
ABSTRACT 

WAGONER, TY. Mechanisms and Control of Thermal Stability of Whey Protein Beverages.  
(Under the direction of Dr. E. Allen Foegeding.) 

Whey protein consumption has been linked to a number of health benefits including 

increased satiety and metabolic regulation; therefore, there is interest in the consumption of 

foods rich in whey proteins such as meal replacement beverages and sports drinks. There are 

two types of protein beverages based on pH – acidic (~pH 3.5) and neutral pH (~pH 7) 

beverages. Negative sensorial attributes such as astringency at acidic pH and off-flavors near 

neutral pH can be limited by formulating beverages in the pH range 4–6. However, the low 

thermal stability at this pH range – which is near the protein isoelectric point (pI) – limits the 

protein concentrations at which beverages can be formulated. Our first objective was to 

establish a method for evaluating colloidal stability of whey protein beverages after thermal 

treatment by developing state diagrams to identify transitions between stable and non-stable 

outcomes. The second objective explored the development and characterization of protein-

polysaccharide complexes that are stable in beverage applications. 

Three state diagrams for beverages (pH 3–7) were developed representing protein 

solubility, turbidity, and macroscopic state after two ultra high temperature treatments. 

Critical transitions from stable to non-stable post-heating outcomes were explored using 

electrophoresis and chromatography to determine aggregation propensities of β–

lactoglobulin, α–lactalbumin (α–La), bovine serum albumin and glycomacropeptide (GMP). 

The state diagrams present an overlapping view of colloidal stability at pH 3 accompanied by 

high solubility of individual whey proteins. At pH 5, beverages were characterized by poor 

solubility, high turbidity and aggregation/gelation of individual whey proteins with the 

exception of GMP. Stability increased at pH 6, due to increased solubility of α–La. The 



results indicate that the state diagram approach can be applied to beverages to identify the 

conditions required for stable outcomes. Additionally, variability in protein sources will be 

accompanied by shifts in these critical stability zones. 

Studies have shown that at a narrow pH range close to the pI and under dilute 

conditions, whey proteins and pectin self assemble into soluble complexes (SCs) that have 

improved colloidal stability. Our goal was to determine the range of conditions under which 

dispersions of SCs could be formulated. Complexes were formed at various protein 

concentrations (1, 4, 5 and 6% w/w) with a constant protein to pectin ratio of 8:1. After 

formation, SCs were heat-set by heating at 85˚C for 25 min. Laser diffraction particle size 

analysis revealed that heat-setting shifted sizes towards a monomodal distribution with mean 

diameter of ~100 nm for all protein concentrations. Heat-setting resulted in a significant (p < 

0.05) reduction in intrinsic viscosity of SCs from 93.6 mL/g to 79.5 mL/g, suggesting 

conformational changes that favored a smaller hydrodynamic size; this is also in agreement 

with the lower apparent viscosity exhibited by the dispersions after heat-setting. Increasing 

protein concentration had no significant (p > 0.05) impact on size of heat-set SCs, suggesting 

suitability for beverages where a high protein concentration is desired. Heat-set SCs 

remained as 100 nm particles and did not aggregate over the pH range of 3–6 after ultra high 

temperature thermal processing. These results indicate that whey protein-pectin SCs – unlike 

whey proteins alone – can be heat-set into particles with enhanced colloidal stability in the 

pH range 4–6. Additionally, heat-set SCs may have the potential to reduce negative sensorial 

attributes in beverages, or could be spray dried into a unique functional ingredient. 
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CHAPTER 1.  LITERATURE REVIEW 

1.  INTRODUCTION 

Many cheese making procedures involve separating the curds from the “whey,” and 

then further processing the curds into cheese. Whey has historically been considered a waste 

product of cheese making, but has now become an important modern source of protein. In its 

simplest meaning, whey refers to the liquid that remains after the majority of casein proteins 

are removed from milk (Mullvihill and Donovan, 1987). This liquid portion contains whey or 

serum proteins, but also contains lactose, acids, vitamins and minerals, and some residual 

casein proteins and fat. The term “whey proteins” therefore refers to the proteins in the whey, 

as opposed to the whey liquid as a whole. 

Although most whey has historically been treated as a waste product or used for 

animal feed, there are reports on its use as a drink for wellness and for butter making (i.e., 

butter from the lipids in whey). In 17th and 18th century Europe, drinks made with whey were 

used to treat infected wounds and stomach diseases (Hoffman, 1961; Smithers, 2008). It is 

now understood that whey proteins are a highly nutritive and bioavailable source of protein 

(Smithers, 2008). Whey proteins are a complete protein – they contain all amino acids 

deemed essential for the human diet – and are particularly rich in branched chain amino acids 

that are important for muscle recovery in athletes. 

As the global production of cheese has increased over the last century, a greater 

amount of sweet whey is produced as a by-product. In the 1930s, researchers began 

investigating uses for the high concentration of proteins and lactose remaining in liquid 

whey, beginning with α–lactalbumin (Palmer, 1934). Today, whey protein ingredients are 

produced using membrane filtration and other fractionation processes to reduce non-protein 
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components. The two most commonly produced products are whey protein concentrates 

(WPC) and whey protein isolates (WPI), which contain 34–80% protein and ≥ 90% protein, 

respectively (Foegeding et al., 2011). These ingredients have become a major source of 

dietary protein and are used in a variety of post-workout recovery and meal replacement 

beverages and snacks. 

 

1.1  An industrial problem: thermal stability of whey protein beverages 

Despite their ubiquity in food products, whey proteins are notoriously heat labile. 

Thus, thermal stability is one of the major problems with beverages containing whey 

proteins. Thermal processing is required to ensure safety and maximum shelf life, but the 

thermal treatment denatures whey proteins. Depending on conditions such as pH, protein 

concentration and ionic strength, denaturation may lead to aggregation that produces 

aggregates of various sizes and shapes (e.g. relatively spherical or fibrils). Ultimately, 

aggregates can produce cloudiness, sedimentation, or macroscopic phase separation that may 

be unappealing to consumers (Langton and Hermansson, 1992; Nicolai et al., 2011).  

Currently, two types of beverages are manufactured based on pH: low pH beverages 

that are clear or slightly translucent, and near-neutral pH beverages that are turbid. Beverages 

at pH < 4.6 can be processed at temperatures below 100˚C (Code of Federal Regulations. 

Title 21, Sec. 114) but many in this category have a pH of 3.5 or lower. At low pH, 

electrostatic repulsion between proteins limits aggregation during thermal processing, 

ensuring soluble protein and a clear beverage. However, it also creates a problem of protein-

based astringency that will be discussed in more detail in Chapter 3 (Beecher et al., 2008). 

Additionally, low pH beverages may require higher levels of sugar to balance acidity, which 
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is an obstacle when trying to formulate lower calorie beverages in response to rising obesity 

levels (Etzel, 2004). Whey proteins in beverages formulated near neutral pH are moderately 

stable to thermal treatment (albeit less so due to diminished electrostatic repulsion) and have 

minimal protein-based astringency. However, off-flavors associated with ingredient source or 

processing can be present (Evans et al., 2010; Park et al., 2014). Thus, it is important to 

develop whey protein beverages at protein levels that deliver the desired nutritional impact 

and sensory attributes while maintaining colloidal stability. The combination of factors 

requiring optimization to achieve those goals will differ depending on pH and thermal 

processing treatment, making it difficult to apply a universal approach to protein stability. 

State diagrams have previously been used to evaluate protein stability over a range of 

processing conditions and identify key transitions in protein stability. The potential uses of 

state diagrams will be discussed later in this review. 

 

2.  OVERVIEW OF MILK AND WHEY PROTEINS 

2.1  Whey 

Bovine milk contains approximately 3.5% protein by weight, although that value 

varies with breed, diet and seasonality (Regester and Smithers, 1991). There are two main 

classes of proteins in milk that were originally classified according to solubility. The caseins 

are the most abundant protein in milk, comprising approximately 80% of the total milk 

protein. The dispersed casein is micellular and stabilized by electrostatic and hydrophobic 

interactions at near-neutral pH (Gebhardt et al., 2011). During the manufacturing of cheese, 

the caseins are allowed to aggregate by pH and enzymatic action; thus, caseins have been 

historically defined as the fraction of milk proteins insoluble at pH 4.6. The remaining liquid 
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that is pressed or removed contains the whey proteins. This solubility of whey proteins at pH 

4.6 is a traditionally used characteristic of whey proteins in their native state. 

Whey proteins are further classified into two types based on production method: acid 

whey and sweet whey. Milk that is acidified to induce precipitation of the casein micelles 

produces acid whey. This process is typically used for yogurt and cottage cheese production 

(Mulvihill, 1992). Whey produced by any other process is referred to as sweet whey or 

rennet whey; the majority of US whey production falls into this category as a byproduct of 

cheese production. After separation, whey is purified and fractioned to produce a number of 

different products with applications in food and pharmaceuticals. 

 
2.2  Whey production and fractionation 

There are various types of whey products based on purity and protein percentages 

after processing. Whey protein concentrate (WPC) ranges from 30–85% protein by weight, 

and is commonly purified using membrane filtration (Etzel, 2004). Early methods of 

membrane fractionation produced WPC with highly variable protein concentrations (Morr 

and Ha, 1993). Today, membrane filtered WPC can be classified in two categories based on 

protein concentration: WPC 35 and WPC 80 (Foegeding et al., 2011). Most WPC 35 is 

membrane filtered via ultrafiltration to separate the permeate from retentate, which contains 

roughly equal parts lactose and protein (Kilara, 2008). Membrane filtration is also used for 

WPC 80, but the retentate is diluted to a higher level before ultrafiltration. This results in 

more lactose and minerals being washed away into the retentate stream, and thus, higher 

protein content. In addition to differences in protein, these two products – WPC 35 and WPC 

80 – are differentiated by a higher content of lactose and ash in WPC 35 (Table 1.1).  
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Table 1.1.  Composition of common whey protein ingredients 

protein 
ingredient 

protein    
(%, dry wt.) 

moisture 
(%) 

lactose 
(%) 

fat 
(%) 

ash 
(%) pH 

WPC 35 35.3 3.7 52.3 3.3 5.8 6.2 

WPC 35 range 34.0–36.4 2.9–4.0 47–56 2.5–4.0 1.6–8.0 4.9–7.0 

WPC 80 78.7 4.3 4.9 6.4 4.0 6.4 

WPC 80 range 2.9–82.8 3.0–5.2 0.2–7.4 1–10 2.5–11.0 3.2–7.2 

WPI 90.9 4.8 1.5 0.9 2.7 6.0 

WPI range 90–95 4–6 0.2–2 0.2–1.5 0.3–4.5 3.3–7.5 
Average composition and ranges of whey protein concentrate and whey protein isolate based 
on product specification sheets from nine companies. Modified from Foegeding et al., 2011. 

