity (optical density) at 340 nm was measured after adding salts to soluble 

aggregates in order to estimate the degree of aggregation.  The turbidity data showed a 

similar pattern of increased turbidity with increased salt concentration for both NaCl and Na 

citrate (Figures 2a and b, respectively).  As expected, native (no heat) proteins showed 

minimal aggregation after salt addition.  However, sodium citrate caused a measurable 

increase in aggregation when added at 1 M.  With citrate addition to the soluble aggregates, 

the increase in turbidity occurred at a lower salt concentration than chloride, indicating lower 

stability of the aggregates to citrate.   

In the presence of NaCl, solubility was near 100% for all aggregates and the control 

until about 2.5 M NaCl (Figure 3a).  At this concentration, the low heat sample (control, 90 

°C 10 min) started to decrease in solubility and then at 3.5 M NaCl, the aggregates formed at 

140 °C for 90 s started to decrease.  A different pattern of solubility was observed when 

citrate was used as the salt (Figure 3b).  All aggregates decreased in solubility immediately 

with addition of <0.25 M Na citrate.  The unheated proteins were the most stable.  The low 

heat sample was the least stable, with the aggregates formed at 90 s approaching the same 

instability, but not quite reaching the instability of the aggregates formed using low heat.   

For NaCl, insolubility at pH 4.6 was a function of the heating conditions, not salt 

concentration (Figure 4a).  Over the range of NaCl concentration (from 0 to 3.6 M), the 

aggregates retained the same instability at pH 4.6.  On the other hand, Na citrate had a 

concentration affect on insolubility at pH 4.6 (Figure 4b).  A large decrease in insolubility, 

suggesting an increase in solubility, occurred at low citrate concentration (<0.25 M).  
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Increasing citrate concentration above ~0.25 resulted in increasing insolubility at pH 4.6.  

These results show a salting in effect of citrate at low salt concentration, followed by salting 

out with increasing concentration.   

Absorbance at 280 nm (after centrifugation) gave another indication of further 

aggregation with salts.  After centrifugation, the remaining proteins in the supernatant are 

considered soluble as the insoluble proteins are expected to fall out in the pellet.  NaCl 

caused similar effects on absorbance at 280 as it did on turbidity at 350 nm (Figure 5a vs. 

Figure 2a).  Citrate showed a large increase in the further aggregation of the soluble 

aggregates (Figure 5b).  At sodium citrate concentrations between about 0.3 – 0.5 M, 

maximum absorbance at 280 nm was observed, indicating more protein was in the 

supernatant and thus was more soluble (salting in).   On the other hand, higher values could 

indicate light scattering and thus the presence of larger soluble aggregates.  Above this 

concentration of citrate that gave the maximum absorbance, a distinct decrease in absorbance 

is observed, indicating salting out.  The citrate affect on absorbance at 280 nm correlates with 

the solubility at pH 4.6 data.  The possible salting in effect of citrate was not apparent in the 

turbidity or solubility at neutral pH data.   

When all of the data was plotted against ionic strength instead of molarity (data not 

shown), WPI soluble aggregates were still more stable to chloride as compared to citrate.  

Ionic strength (I) is a function of the concentration of the ions in solution (c) and the charge 

of the ions (z):   
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DISCUSSION 

For both salts and for all of the assays (turbidity, solubility at pH 7, solubility at pH 

4.6, and absorbance at 280 nm), the unheated (no heat) protein was the most stable to salt.  

This is as expected because these proteins had not been denatured with heat.  The least stable 

were the aggregates formed using low heat (90 °C for 10 min).  The data suggest that these 

aggregates received the harshest heat treatment since they were most sensitive to added salts.  

The same pattern of stability was seen in each assay for each salt.  The order of stability is no 

heat > 60 s > 75 s > 90 s > low heat.   

Aggregates were more stable to higher concentrations of NaCl compared to Na citrate 

since much lower concentrations of citrate were needed to achieve the same turbidity, 

solubility and denaturation effects.  This result is correlated with the Hofmeister series.  As 

predicted by the Hofmeister series, citrate was a more destabilizing ion overall based on the 

data shown here.  However, citrate showed a salting in effect on the soluble aggregates at low 

concentration.  According to the Hofmeister series, citrate would be a more destabilizing ion 

to native proteins.  However, the Hofmeister series does not necessarily predict the 

stabilizing effect of salts on aggregated proteins.  Also, citrate is known to chelate calcium 

ions.  There may be a chelation effect of citrate on the native calcium ions present in the 

whey protein to result in salting in at low concentrations, but this was not tested in this study.  