 

Whey protein isolates (WPI) can be purified and concentrated using either ion 

exchange chromatography or through combinations of membrane filtration (Figure 1.1). Ion 

exchange chromatography separates based on charge affinity and has increased selectivity 

over membrane filtration that separates on the basis of molecular size. In this separation 

method, proteins bind to the column resins based on charge while uncharged lactose and 

minerals elute (Table 1.2). Alternatively, a combination of membrane filtration techniques – 

namely microfiltration, ultrafiltration or diafiltration – can be used to produce WPI. With 

both chromatography and membrane filtration, the final WPI ingredient must contain at least 

90% protein and 4–6% water (Foegeding, Luck, and Vardhanabhuti 2011). Compared to 

WPC, WPI contains a lower amount of fat, making it a suitable ingredient for protein 

beverages where clarity is desired. 

The third class of whey proteins is a product of enzymatic modification. Whey 

proteins can be hydrolyzed to create whey protein hydrolysate (WPH). The hydrolysis of 
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proteins into peptides and amino acids modifies some of the functional properties of the 

proteins and reduces allergenicity (Foegeding et al. 2002). Enzymatic hydrolysis of whey 

proteins is generally mild so as to limit the formation of bitter peptides.  

 

 
Table 1.2.  Physical properties of membranes used in whey protein fractionation 

membrane pore size retentate permeate 

microfiltration (MF) 0.1 – 10 µm fat, bacteria, 
micellular casein 

whey proteins, 
lactose, salts 

ultrafiltration (UF) 0.01 – 0.1 µm whey proteins, fat salt, lactose, 
peptides 

nanofiltration (NF) 0.001 – 0.01 µm protein, divalent 
salts, lactose 

monovalent 
salts 

reverse osmosis (RO) < 0.001 µm minerals, salts water 

Common whey membrane filtration techniques and the physical properties of the 
membranes, including pore size and separation streams. The retentate stream does not pass 
through membrane pores, while the permeate stream contains particles small enough to pass 
through the pores. 

 

2.3  Whey proteins 

2.3.1  β–Lactoglobulin 

The proteins in whey are usually grouped under the collective “whey or serum 

protein” moniker, but there are a variety of different proteins present at different levels 

depending on production method (Table 1.3). β–Lactoglobulin is the most abundant protein 

in whey. There are a number of unique genetic variants that have been sequenced, but the 

most common variants in bovine milk are A and B; the majority of research focuses on these  
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Figure 1.1.  Flow chart representing processing of milk into whey protein ingredients 

Membrane fractionation is used to produce WPC 35 and WPC 80, whereas ion exchange 
chromatography or a combination of filtration techniques is used to produce WPI. Other 
industrially relevant whey fractions include whey permeate and lipids. 
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two variants (Fox and McSweeney, 2003). β–Lactoglobulin (β–Lg) is a globular protein that 

makes up approximately 50–80% of the protein in whey and roughly 12% of the total protein 

in bovine milk (Fox and McSweeney, 2003). Its relative abundance in milk resulted in β–Lg 

being one of the first proteins crystallized (Palmer, 1934). Due to the high concentration in 

whey protein ingredients, it is generally assumed that ingredient functionality is dominated 

by the functional properties of β–Lg, so the literature on this protein is extensive.  

 Monomers of bovine β–Lg contain 162 amino acid residues, resulting in a molecular 

mass of approximately 18.3 kDa (Farrell Jr. et al., 2004). Differences among the genetic 

variants may modify functionality. The two main genetic variants, A and B, both have an 

isoelectric point near pH 5.13 (Eigel et al., 1984), but the B variant is five times more soluble 

in both water and dilute NaCl solution than the A variant (Treece et al., 1964; Hambling et 

al., 1992). Additionally, it has been proposed that at high concentrations (~10% w/v) the A 

variant denatures and aggregates during heating more quickly than the B variant (Imafidon et 

al., 1991; McSwiney et al., 1994; Nielsen et al., 1996), although this could be due to 

differences in denaturation temperature. 

The highly organized secondary structure of β–Lg features two disulfide bridges 

between cysteine residues 66 and 160, and 106 and 119. A lone free thiol group is located at 

Cys–121. The cysteine residues are especially important in the heat stability properties of 

whey proteins, and will be discussed in more detail later in this review. Additionally, a 

number of the β–sheets form a β–barrel that features a large cavity lined with hydrophobic 

residues. Conformation changes in this structure with pH, known as the Tanford transition, 

affect the accessibility of these hydrophobic residues to the bulk solvent (Sakurai and Goto, 

2006), thus playing a role in heat-induced aggregation. 
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Table 1.3.  Percentage of main proteins in whey based on fractionation method 

whey protein WPC 	   WPI 

 
sweet 
whey 

acid 
whey  MF IE 

β–lactoglobulin 52 65  60 80 

α–lactalbumin 15 21  22 14 

bovine serum albumin 2 4  2 3 

immunoglobulins 5 10  5 3 

glycomacropeptide 26 0   21 0 
Percentages of the main proteins in whey protein concentrate (WPC) produced from sweet 
whey and acid whey, and whey protein isolate (WPI) produced via microfiltration (MF) and 
ion exchange chromatography (IE). Modified from (Huffman and Harper, 1999). 

 

At room temperature and pH 5–7, β–Lg adopts the form of non-covalently linked 

dimers (McKenzie, 1971; deWit and Klarenbeek, 1984). At pH 4.7 four β–Lg dimers are in 

equilibrium with an octameric form (McKenzie and Sawyer, 1967; Gottschalk et al., 2003). 

The 18.3 kDa monomer is a globular protein with a ~2 nm radius. Its tertiary structure folds 

into an 8-stranded antiparallel β–sheet with a ninth β–strand surrounding the α–helix on the 

outer surface (Kontopidis et al., 2004). Although the dimer is more common at room 

temperature, it dissociates into monomers at temperatures above 55˚C or at very dilute 

concentrations below 50 µM (Gottschalk et al., 2003; de Wit, 2009). 

β–Lactoglobulin has a variety of different physiological roles. It is involved in the 

transfer of passive immunity to neonatal calves and regulates phosphorus metabolism in the 

mammary glands (Farrell Jr. et al., 1987). Additionally, β–Lg protects hydrophobic 

molecules from the low pH in the stomach (due to β–Lg having strong electrostatic stability 

at low pH), facilitating transport to intestinal receptors (Madureira et al., 2007). In addition to 
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supplying a highly digestible protein, β–Lg is particularly rich in cysteine, which is a 

precursor to glutathione, an antioxidant involved in a vast number of animal cellular 

processes (de Wit, 1998; Pompella et al., 2003). 

  

2.3.2  α–Lactalbumin 

The second most prevalent protein in whey is the globular protein α–lactalbumin (α–

La), which represents nearly 15% of protein in whey (Fox and McSweeney, 2003). α–

Lactalbumin is a metalloprotein with a binding loop for Ca2+. In the holo form, bound 

calcium stabilizes the conformational structure; the apo form, without bound calcium, has 

different thermal characteristics (Hendrix et al., 2000; Wijesinha-Bettoni et al., 2001). Loss 

of calcium generally occurs at pH < 4 (Relkin and Mulvihill, 1996). 

Much like β–Lg, α–La is well studied and has been well characterized (Swaisgood, 

1982). Two genetic variants of α–La exist in bovine milk: A and B (Bell et al., 1970). It 

contains 123 residues with a molecular weight of 14.2 kDa (Relkin and Mulvihill, 1996), and 

is the regulatory subunit for lactose synthase, which allows for the production of lactose from 

glucose and UDP-galactose (Brodbeck and Ebner, 1966). Depending on the genetic variant, 

α–La has an isoelectric point ranging from 4.2–4.5 (Eigel et al., 1984). The secondary 

structure features three disulfide bonds, but unlike β–Lg, α–La does not contain a free thiol 

group. The structure of α–La is primarily disordered, with approximately 26% α–helices and 

14% β–sheets (Fox and McSweeney, 2003). α–Lactalbumin is homologous with the enzyme 

lysozyme and they share 54 amino acid residues (Nitta and Sugai, 1989).  
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2.3.3  Bovine serum albumin 

Bovine serum albumin (BSA) is a 582–residue protein will a molecular weight of 

66.4 kDa (Farrell Jr. et al., 2004). Its concentration in milk varies between 1–4%. It contains 

17 disulfide bonds with one free sulfhydryl, and has an isoelectric point between pH 4.7–4.9. 

Milk BSA is genetically identical to BSA found in blood serum (Eigel et al., 1984). In the 

blood, BSA is a transport carrier protein that binds insoluble fatty acids. Its role in milk is 

less clear, although it may have a role in binding metals (Fox and McSweeney, 2003).  

 

2.3.4  Glycomacropeptide 

Glycomacropeptide (GMP) is a casein-derived protein comprising up to 10–15% of 

the total protein in sweet whey. During the process of cheese making, chymosin cleaves κ–

casein from casein micelles, yielding para–κ–casein and GMP. Para–κ–casein becomes part 

of the curd and GMP is removed with the sweet whey. Chymosin is generally not used in 

products like yogurt and cottage cheese, so GMP is seldom found in acid whey (Brody, 2000; 

Marshall, 2004). GMP has a molecular weight of ~ 8 kDa, but can increase depending on the 

degree of glycosylation. It lacks aromatic amino acids in its structure, so it cannot be detected 

via spectrophotometry at 280 nm. The absence of phenylalanine makes GMP an important 

functional peptide for the management of phenylketonuria (Neelima et al., 2013).  GMP is 

commonly added to infant formula due to anti-inflammatory activity (Requena et al., 2009). 
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Table 1.4.  Molecular mass, concentration in bovine milk and isoelectric point (pI) of whey 
proteins 

protein 
molecular mass  
(kg mol-1) 

concentration  
(g L-1) pI 

β–lactoglobulin 18 3.2 5.4 
α–lactoglobulin 14 1.2 4.4 
bovine serum albumin 66 0.4 5.1 
immunoglobulin G 150 0.7 5–8 
lactoferrin 77 0.1 7.9 
lactoperoxidase 78 0.03 9.6 
glycomacropeptide 8.6 1.5 3.8 
Physical properties of the primary proteins found in whey. Modified from (Etzel, 2004). 

 

2.3.5  Other whey proteins 

Additional whey proteins include the heterogeneous group known as the 

immunoglobulins (Igs), which comprise ~2% of the total milk protein, and miscellaneous 

short chain peptides such as lactoferrin (Kilara, 2008). The Igs range in size from 15–1000 

kDa (Morr and Ha, 1993), and make up less than 1% of milk proteins. The most common 

variant is IgG, making up roughly 80% of the Igs in milk (de Wit, 1989). Collectively, the 

Igs provide protective immunity to neonatal calves. It is a glycoprotein with a molecular 

weight range of 80–92 kDa, and strongly binds iron. Its pI ranges from 8.4–9.0 (Morr and 

Ha, 1993). Its main use is in infant formula as an antimicrobial agent and to limit lipid 

oxidation (Satue-Gracia et al., 2000). A summary of the whey proteins is given in Table 1.4. 
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2.4  Whey proteins as functional ingredients 

Protein is an important macronutrient with innumerous biological functions in 

humans, including assimilation of cell membranes, muscle and connective tissue, and 

metabolic regulation (Ha and Zemel, 2003). In particular, whey proteins have a high protein 

quality score, which is one of the reasons they are commonly used in beverages designed for 

providing high quality protein (Smithers, 2008). Functional whey protein beverages typically 

fall into one of three categories based on target functionality: workout recovery and muscle 

synthesis; meal replacement or part of a weight loss program; supplementation for targeted 

groups that may not consumer adequate protein, such as the youth or elderly (Ha and Zemel, 

2003; Wolfe et al., 2008). 

In addition to these benefits, whey proteins also contain bioactive peptide sequences 

in their structures that only become bioavailable during proteolytic breakdown or digestion 

(Pihlanto-Leppälä, 2000). For example, protease-mediated hydrolysis of β–Lg in the 

intestines produces a number of bioactive compounds that have antimicrobial, 

hypocholesterolemic (Nagaoka et al., 2001) and antioxidative effects in the body 

(Hernandez-Ledesma et al., 2005). 

More recently, whey proteins have been examined as a way to increase satiety, 

attenuate hunger and moderate glycemic response in the wake of the obesity epidemic. 

Recent clinical trials support the proposal that a diet high in dairy proteins increases weight 

loss and reduces the likelihood of regaining weight (Bendtsen et al., 2013). Sweetened 

beverages containing whey proteins reduce the initial blood glucose spike after consumption, 

and attenuate hunger in both healthy and overweight subjects (Zafar et al., 2013). An 
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increase in satiety may decrease total caloric intake, leading to weight loss or a way to assist 

in weight management. 

In addition to the nutritional benefits, whey proteins are commonly used to provide a 

specific function in creating and/or maintaining colloidal and polymer structures in foods. 

The three-dimensional conformation of the protein typically governs functionality. Their 

amphiphilic nature allows them to form interfacial films in creating and stabilizing emulsions 

(de Wit, 1998) and foams (Foegeding et al., 2006). The ability of denatured proteins to self-

assemble produces aggregates, which can be used to increase viscosity, or extend into three 

dimensions and form an elastic gel network (Morr, 1985).  

 

3.  THERMAL STABILITY 

3.1  Protein unfolding 

One of the primary challenges with the development of high protein beverages is the 

effect of the thermal process on protein stability. Thermal processing is an important step for 

safety and shelf-life extension, but the high temperature induces denaturation (unfolding) of 

proteins. Denatured proteins have amino acids that are not exposed in the native state 

available on the surface, and extrinsic solution properties govern interactions between the 

amino acids that may or may not favor aggregation. Once aggregation starts, the extent of 

aggregation, concentration of protein, and other conditions will determine if small soluble 

aggregates, a precipitate, or a gel is formed. Whey proteins normally have a defined, globular 

structure, and protein denaturation can be viewed as unfolding of this native structure. 

Therefore, to understand the effects of heat on protein structure, a review of protein folding is 

in order. 
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 The sequence of amino acids is known as the primary structure, which determines the 

secondary structures formed. The spatial arrangement of the primary amino acid sequence 

allows neighboring amino acids to interact, forming sheets and helices (Anfinsen, 1973). The 

tertiary structure is the three-dimensional folded form of the peptide, and is also a function of 

the primary amino acid structure (Anfinsen, 1973). Denaturation is typically viewed as a loss 

of tertiary structure. There are two competing energies associated with folding – enthalpy and 

entropy – as described by the Gibbs Free Energy equation (Eq. 1.1): 

	   ∆𝐺𝑢𝑛𝑓𝑜𝑙𝑑 = ∆𝐻𝑢𝑛𝑓𝑜𝑙𝑑 − 𝑇∆𝑆𝑢𝑛𝑓𝑜𝑙𝑑	   (1.1) 

 
Proteins fold in ways that are thermodynamically favorable, that is, they fold in a way to 

lower free energy. Enthalpy due to internal hydrogen bonding favors a folded native protein, 

while a denatured protein is entropically favored in the disordered state due to higher degrees 

of molecular freedom. A folded protein is stable because the enthalpy gained from protein-

protein interactions (hydrophobic interactions, hydrogen bonds, Van der Waals forces) 

outweighs the energy associated with entropy (Anfinsen, 1973). Typically, the hydrophobic 

effect is thought to be the principal force favoring the folded, native conformation, while 

conformational entropy is the driving force favoring unfolding. This entropic energy is 

largely temperature dependent; at high temperatures, the entropic energy is greater than the 

enthalpy, which yields negative free energy (∆G) and protein unfolding is favored.  

 



 

 

16 

3.2  Thermal denaturation and aggregation kinetics 

3.2.1  Overview 

The relationship between protein denaturation and aggregation is often represented in 

the following simplified equilibria (Eq. 1.2): 

	  

	  

 

(1.2) 

 
During heating, the native protein (N) begins to unfold in accordance with the Gibbs 

Free Energy equation (Eq. 1.1), forming a denatured protein (D) governed by the rate k1. 

Denaturation is a unimolecular event and the temperature at which denaturation begins is an 

inherent property of the protein. Upon cooling, the denatured protein may refold into a 

native-like structure at a rate kʹ′. Continued heating favors interactions between multiple 

denatured proteins, forming protein aggregates (A) at a rate k. Unlike denaturation, 

aggregation is generally considered to be an irreversible process. 

During the transition from the native to denatured state, there is a theoretical 

equilibrium point where there are equal populations of native and denatured proteins. This 

point is called the denaturation temperature (Td, also known as melting temperature in the 

literature), and can be determined using differential scanning calorimetry (DSC). In this 

technique, samples are sealed in individual pans or wells and heated at a set rate over a 

defined temperature range. The energy input required to heat the sample is normalized 

against the buffer solution without protein, and graphed as the specific heat capacity as a 

function of temperature (Gill et al., 2010). Additional energy is required to unfold the protein 

– to overcome Gibbs free energy – yielding an endothermic peak, the Td, on the thermograph. 

N D A 
k1 

k!! 

k 
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This technique can also be used to determine the amount of energy required to unfold the 

protein (i.e. the enthalpy (∆H) of unfolding), which is the area between the endothermic 

curve and extrapolated baseline.  

Calorimetry detects the net change in heat capacity over a temperature range, so it 

cannot differentiate between denaturation, an endothermic event, and aggregation, an 

exothermic event. In order to limit the effects of aggregation, dilute protein solutions 

(typically less than 5 g·L-1) are used in highly sensitive nano–DSC (Woolley, 2007) . 

Assuming little to no interaction between individual proteins in solution, the resulting output 

is representative of denaturation. Evaluating protein reversibility is another DSC approach 

performed by running additional heating and cooling runs. Reversibility suggests some level 

of protein refolding during cooling that would produce an endothermic output on subsequent 

heating. This technique is often employed with α–La (McGuffey et al., 2007).  

Several models have been proposed to describe mechanisms of whey protein 

aggregation and denaturation. Because aggregation processes are complex, these models are 

often simplified to focus on β–Lg or α–La individually, rather than whey proteins as a whole. 

These models, and the physiochemical conditions under which they are valid, will be 

presented first. Second, a more general, modified model in the context of colloidal stability in 

a beverage will be presented. The literature will be discussed in terms of the modified model. 

 

3.2.2  β–Lactoglobulin 

At room temperature and low ionic strength, β–Lg forms non-covalent dimers, but 

they dissociate when heated above 55–60˚C (Sawyer, 1969; Cairoli et al., 1994). The typical 

β–Lg denaturation range is between 71–82˚C (deWit and Klarenbeek, 1984) depending on 
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calorimetric conditions. Above 60˚C, hydrophobic residues – tryptophan being the first and 

fastest – and free sulfhydryls are exposed, both of which lead to irreversible interactions 

(Cairoli et al., 1994). At pH 3.5–4.5, the hydrophobic interactions drive aggregation more 

than disulfide bridging between sulfhydryls (Cornacchia et al., 2014). Near neutral pH an 

close to the pKa of sulfhydryls, conformational changes that expose the free sulfhydryl 

groups are the driving force for β–Lg aggregation (Surroca et al., 2002). 

The initial denaturation of β–Lg is considered a first order reaction (Verheul et al., 

1998; Tolkach and Kulozik, 2005; de Wit, 2009), while the more complex aggregation step is 

a 2nd order reaction, giving an overall reaction order of 1.5 (Roefs and De Kruif, 1994; 

Hoffmann and van Mil, 1997; Verheul et al., 1998). Previous literature on aggregation and 

denaturation kinetics is ambiguous, as a number of other reaction rates between 1 and 2 or 

greater have been reported. Denaturation is thought to be the rate-limiting step at pH values 

close to the pI of β–Lg (Verheul et al., 1998). 

The thermal denaturation and aggregation kinetics of β–Lg have been extensively 

studied over the past 70 years, and it is understood that conformational changes during 

heating are dependent on many factors, including pH, ionic strength, protein purity, genetic 

variant, dielectric constant, and temperature. One early model for β–Lg at neutral pH is based 

on a free radical polymerization model characterized by three steps: initiation, propagation 

and termination (Roefs and De Kruif, 1994). The initiation step is started when a native 

sulfhydryl group is made reactive due to protein denaturation that exposes the normally 

buried site. The exposed sulfhydryl undergoes disulfide exchange with another native 

sulfhydryl, and this propagation process is repeated indefinitely, forming linear aggregates. 