The results presented here are new and interesting since they show the effect of Hofmeister 

salts on native whey proteins and proteins aggregated using different heating conditions.  

Also clear are the differences in salt stability of soluble aggregates formed using different 

heating conditions.       
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CONCLUSIONS 

A low temperature heat treatment for longer periods of time (90 °C for 10 min) 

should be avoided when forming soluble aggregates since this causes higher degrees of 

denaturation/aggregation, resulting in lower solubility in the presence of salts.  High 

temperature heat treatments for shorter periods of time (140 °C for 60-90 s) show better 

solubility and resistance to aggregation at pH 4.6, especially around 60 seconds.  The 

Hofmeister series predicted the overall stability of the aggregates, but the salting in effect of 

citrate on aggregated proteins is not explained by the Hofmeister series.   

 

FUTURE WORK 

Planned future work will look at one more Hofmeister salt – Na Phosphate – to 

confirm the Hofmeister effect on aggregation of native and denatured whey proteins.  It was 

shown (Chapter 4) that soluble aggregates formed at low heat (90 °C, 10 min) and high heat 

(140 °C, ~60-75 s) exhibited similar turbidity, solubility and aggregate size.  Even though 

these properties are similar between the soluble aggregates formed under the two heating 

conditions, the soluble aggregates do not exhibit the same salt stability (Figures 2-5).  

Therefore it is of interest to look at the aggregate properties of the soluble aggregates formed 

under different conditions.  For example, charge and free sulfhydryl group concentration.  

Although not planned for the current study, it is of interest to study the effect of Hofmeister 

salt mixtures on aggregation of denatured proteins.    
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Figure 1.  Hofmeister Series by Jakubowski (2011).  
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a. NaCl 

 
b. Na Citrate  

 
Figure 2.  Turbidity of whey protein soluble aggregates or the control (no heat) with addition 

of a) NaCl or b) Na Citrate.  Soluble aggregates were formed (7% w/w WPI, pH 6.5) at 90 

°C for 10 min (low heat), or at 140 °C for 60, 75, or 90 s.  Results are the average of three 

replications.  Please note differences between axes.   
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a.  NaCl 

 
 

b.  Na Citrate 

 
Figure 3.  Percent solubility at neutral pH of whey protein soluble aggregates or the control 

(no heat) with addition of a) NaCl or b) Na Citrate.  Soluble aggregates were formed (7% 

w/w WPI, pH 6.5) at 90 °C for 10 min (low heat), or at 140 °C for 60, 75, or 90 s.  Results 

are the average of three replications.  Please note differences between axes.   
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a.  NaCl 

 
 

b.  Na Citrate 

 
Figure 4.  Percent insolubility at pH 4.6 of whey protein soluble aggregates or the control 

(no heat) with addition of a) NaCl or b) Na Citrate.  Soluble aggregates were formed (7% 

w/w WPI, pH 6.5) at 90 °C for 10 min (low heat), or at 140 °C for 60, 75, or 90 s.  Results 

are the average of three replications.  Please note differences between axes.   
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Figure 5.  Absorbance at 280 nm of whey protein soluble aggregates or the control (no heat, 

NH) with addition of a) NaCl or b) Na Citrate.  Soluble aggregates were formed (7% w/w 

WPI, pH 6.5) at 90 °C for 10 min (low heat, LH), or at 140 °C for 60, 75, or 90 s.  Please 

note differences between axes.   

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

0 1 2 3 4 

A
b

so
rb

a
n

ce
 a

t 
2

8
0

n
m

 

NaCl (M) 

NH 

LH 

60 

75 

90 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

0 0.5 1 1.5 

A
b

so
rb

a
n

ce
 a

t 
2

8
0

n
m

 

Na Citrate (M) 

No Heat 

Low Heat 

60s 

75s 

90s 



 

203 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX C.  EFFECT OF FLAVOR ON PERCEIVED TEXTURE OF WHEY 

PROTEIN ISOLATE GELS 
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