When the exposed sulfhydryl reacts with another exposed sulfhydryl, as opposed to a native 
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sulfhydryl as in the propagation step, the process undergoes termination. The free thiol of β–

Lg is more accessible during protein denaturation; this leads to the formation of 

intermolecular disulfide bonds and subsequent aggregation (Havea et al., 2001). 

 A second model of β–Lg aggregation proposes a two-step nucleation and growth 

model at low pH (pH 2). First, small primary aggregates with radius ~15 nm are formed, 

which act as nucleation sites in the formation of larger fractal aggregates (Aymard et al., 

1999). Instead of interacting with other monomers, β–Lg associate with other aggregates 

acting as nucleation sites. In this model, there is a steady state level of non-aggregated 

protein that stabilizes over a long heating time and is influenced by ionic strength. The 

fraction of protein that isn’t aggregated is higher with decreasing ionic strength. At low ionic 

strength, the nucleation step is rate-limited due to strong electrostatic repulsion between 

particles (β–Lg has a strong positive charge at low pH). At higher ionic strength, charge 

screening decreases electrostatic repulsion, so nucleation is no longer rate-limited. 

Mugdal et al. (2011) proposed a similar nucleation and growth model for aggregates 

formed at pH 3.35 (Mudgal et al., 2011). Unlike the nucleation and growth model proposed 

by Aymard et al. (1999) that explains the role of ionic strength, this model focuses on the 

influence of protein concentration (Aymard et al., 1999). Aggregation is a first order reaction 

in respect to protein concentration in this low pH regime (Mudgal et al., 2011). Above a 

critical initial concentration of β–Lg, aggregation occurs rapidly and is not rate limited. 

Additionally, the size of formed aggregates is also dependent on the initial protein 

concentration. At low concentrations of protein, aggregation is a slower kinetic process and 

larger nuclei are needed.  
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An adaptation of the Nicolai et al. (2011) schematic models β–Lg aggregation at pH 

above 5.7 (Nicolai et al., 2011). Native β–Lg monomers and dimers are dispersed in solution. 

Upon heating to ~50˚C, dimers separate into monomers, which denature as the temperature 

approaches denaturation temperatures. Interactions between particles leads to the formation 

of small oligomers, which can continue to grow in size. The surface properties of these 

particles (overall charge and surface hydrophobicity) play an important role in the likelihood 

that two particles will “stick” to each other when interacting. If these aggregates remain 

small enough, they remain soluble and are thus referred to as “soluble aggregates.” Research 

regarding this particular type of aggregate will be discussed later in this review. If aggregates 

continue growing in size, they either precipitate, or if the protein concentration is high 

enough, they form a three-dimensional gel network. 

 

3.2.3  α–Lactalbumin 

Unlike β–Lg, α–La has classically been considered a heat resistant protein. This is 

due to limited aggregation of the denatured protein and to some degree of protein refolding 

during cooling. These two events prevented classical assays, usually based on aggregation, to 

show the protein as “denatured.” The advent of more sensitive DSC methods showed a clear 

denaturation transition and alleged thermal stability had to be revaluated. A more appropriate 

explanation is that denaturation is semi-reversible, although the native structure is not 

retained when heated at temperatures greater than the Td (Fang and Dalgleish, 1998). α–

Lactalbumin can also adopt a molten globule state where there are changes in the tertiary 
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structure but a “native-like” secondary structure is retained. In this form, α–La has a radius 

roughly 10–20% larger than the native structure (Kuwajima, 1996).  

Although α–La denaturation is semi-reversible, it has the lowest denaturation 

temperature of the whey proteins with a Td near 61˚C between pH 4.5–6.5 (Bernal and Jelen, 

1985). The Td drops to roughly 35˚C at pH 3.5 due to the transition from holo to apo form 

associated with the loss of calcium at low pH (Relkin and Mulvihill, 1996). Denaturation of 

α–La follows a first order reaction (Anema and McKenna 1996). Despite having the lowest 

denaturation temperature of the whey proteins, α–La lacks free sulfhydryl groups, which 

may in part explain the low degree of aggregation. Additionally, α–La denaturation rate 

kinetics do not appear to be concentration dependent (Anema et al., 2001). 

The thermal properties of α–La are modified in the presence of β–Lg, which is 

important when considering the thermal properties of WPC and WPI as ingredients because 

they contain both proteins. The ratio of β–Lg to α–La influences the morphology of 

aggregates formed during thermal treatment (McGuffey et al., 2007). Slight increases in α–

La Td have been reported, suggesting increased thermal stability in the presence of β–Lg 

(Boye and Alli, 2000). Gelation properties are also modified; α–La lacks a free sulfhydryl 

group, limiting the formation of a gel network during heating, but thiol-disulfide exchange 

between β–Lg and α–La leads to gel formation in the presence of β–Lg (Gezimati et al., 

1997). 
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3.3  Aggregate morphology 

Aggregation is a complex process, and can be divided into two separate but related 

destabilization processes. The initial formation of aggregates upon heat-induced denaturation 

is primary aggregation and results in the formation of particles with distinct morphologies. 

Secondary aggregation occurs when primary aggregates interact over time to produce larger 

aggregates. Three types of primary aggregate particles can be formed (Nicolai and Durand, 

2013): 

1. Strands with diameter less than 10 nm and length in the low nm to tens of µm scale 

form when electrostatic repulsion is high. 

2. Spheres ranging in size from 50 nm – several µm form closer to protein pI. They are 

often called microgels, spherulites, and nano or micro gels depending on size. 

3. Fibrils are amyloid (semi-flexible) and formed at pH below 2.5 and low ionic 

strength. These are associated with acid-induced hydrolysis and formation of 

peptides. 

Fibrils are formed under discreet conditions and the extremely low pH is not conducive to the 

formulation of whey protein beverages, so they will not be discussed in this review. High 

electrostatic repulsion due to high ionic strength or pH far from pI leads to the formation of 

thin, long strands, whereas spheres are more commonly formed at pH closer to the pI. 

Secondary aggregation of strands occurs with higher levels of protein, and leads to the 

formation of large, fractal clusters (Nicolai and Durand, 2013). When electrostatic repulsion 

is decreased (at pH close to pI, for example), the protein concentration where secondary 

aggregation begins is decreased (Mehalebi et al., 2008).  
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Spherical particles have received somewhat less attention in the literature, as the 

conditions upon which they form (pH close to the pI) often lead to precipitation or gelation 

(Nicolai and Durand, 2013). This pH regime, from pH 4–6, leads to the formation of 

particulate gels. These particles appear to be formed from short fibrillar pieces that form 

spheres ranging in size from 100–1500 nm (Krebs et al., 2009). Faster heating rates have 

been associated with smaller particle radii (Bromley et al., 2006). 

 

3.4  A model for whey protein aggregation in beverages 

The previous denaturation and aggregation models are based on specific conditions 

(both intrinsic and extrinsic factors). In the context of whey protein beverages, however, a 

more general model is more appropriate for defining the outcomes of denaturation and 

aggregation. Therefore, a simplified model for the denaturation and aggregation of whey 

proteins in beverages is proposed, with three possible outcomes depending on conditions 

such as pH, ionic strength, protein concentration, and thermal treatment (Figure 1.2.). Upon 

heating above 60˚C, denaturation exposes sulfhydryls (Hoffmann and van Mil, 1997) and 

hydrophobic patches (Cairoli et al., 1994). Disulfide bonding between denatured monomers 

(Havea et al., 2001) leads to the formation of small soluble oligomers (Cairoli et al., 1994), 

although this step does not occur at pH 2–3.5 (Nicolai et al., 2011). Soluble oligomers 

interact through covalent and non-covalent interactions to form “preaggregates” containing 

50–100 monomers and ranging in size from 15–150 nm (Mehalebi et al., 2008; Nicolai et al., 

2011). 
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Figure 1.2.  Simplified model of whey protein denaturation and aggregation in the context of 
protein beverages 

Whey protein denaturation leads to the formation of small aggregated oligomers that form 
either spherical or linear aggregates based on solution conditions. These aggregates may 
remain soluble, or form larger aggregates that precipitate or form a three-dimensional gel 
network. Adapted from Nicolai et al., 2011 and Ryan et al., 2013. The transitions between 
steps are dependent on a number of conditions, including pH, protein concentration, ionic 
strength, heating rate and temperature. 

 

At this point, continued aggregation of the preaggregates leads to the formation of 

either spherical, soluble aggregates or linear strands, depending on pH and ionic strength 

(Nicolai and Durand, 2013). Soluble aggregates range in size from 200–300 nm (Donato et 

al., 2009) whereas larger aggregates are formed close to the pI or at high ionic strength (Ako 

et al., 2009). The linear strands range in size from 10 nm to 10 µm. As aggregation 

continues, both particle morphologies may increase in size, leading to sedimentation during 

storage or centrifugation per Stokes’ Law. Above the critical concentration for gelation, Cg, 
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aggregation can lead to the formation of a three-dimensional gel network. The remainder of 

this review will discuss protein stability in terms of this model and Stokes’ Law. 

 

4.  ELECTROSTATIC STABILITY 

As mentioned previously, the mechanisms of denaturation and aggregation – and the 

resulting colloidal stability of the proteins – vary widely with experimental conditions.  

Dispersed protein particles interact due to Brownian motion, so the electrostatic properties of 

the individual proteins determine the likelihood of two proteins “sticking” together. The 

following sections provide an overview of surface charges and how they impact the stability 

of dispersed whey proteins. 

 

4.1  Isoelectric point 

The isoelectric point (pI) of a protein is the pH at which the net charge of the protein 

is zero (Hardy, 1905). At pH < pI, the protein will have a net positive charge, and at pH > pI, 

the protein will have a net negative charge. Surface charges play an important role in protein 

stability, as strong electrostatic repulsion between protein molecules decreases the likelihood 

that they will aggregate or “stick;” pH values further from the pI experience greater 

repulsion, and thus, greater inherent protein stability. Enhanced stability at pH far from the pI 

is one of the reasons whey protein beverages are commonly produced at low (~3.5) or near-

neutral (~7.0) pH. Thus, the following discussion of stability is presented in terms of the two 

pH ranges. 
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4.2  Effect of pH on protein stability 

4.2.1  Effect of pH below the isoelectric point 

Solution pH is one of the major factors determining thermal and long-term stability of 

whey protein beverages. Etzel (2004) found that at pH 3.5, a model WPI beverage remained 

clear after hot fill treatment, while at pH 4.0 the beverage became turbid (Etzel, 2004). This 

suggests that electrostatic repulsion is strong enough at pH 3.5 to limit protein-protein 

interactions such that small particles that scatter very little light are maintained.  Between pH 

3.5–4.0 the beverage transitions from clear to turbid. This transition is due to diminished 

electrostatic repulsion that leads to aggregates with a greater dynamic radius; larger particles 

scatter more light. The exact pH of this transition in particle size is dependent on a number of 

factors (e.g. protein concentration, ionic strength, presence of other ingredients), so there are 

several published pH values for this transition. Beverages at pH 3.6 and lower remained clear 

after thermal processing even with the addition of other ingredients such as saccharides, salts 

and sugar alcohols (LaClair and Etzel, 2010). This suggests that pH is the primary factor for 

the turbidity transition at this pH range, due to the increased electrostatic repulsion. A 

transition at pH 3.7 has also been reported for whey proteins heated at 95˚C for 5 minutes, 

with no aggregation below pH 3.7 and extensive aggregation above pH 3.7 (Bernal and Jelen, 

1985). It is important to note that the proteins still undergo denaturation in this pH range, but 

the electrostatic repulsion limits protein-protein interactions or aggregation (Bernal and Jelen 

1985). It addition to stronger electrostatic repulsion, disulfide exchange reactions do not 

occur in the low pH range (Harwalkar, 1980), so disulfide-mediated aggregation would be 

reduced, which would likely result in decreased particle size. 
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4.2.2  Effect of pH above the isoelectric point 

In terms of denaturation, increasing the pH between 5.5 and 7.0 resulted in increased 

denaturation temperatures, suggesting greater structural stability of individual protein 

molecules (Xiong, 1992). Above the isoelectric point of whey proteins, intermolecular 

protein-protein interactions appear to be favored (Verheul et al., 1998) more so than below 

the isoelectric point. One possible explanation is the greater reactivity of the sulfhydryl 

groups at a higher pH. The pKa of a cysteine sulfhydryl is ~8.0, so a pH closer to the pKa 

may lead to enhanced disulfide bond formation (Hoffmann and van Mil, 1997). Additionally, 

there is a conformational change of β–Lg occurring between pH 7 and 8.5, known as the 

Tanford transition (de la Fuente et al., 2002; Sakurai and Goto, 2006). The hydrophobic 

cavity of the β–barrel is closed below pH 7 and access to the free thiol is restricted, being 

covered by the EF-loop (Sakurai and Goto, 2006). During the pH-mediated transition, the 

EF-loop opens and exposes this cavity, resulting in a marked increase in thiol reactivity. 

Hoffman and van Mil (1999) reported that intermolecular disulfide bonding reactions 

were an important part of aggregates formed by heating β–Lg to 65˚C from pH 6–8. Between 

pH 6.4–8.0, intermolecular disulfide bonds were the primary mechanism of aggregate 

formation (Hoffmann and van Mil, 1999). Increasing the pH increased the rate of β–Lg 

aggregation, but decreased the molecular weight of the aggregates. Below pH 6.4, thiol-

disulfide exchange reactions were still involved, but to a lesser degree. 
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4.3  ζ–Potential 

A common indirect measurement of electrostatic stabilization is the overall charge on 

the surface of proteins dispersed in a continuous phase, referred to as ζ–potential. This is 

determined by the application of an alternating electric field to a sample cell, causing the 

dispersed particles to migrate towards the oppositely charged electrode with a certain 

velocity; theoretically, the ζ–potential is proportional to this velocity (Stigter and Mysels, 

1955). A greater magnitude of ζ–potential indicates greater repulsion between particles, and 

thus, greater electrostatic stability.  

The overall ζ–potential of particles is heavily influenced by solution pH. At pH 5.7, 

native β–Lg has a ζ–potential of ~15 mV, while at pH 7.0 it is ~25 mV (Donato et al., 2009). 

This relationship also influences the size of particles formed during thermal treatment. As pH 

increases from pH 5.7 to pH 7.0, ζ–potential values increase and the resulting size of 

particles decreases (Donato et al., 2009). Schmitt et al. (2007) reported that the ζ–potential of 

WPI soluble aggregates didn’t change between pH 6.0 and 7.0, with a constant value of ~ 30 

mV (Schmitt et al., 2007). This would suggest similar levels of stability due to electrostatic 

repulsion at both pH values. It is important to note that calculations for ζ–potential typically 

assume a spherical particle so differences in shape, hydrodynamic radius and weight of the 

particles may impact the values. Ionic strength also impacts ζ–potential of native proteins 

due to charge screening on the protein surface. Increasing NaCl concentration decreases the 

net charge of particles in thermally processed solutions compared to those treated without 

salt, resulting in decreased thermal stability (Ryan et al., 2012). 
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5.  PROTEIN STABILITY IN BEVERAGES 

Before expanding on measurements associated with whey protein stability, it should 

first be noted that “protein stability” evokes different conceptual models depending on the 

context where it is used. In chemistry and biological science, it refers to the loss of any level 

of three-dimensional structure (secondary, tertiary, and quaternary). This can be detected by 

chemical or physical analysis, or the loss of biological activity. In this context, a thermal 

stable protein retains structure or enzymatic activity after heating. In foods, however, the 

perspective changes because a protein can still be functional without being biologically 

active. Instead, stability in foods is based on the concepts of colloidal stability. Protein 

surface properties in part dictate protein-protein interactions that characterize protein 

aggregation, so thermal stable proteins are those that form aggregates during thermal 

processing that are sufficiently small in number, size, and/or density to produce a “stable” 

dispersion. These properties are indicative of particle size, and according to Stokes’ Law (Eq. 

1.3), colloidal particles will settle over time with a settling velocity influenced by properties 

of the solvent and particle. The influence of these factors on the settling rate of particles can 

be demonstrated using Stokes’ Law. 

	   v! =   
!
!
  !!"#$%&'(!!!"#$%&'

!
gR!	  	   (1.3) 

 
where; 

vs = settling velocity, m·s-1 

g = gravity, m·s-2 

R = particle radius, m 
ρparticle = particle density, kg·m-3 

ρsolvent = solvent density, kg·m-3 

µ = solvent viscosity, Pa·s 
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This equation can be used to model particle stability over time. For example, the β–

Lg dimer is roughly 2 nm in size, with an estimated particle density of 1100 kg·m-3 (LaClair 

and Etzel, 2009). Assuming a solvent viscosity of 3 mPa·s, the dimer will fall at a rate of 7.5 

× 10-8 µm·s-1; in other words, it would take ~150,000 days for the particle to fall 1 mm. In 

essence, this is a stable colloidal dispersion. After thermal treatment in which β–Lg 

aggregation occurs extensively, the particles have a considerably larger radius. At a radius of 

1 µm the settling velocity is several magnitudes larger at 7.5 × 10-2 µm·s-1, meaning the 

particle will settle 1 mm in less than a week and would not be shelf stable. In short, the 

settling velocity increases exponentially as particle size increases. In the context of protein 

beverages, a slower settling velocity is desired to limit separation over time; thus, smaller 

particles with density near the solvent density are desired to limit separation. 

 

5.1  Turbidity 

Turbidity is important in beverage applications due to consumer perception; for 

example, clear beverages are ranked by panelists as more thirst quenching than turbid 

beverages (Beucler et al., 2005). In its simplest meaning, turbidity – also referred to as 

optical density – is defined as a measureable haze due to the colloidal suspension of particles 

in a solution. The particles scatter incident light rays, and the light scattering gives the 

solution a cloudy or turbid appearance. For example, suspended fat globules in milk scatter 

light, giving milk its characteristic “milky” turbidity. On a physical basis, the degree of 

turbidity is dependent on a number of factors, including the size and shape of the particles, 

concentration, and the refractive index of the particles and solvent. Larger particles scatter 

more incident light rays, resulting in increased turbidity. This phenomenon is commonly 
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measured using nephelometric turbidimeters, or nephelometers, which detect light scattered 

by particles (Figure 1.3). Incident light rays from the light source pass through the sample, 

and suspended particles in the sample scatter light. Unlike spectrophotometers, 

nephelometers have a detector positioned at a 90˚ angle relative to the incident light path, so 

only light scattered in that direction is detected. Detected light is compared to calibrated 

standards and converted to Nephelometric Turbidity Units (NTU).  

 

 

Figure 1.3.  Conceptual design of a nephelometer used to evaluate solution turbidity 

Suspended particles in the sample scatter, reflect or absorb incident light rays from the light 
source, and a detector is located 90˚ adjacent to the sample in order to only detect scattered 
light rays. 
 

In the context of a protein beverage, solution turbidity is affected by many factors 

associated with ingredients and processing, including protein concentration, thermal process 

Light Source 

Incident light rays 

Sample 

Detector 

Nonreflected light rays 
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time and temperature, pH, ionic strength and storage conditions (Mahler et al., 2009). These 

conditions ultimately influence the size, shape and density of protein aggregates in solution, 

and thus turbidity. Even without thermal treatment, turbidity generally increases as the 

solution approaches the pI of whey proteins due to diminished electrostatic repulsion 

between proteins in solution, leading to the formation of larger particles that scatter more 

light.  

The turbidity of heated protein solutions is highly dependent on pH, but the 

transitions themselves are also dependent on temperature. Xiong et al. (1992) reported that 

turbidity is pH dependent by measuring the optical density at 600 nm (OD600) of heated WPI 

solutions over several pH increments (Xiong, 1992). At pH 5.5, WPI had one turbidity 

transition near 71˚C, but at pH 6.0 it had two transitions (76˚C and 88˚C). This agrees with 

the literature, as thermal stability decreases closer to the isoelectric point of whey proteins. 

Turbidity transitions were absent at pH 6.5 and above, suggesting even greater thermal 

stability. 

The turbidity of beverages during storage may also increase due as aggregates formed 

during thermal processing interact and form larger, secondary aggregates. La Clair and Etzel 

(2009) found that centrifugation and filtration of a protein solution prior to thermal treatment 

lowered the turbidity after the treatment and during storage at 22, 35 and 40˚C (LaClair and 

Etzel, 2009). Under the assumption that aggregation follows a nucleation and growth model, 

then the removal of larger particles via centrifugation and filtration reduces the number of 

nucleation sites, slowing down secondary aggregation and resulting in smaller particles. 

Secondary aggregation of proteins occurs more rapidly at higher temperature storage 

conditions and during increased storage time (1–6 weeks) (LaClair and Etzel, 2009). 
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Following the model for colloidal stability, larger aggregates lead to faster sedimentation 

over time. 

Protein beverages are typically only clear at a pH below the isoelectric point. Thus, 

other ingredients have been evaluated in an attempt to formulate clear beverages under 

conditions that produce turbid beverages (e.g. pH close to isoelectric point or at higher levels 

of ionic strength). For example, food grade lauryl sulfate at a concentration of 16 g·L-1 

prevented any significant increases in turbidity after thermal treatment for model beverages 

at pH 4.6 and 5.0 (Etzel, 2004), but it has regulatory restrictions on the levels and type of 

usage in food products (Code of Federal Regulations. Title 21, sec. 172.822).  

 
 

5.2  Solubility 

In order for proteins to be functional ingredients they need to be operationally soluble 

in the aqueous phase. Lower protein solubility results in unfavorable decreases in 

functionality (de Wit and van Kessel, 1996). The classical definition of protein solubility is 

the ratio of protein in the supernatant after centrifugation to the initial protein concentration 

(Morr et al., 1985). It is important to note that this is an operational definition dependent on 

centrifugation time and g-force, making it somewhat difficult to compare results across 

investigations. Moreover, individual proteins do not form true solutions so there is never a 

100% soluble protein as ultracentrifugation will cause movement in all proteins. 

Protein solubility and turbidity tell two sides of the same story and they ultimately 

reflect on the particle size of dispersed proteins and protein aggregates. Aggregation during 

thermal treatment leads to larger particles in solution, which explains both the loss in 

solubility (larger particles settle more rapidly in accordance with Stokes’ Law) and the 
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increase in turbidity (larger aggregates scatter and absorb more light, giving a cloudiness to 

the solution). In literature, they are both commonly used as markers of stability to evaluate 

the thermal properties of whey protein. The density of heat-induced aggregates is also an 

important parameter for solubility per Stokes’ Law, as settling rate is positively correlated 

with particle density. Generally, particle density increases closer to the isoelectric point, but 

increasing ionic strength also increases particle density (Pouzot et al., 2005). 

Like turbidity, solubility is influenced by the physical size of aggregates and thus 

often trends in the same direction as turbidity. The solubility of heated WPI is lowest at pH 

values near the isoelectric point regardless of the temperature of the thermal process (Zhu 

and Damodaran, 1994; Pelegrine and Gasparetto, 2005). Protein-protein interactions increase 

near the pI due to decreased electrostatic repulsion between particles; these interactions lead 

to larger particles that both scatter more light and sediment at a faster rate.  

Solubility also decreased with increased temperature regardless of pH due to greater 

extent of protein denaturation and subsequent aggregation resulting in larger aggregate size 

(Pelegrine and Gasparetto, 2005a). Cornacchia et al. reported a small but significant drop in 

solubility for high protein concentrations (Cornacchia et al., 2014). Even at a region of high 

protein solubility (pH << pI), protein solubility after heating decreased when the initial 

protein concentration was 10% w/w or greater. 

Pelegrine and Gasparetto (2005) reported that WPI solubility was lowest at pH 4.5 

even for solutions heated at temperatures below those considered indicative of whey protein 

denaturation, 40–60˚C (Pelegrine and Gasparetto, 2005a). Protein-protein interactions occur 

near the pI even without heat as evidenced by increased, and larger particles settle during 
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centrifugation. At temperatures up to 90˚C, WPI solubility was still lower at pH 5.0 near the 

isoelectric point than pH 6.0 and pH 6.8 (Pelegrine and Gomes, 2012).  

 

5.3  Thermal process 

5.3.1  Heating rate 

Thermal treatment is a dynamic process, so the relationship between process time and 

temperature influences the degree of protein aggregation. Faster heating rates of β–Lg 

resulted in greater aggregation onset temperature (de Wit, 1990). The onset of WPI 

aggregation occurred at 73˚C when heated at a rate of 1˚C·min-1, but increased to 83˚C at a 

faster heating rate of 1˚C·s-1. This would suggest increased stability at a faster heating rate 

given the delay in the onset of protein aggregation, limiting the final extent of aggregation. 

This agrees with data suggesting denaturation is the rate-limiting step at high temperatures 

(Verheul et al., 1998).  

 

5.3.2  Temperature 

At WPI concentrations of 9% and at neutral pH, aggregation of β–Lg and α–la 

occurred more quickly at 90˚C than a 5% solution heated at 70˚C as evidenced by SDS-

PAGE (Zhu and Damodaran, 1994). This suggests that both the higher temperature and 

concentration of WPI increased the polymerization reaction rate of denatured α–La and β–

Lg. As concentration increases denatured proteins have less distance to travel before 

encountering other denatured proteins, so polymerization occurs more quickly. This process 
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occurs mainly through thiol-disulfide exchange reactions (Vardhanabhuti and Foegeding 

1999).  

Temperature changes the kinetics of denaturation and aggregation as well. At 

temperatures from 65–80˚C and a pH close to the pI, β–Lg aggregation is rate-limited by the 

slower unfolding process (Verheul et al., 1998; de la Fuente et al., 2002). At temperatures 

above 90˚C, the aggregation step is rate-limiting (Verheul et al., 1998; Galani and Apenten, 

1999; Tolkach and Kulozik, 2005; de Wit, 2009). 

The effects of temperatures above 100˚C on whey protein stability have received 

much less attention in the literature. This temperature range in particular is important for 

beverages processed under ultra high temperature (UHT) conditions in order to be shelf 

stable without refrigeration (McGarrahan, 1982). Calorimetric denaturation thermograms 

show two distinct transition peaks for β–Lg at roughly 75˚C and just above 125˚C (de Wit 

and Klarenbeek 1981). The former peak falls into the normal range for β–Lg denaturation, 

while the latter peak may be due to the unfolding of secondary structures that didn’t unfold at 

75˚C. According to Watanabe and Klostermeyer (1976), this latter peak may be due to 

disulfide bonds breaking down above 125˚C (Watanabe and Klostermeyer, 1976). An 

excellent review of the thermal behavior of β–Lg at neutral pH and temperatures up to 150˚C 

is available by de Wit (Figure 1.4) covering a number of conformation and structural changes 

during heating (de Wit, 2009).  
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Figure 1.4.  Conformation changes of β–lactoglobulin structure during heating 

At room temperature and neutral pH, native (N) β–Lg dimers are present, which dissociate to 
monomers when heated above 55˚C. At 60–70˚C, β–Lg adopts the molten globule form. As 
temperature increases, aggregation begins via thiol oxidation, disulfide and hydrophobic 
aggregation. At temperatures near 100˚C, disulfide aggregation dominates, and disulfides 
begin to breakdown at temperatures above 125˚C. Modified from de Wit, 2009. 

 

5.4  Protein concentration 

As consumer demand for protein has increased manufacturers have responded by 

incorporating more protein in beverages. From a physical perspective, increased protein 

concentration increases the interaction potential between particles that may lead to greater 
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aggregation. Concentration also impacts the kinetic rate of whey protein aggregation 

(Hoffmann and van Mil, 1997; Fitzsimons et al., 2007). Unlike aggregation, it has been 

suggested that the denaturation step, which is the required precursor to aggregation, occurs 

independent of protein concentration (Iametti et al., 1995). This assumption seems logical, 

although molecular crowding at high protein concentrations may make the denatured state 

less favorable. 

Using size exclusion chromatography, Hoffman et al. (1997) reported that increasing 

concentration of β–Lg heated at 65˚C shifted the fraction of aggregates towards higher 

molecular weights. The relationship between protein concentration and aggregate size was 

stronger than that of heating time and aggregate size (Hoffmann et al., 1997). Similar results 

were found using light scattering techniques, where increasing β–Lg concentration resulted in 

larger aggregates of denatured β–Lg (Le Bon et al., 1999), and increased rates and extent of 

aggregation (Nielsen et al., 1996). This would suggest a loss in solubility and increase in 

turbidity at higher protein concentration even as all other variables are held constant. 

Although the A and B genetic variants of β–Lg only differ by two amino acids, there 

is some evidence that they have different aggregation behaviors (Nielsen et al., 1996; 

Manderson et al., 1998; Schokker et al., 2000). This indicates the importance of ratio and 

concentration of genetic variants. Manderson et al. (1998) reported that upon heating low 

concentrations to 75˚C, the B variant forms more aggregates with a larger molecular weight 

that the aggregates formed by the A variant (Manderson et al., 1998). Additionally, the B 

variant aggregates more rapidly at concentrations below 5%, while the A variant is more 

susceptible to aggregation above this concentration threshold (Nielsen et al., 1996). The 

authors suggested the differences are due to differences in thiol-disulfide exchange reactions 
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and non-covalent interactions with varying protein levels. Nonetheless, the fractionation of 

whey proteins into individual genetic variants is likely too expensive and time-intensive for 

large-scale beverage applications. 

In addition to light scattering techniques, measured changes in intrinsic viscosity – 

the contribution to viscosity by an individual polymer – show that the initial protein 

concentration impacts the morphological characteristics of protein aggregates formed by 

heating at 80˚C (Vardhanabhuti and Foegeding 1999). Using the two-phase model of 

polymerization, protein concentration more strongly influences the formation of primary 

polymers via disulfide exchange reactions, while heating time was a stronger factor in the 

second phase of polymerization via non-covalent interactions. 

 

6.  EFFECTS OF OTHER INGREDIENTS ON PROTEIN STABILITY 

6.1  Sugars 

Whey protein beverages typically contain other ingredients including sugars, salts and 

minerals. Often referred to as cosolvents, these molecules can impact the thermal stability of 

the beverages. Sugars, for example, are thought to increase thermal stability by decreasing 

the protein affinity for the aqueous phase (Kulmyrzaev et al., 2000; Timasheff, 2002). These 

additional ingredients may modify macroscopic properties (e.g. solubility, turbidity) or 

thermodynamic properties (e.g. ∆H and Td). 

La Clair and Etzel (2010) conducted a comprehensive analysis of common 

ingredients on WPI beverage turbidity, including a number of different sweeteners. Addition 

of sucrose at 100 g·L-1 to a pH 4.0 beverage caused a significant decrease in turbidity after 

thermal treatment, although the beverage was still not completely clear (LaClair and Etzel, 
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2010). Other common sugars in beverages – fructose, high fructose corn syrup, and glucose – 

did not significantly influence turbidity.  

As mentioned previously, the addition of cosolvents such as modifies protein affinity 

for the aqueous phase. This explains their ability to modify the denaturation temperature of 

proteins. The addition of ~5 g·L-1 lactose to 100 g·L-1 β–Lg increased the Td by ~1˚C at pH 

2.5, 3.5 and 4.5, and the addition of glucose and galactose slightly increased Td an additional 

0.5˚C (Bernal and Jelen, 1985). Sucrose also increases Td of β–Lg when used in higher 

concentrations (up to 40% w/w) by up to 9˚C (Kulmyrzaev et al., 2000). Unfortunately, high 

doses of sugar are calorically dense and thus unlikely to be used in a nutritional beverage.  

At similar concentrations, sugar alcohols are more effective at decreasing turbidity. 

Mannitol and lactitol were able to significantly decrease turbidity at concentrations as low as 

25 g·L-1 (LaClair and Etzel, 2010). It is suggested that sugar alcohols stabilize proteins by 

hydrating the protein molecule and structuring water around the protein, so protein-protein 

interactions are not favored (Bernal and Jelen, 1985). Sugar alcohols have the added 

advantage of lower calories per gram than sugars. 

 

6.2  Salts 

Salts play an important role in protein stability and aggregation by several related 

mechanisms. Salts dissociate upon solvation and the ions screen the surface charges of the 

proteins. Whey proteins in particular have a strong affinity to bind cations in solution 

(Hussain et al., 2011). The presence of ionic species increases aggregation at pH values far 

from the pI due to charge screening, which reduces the repulsion between proteins (Verheul 

et al., 1998). Literature often refers to ionic strength and salt concentration interchangeably, 
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but there is an important distinction that is worth noting. Ionic strength takes both 

concentration and charge valence into account. This is important because multivalent salts 

contribute more to ionic strength than monovalent salts at equal concentrations. 

Related to charge screening is the concept of “salting in” and “salting out” proteins. 

At low ionic strength, protein solubility typically increases due to the salt counter ions 

screening the surface charges of the protein, decreasing the free energy of the protein. Above 

a critical concentration of salt, protein solubility begins to decrease due to the abundance of 

charged ionic species. The ions overwhelm the surface charges of the protein, encouraging 

protein-protein interactions via hydrophobic and electrostatic interactions. The polymer to 

ionic species ratio for salting in and salting out varies by protein and ionic species (Arakawa 

and Timasheff, 1984). 

As particles increase in size or density they influence factors such as turbidity and 

solubility, and large enough particles may lead to macroscopic precipitation. Increasing NaCl 

concentration increased the density of whey protein aggregates (Hussain et al., 2012), which 

settle faster than particles with a density closer to water. The turbidity of WPI at pH 6.5 

significantly increased from clear to opaque when NaCl concentration was increased from 50 

mM to 75 mM. Even at pH 3.0 – far from the pI of whey proteins and a region where 

solutions are generally clear after thermal treatment – 175 mM NaCl resulted in a turbid 

solution (Kinekawa and Kitabatake, 1995). 

Vardhanabhuti and Foegeding (2008) reported that salt is an important variable in 

whey protein aggregation (Vardhanabhuti and Foegeding 2008). Increasing NaCl 

concentration resulted in decreased solubility and surface hydrophobicity, and increased 
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turbidity and aggregate molecular weight (Vardhanabhuti and Foegeding 2008; Hussain et al. 

2012; Unterhaslberger et al. 2006). 

 Salts may also modify the thermal properties of whey proteins, impacting 

denaturation. Unterhaslberger et al. (2006) found that the presence of NaCl induced β–Lg 

aggregation at a lower temperature and led to a the formation of larger particles as 

determined by dynamic light scattering (Unterhaslberger et al., 2006). Low concentrations of 

NaCl (20 mM) were found to decrease the Td (determined by the differential change in 

optical density of solutions during heating) of WPI at pH 6.0 (Xiong, 1992). At high 

concentrations of NaCl (200–600 mM) WPI Td increased, possibly due to increased 

hydration of the protein (Xiong, 1992). At pH 6.5 and above, increasing NaCl favored 

protein-protein interactions that lead to aggregation, suggesting that ionic charge screening 

decreases electrostatic stabilization and reduces the ζ–potential of particles. 

The type of ionic species may influence whey protein aggregation, but the majority of 

research has examined NaCl or CaCl2. The mechanisms between different ionic species are 

not significantly different in regards to protein denaturation and aggregation, but CaCl2 is 

divalent, which can lead to the formation of calcium bridges that monovalent species like 

NaCl cannot form (Xiong, 1992; Unterhaslberger et al., 2006). Additionally, increasing 

calcium concentration of WPI solutions decreased Td and increased the rate of aggregation 

(Xiong, 1992). 

Interestingly, ionic strength plays two opposing roles in protein denaturation and 

aggregation. Charge screening of the salt species increases conformational stability of the 

protein, which increases the denaturation temperature. Conversely, charge screening reduces 

repulsion between protein molecules and increases the aggregation rate (de la Fuente et al., 
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2002). Because thermal processing occurs above whey protein denaturation temperatures, 

lower ionic strength is generally associated with better thermal stability. 

 

6.3  Caseins 

Interactions between caseins and whey proteins can influence the thermal stability of 

whey proteins. In the past, much of this work focused on these interactions from the basis of 

milk, where caseins are the more dominant protein, but more recent work has investigated the 

use of caseins as added molecular chaperones to stabilize whey protein denaturation and 

aggregation (Morgan et al., 2005; Yong and Foegeding, 2008; Guyomarc’h et al., 2009; 

Kehoe and Foegeding, 2011). In a biochemical context, molecular chaperones are heat 

resistant components or “heat shock proteins” that assist in protein refolding. From a food 

ingredient perspective, on the other hand, the importance is placed on the ability of the 

compounds to limit or direct protein aggregation in a way that preserves stability and 

functionality (Kehoe and Foegeding, 2011). Up to 10 g·L-1 κ–casein reduced heat-induced 

turbidity of 15–25 g·L-1 WPI solutions at neutral pH by decreasing the size of heat-induced 

aggregates (Guyomarc’h et al., 2009). Similar trends were seen with sodium caseinate, 

although it was less effective at reducing turbidity than κ–casein. 

The molecular chaperoning effect of β–casein is lessened with increasing ionic 

strength and decreasing pH (Kehoe and Foegeding, 2011). The authors suggested that smaller 

β–Lg aggregates are formed when heated in the presence of β–casein, with limited impact on 

the kinetic rate of aggregation. It has been suggested that caseins function like heat shock 

proteins due to similarities in physical and chemical properties, although their role is 
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associated with smaller aggregate size rather than assistance during refolding of proteins 

(Morgan et al., 2005). 

 

7.  MODIFICATIONS FOR ENHANCED THERMAL STABILITY 

In addition to ingredients that modify whey protein thermal properties, whey proteins 

can also be chemically modified to enhance stability. Enhanced thermal stability of the 

protein particles is typically achieved by decreasing the size of particles formed after heat 

treatment or by altering the surface properties of the particles (steric, electrostatic or 

hydrophobic stabilization) to limit the size of aggregates formed during heating. These 

modifications include covalent crosslinking using transglutaminase, conjugation with 

saccharides and polysaccharides, microemulsion and encapsulation techniques, and the 

formation of soluble aggregates (Vardhanabhuti and Foegeding, 2008; Vardhanabhuti et al., 

2009; Zhang and Zhong, 2009; Gauche et al., 2010; Martini et al., 2010; Ryan et al., 2012; 

Wang and Ismail, 2012; Damodaran and Agyare, 2013; Sağlam et al., 2013; Zhong et al., 

2013; Jambrak et al., 2014; Wang and Zhong, 2014).  Detailed analysis of these techniques is 

beyond the scope of this review, so a brief selection and explanation of these modifications is 

listed in Table 1.4. 
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Table 1.4.  Modifications for enhanced thermal stability of whey proteins 

modifications to improve stability   
technique summary of results mechanism 

transglutaminase 
(TGase) 

TGase increased WPI denaturation temperature at pH 7 by 6.3-7.3˚ 
and by 13-15˚ at pH 2.5 compared to control. TGase increased 
precipitation between pH 4–5. 

Increased Tm
a 

WPI at pH 7.0 (5% w/v) had increased denaturation temperature 
when treated with TGase. Samples remained clear after heating to 
138˚ for 30 minutes at 0 and 50 mM NaCl. 

increased Tm
b 

ultrasonication 

WPC treated with ultrasonic probe at 20 kHz and ultrasonic bath at 
40 kHz decreased particle size and molecular weight. 

decreased 
particle sizec 

Turbidity decreased by 90% after 15 min sonication at 15 W and 
60˚C after HTST thermal process compared to unsonicated control. 

decreased 
particle sized 

two-step 
emulsification 

Particles were formed by 2-step o/w/o emulsification and gelation. 
When stabilized with gum arabic, these particles show no change in 
particle microstructure or size after heating up to 90˚C for 30 min. 

decreased 
particle sizee 

conjugation with 
dextran sulfate 
(DS) 

DS complexation with β–Lg resulted in decreased Tm. and 
significant reduction in turbidity. Soluble complexes have large 
molecular weight but are highly negatively charged. 

increased 
electrostatic 
repulsionf 

Heat stability of 6% w/w β–Lg at pH 6.8 was increased when 
conjugated with DS. At 30 and 40 mM NaCl, solubility increased 
and turbidity decreased, whereas those salt concentrations produced 
turbid solutions without DS complexation. 

decreased 
particle sizeg 

conjugation with 
MD, added 
sucrose 

Addition of sucrose to WPI–MD conjugates at pH 5.0 improved 
thermal stability by increasing Tm. Cosolutes aide by accumulating 
around conjugates to limit aggregation. Particles were < 10 nm after 
heating when amount of glucose was between 0.2 - 0.8 M. 

increased Tm, 
decreased 
particle sizeh 

microemulsion 

Modified WPI showed improved thermal stability when cross-
linked with TGase, formed into microemulsions, and then heat-
treated 20 min at 90˚C. The nanoparticles at 5% w/w showed low 
turbidity even after heating 20 min at 90˚C. 

decreased 
particle sizei 

soluble 
aggregates 

Pre-heat treatment used to form soluble aggregates, which showed 
improved thermal stability in the presence of salts. Aggregates were 
less dense and had a smaller size than protein aggregates, with 
greater solubility and lower turbidity. 

decreased 
particle size, 
densityj 

Maillard 
glycosylation 
with DS 

Tm of both α–La and β–Lg increased by > 15˚C 

increased Tm, 
reduced 
exposure of free 
thiolsk 

      
 
Tm = denaturation temperature. From a Damodaran and Agyare, (2013), b Zhong et al., 
(2013), c Jambrak et al., (2014), d Martini et al., (2010), e Sağlam et al., (2011), f 
Vardhanabhuti et al., (2009), g Vardhanabhuti and Foegeding, (2008), h Wang and Zhong, 
(2014), i Zhang and Zhong, (2009), j Ryan et al., (2012), k Wang and Ismail, (2012). 
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8.  STATE DIAGRAMS AS A REPRESENTATION OF STABILITY 

Because markers of stability are highly dependent on operational conditions, there is 

no unified way to represent protein stability. One possible approach is to develop state 

diagrams, which is a method of representing the colloidal state and colloidal stability of the 

beverage. These diagrams can be tailored to specific parameters and operational conditions. 

Additionally, key regions on the diagrams, such as transitions between states, can be 

evaluated further, allowing for comparisons between different formulations. This is 

especially important for protein beverages where the infinite combinations of ingredients and 

levels make it impractical to test the influence of all variables on protein stability. 

This approach has previously been used to a limited extent to evaluate protein 

stability. Ako et al. proposed the state diagram approach to evaluate β–Lg aggregates across 

a range of protein and salt concentrations and pH to identify critical concentrations of salt 

and protein required for micro-phase separation and gelation, respectively (Figure 1.5) (Ako 

et al., 2009). At a fixed pH and steady state thermal process, β–Lg forms four possible states 

depending on the concentrations of protein and salt: sol, precipitate, homogenous gel or 

micro-phase separated gel. In the context of whey protein beverages, only the sol would be 

considered a desirable outcome.  
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Figure 1.5.  State diagram showing conditions at which sol, precipitate or gels are formed 
after heating β–Lg 

State diagram that shows conditions at which gels form sols, homogenous gels, micro-phase 
separated or precipitate gels. States are based on β–Lg at pH 7 heated 15 hours at 80˚C over a 
range of salt concentration (CS) and protein concentration (C). From Ako et al. 2009. 

 

This approach has also been used to evaluate the state of β–Lg (100 g L-1) over a 

range of pH and NaCl concentrations. The resulting state diagram depicts the interrelation of 

these variables in forming sols, precipitates, homogenous gels or micro-phase separated gels.  

One key factor of the work of Ako et al. (2009) is that heating continued until the aggregate 

distribution became stable, the so-called “steady state.” This steady state approach assumes 

that all protein that could potentially aggregate has aggregated and the aggregation 

equilibrium is pushed towards the formation of a fixed distribution of dispersed aggregates, 

or formed into a gel. It should be noted that this approach assumes no change in chemical 
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properties, and assumes that deamidation or production of hydrogen sulfide from sulfur 

containing amino acids does not occur.  

State diagrams have also been developed to determine the critical gelation 

concentration, Cg, for β–Lg (Stading and Hermansson, 1990; Mehalebi et al., 2008). 

Mehalebi et al. (2008) developed a sol-gel state diagram over a range of β–Lg concentration 

(0–100 g·L-1) and pH 2–9 (Mehalebi et al., 2008). The Cg was lowest near the pI, 

approximately 50 g·L-1 at pH 3, and close to 90 g·L-1 at pH 7 (Figure 1.6.). This approach 

was also developed assuming a steady state level of aggregation during heating 15 h at 80˚C. 

Under this assumption, the authors noted that the time and temperature of the heat treatment 

had little impact on the sol-gel state diagram.  

 Kinekawa and Kitabatake (1995) developed a systematic way of evaluating turbidity 

of WPI over a range of pH and salt concentration to develop turbidity diagrams. They heated 

WPI (70 g·L-1) at 80˚C for 1 hour and measured turbidity at 590 nm in a micro plate reader. 

The resulting contour plots are visually similar to the state diagrams that Ako developed in 

2009. At low salt concentration (< 25 mM) solutions remained clear (A590 < 0.25) after 

heating at pH below 3.5 and above 6.5 (Kinekawa and Kitabatake, 1995). One of the benefits 

of the state diagram approach is that they can be tailored to specific conditions. Unlike the 

common approach of showing the effects of a treatment by selecting a limited set of 

conditions, state diagrams can be used to identify critical regions and transitions between sets 

of variables and can be tailored to specific parameters. 
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Figure 1.6.  Sol–gel state diagram of β–lactoglobulin 

β–Lactoglobulin sol–gel state diagram showing the critical concentration (Cg) required for 
gelation over range of pH 2–9. Open circles represent the point at which solutions do not 
flow when tilted, and black circles represent the point at which insoluble aggregates are 
present after dilution. From Mehalebi et al., 2008. 

 

9.  CONCLUSIONS 

 Over the past two decades, significant advancements have been made in 

understanding and characterizing whey protein denaturation and aggregation. Much of this 

research has focused on isolated β–Lg under the assumption that whey protein functionality 

mimics that of the dominant protein, β–Lg. Interactions with other proteins, such as α–La or 

BSA, during thermal treatment may alter some of the colloidal properties of whey protein 

ingredients, making the inclusion of these proteins important in the evaluation of protein 

stability. This is especially true of GMP, which can comprise a considerable portion of the 

total protein content in sweet whey, but is rarely accounted for in the literature. Information 
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regarding the impact of GMP on denaturation and aggregation of α–La and β–Lg would be 

particularly useful. 

 Regarding the mechanisms of aggregate formation, a significant portion of research 

has focused on the pH > pI range. This information is relevant for beverages produced at 

near-neutral pH but also leaves room for aggregate characterization in the acidic pH realm 

near or below pI (Nicolai and Durand, 2013). Additionally, research is commonly performed 

under simplified, ideal conditions that may not be appropriate for whey protein beverages. 

The stability of higher protein concentrations in the presence of industrially relevant 

ingredients could help identify optimum combinations of ingredients for beverages. 

 State diagrams offer the most practical method of interpreting and explaining whey 

protein stability of a range of variables (protein, ionic strength, pH, other ingredients). Past 

studies have focused on gelation profiles and sol-gel transitions, leaving the door open for 

more focused research on the transitions between states. Additionally, the state diagram 

approach is an appropriate model for representing stability given the vast number of 

ingredients in beverages. Many of these ingredients (e.g. sugars, salts) influence whey 

protein denaturation and aggregation, making the classic cause and effect experimental 

design difficult to fulfill. State diagrams, on the other hand, can be used with a variety of 

ingredients and thermal conditions to give a more conclusive overall picture of whey protein 

stability.  
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1.  ABSTRACT 

A method for evaluating aspects of colloidal stability of whey protein beverages after 

thermal treatment was established. Three state diagrams for beverages (pH 3–7) were 

developed representing protein solubility, turbidity, and macroscopic state after two ultra 

high temperature (UHT) treatments. Key transitions of stability in the state diagrams were 

explored using electrophoresis and chromatography to determine aggregation propensity of 

β–lactoglobulin, α–lactalbumin, bovine serum albumin and glycomacropeptide. The state 

diagrams present an overlapping view of high colloidal stability at pH 3 accompanied by 

high solubility of individual whey proteins. At pH 5, beverages were characterized by poor 

solubility, high turbidity and aggregation/gelation of whey proteins with the exception of 

glycomacropeptide. Stability increased at pH 6, due to increased solubility of α–La. The 

results indicate that combinations of state diagrams can be used to identify key regions of 

stability for whey protein containing beverages. 

 

2.  INTRODUCTION 

Bovine whey proteins contain high levels of essential amino acids and branched chain 

amino acids (Smithers, 2008) associated with a number of health benefits, including 

modulating adiposity, improved muscle recovery and increased satiety (Ha and Zemel, 
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2003). In the United States alone, over 39.5 million kg of whey protein isolate (WPI) was 

produced in 2013 (USDA, 2014). Thus, whey proteins are now a major source of dietary 

protein and are used in a variety of post-workout and meal replacement beverages. In 

particular, whey protein isolate is a suitable ingredient for protein beverages where clarity is 

desired due to the high protein and low fat content (Vardhanabhuti et al., 2009). 

Whey protein isolate is a value-added ingredient produced from either a combination 

of membrane filtration techniques or ion-exchange chromatography (Kilara, 2008), and 

contains at least 90% protein (Foegeding et al., 2011). Whey is a mixture of globular 

proteins, and processing steps used to produce WPI determine the relative abundance of 

individual proteins in the final product. The principle protein of WPI is β–lactoglobulin (β–

Lg), a 162-residue globular protein making up roughly 50% of the total protein content of 

whey (Fox and McSweeney, 2003). β–Lg has a molecular weight of 18.363 kDa and 18.277 

kDa for the A and B genetic variants, respectively, with both having an isoelectric point (pI) 

of 5.13 (Farrell Jr. et al., 2004). α–Lactalbumin (α–La) is a 123-residue metalloprotein that 

makes up roughly 15% of the protein in whey (Fox and McSweeney, 2003). It has a 

molecular weight of 14.178 kDa and a pI near 4.4 depending on genetic variant (Farrell Jr. et 

al., 2004). Bovine serum albumin (BSA) is a 582-residue protein with a molecular weight of 

66.399 kDa and a pI near 4.8 (Farrell Jr. et al., 2004). BSA makes up roughly 4% of whey 

protein. The remaining proportion of whey is comprised of immunoglobulins, peptides, and – 

if the WPI is produced from sweet whey – glycomacropeptide (GMP). The casein-derived 

GMP can comprise up to 20% of protein in sweet whey depending on the fractionation 

technique (Huffman and Harper, 1999). Many aggregation studies in the literature have 
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utilized WPI fractioned by ion-exchange chromatography, thus not accounting for the role of 

GMP in colloidal stability. 

Beverages containing whey protein ingredients can be grouped based on pH. Low pH 

or acidic beverages are clear or slightly translucent and, because they are at a pH below 4.6, 

typically have less severe thermal processing requirements (Code of Federal Regulations. 

Title 21, sec. 114.). Many beverages in this category have a pH at or below 3.5 to ensure 

protein thermal stability; however, protein-based astringency is a problem in this pH regime 

(Beecher et al., 2008) and higher levels of sweeteners may be needed to balance the high 

acidity (Etzel, 2004). Whey proteins beverages formulated near neutral pH values are 

generally opaque, moderately stable to thermal treatment, and have minimal protein-based 

astringency. However, undesirable off-flavors from other sources can be present (Evans et 

al., 2010; Park et al., 2014). Another challenge of using whey proteins in beverages can be 

the stability of proteins during the thermal treatment required to ensure safety and shelf 

stability. Thermal processing conditions (e.g. heating time and temperature) vary by beverage 

type and manufacturer. For example, beverages at pH > 4.6 are thermally processed at 

temperatures in excess of 100˚C in order to be shelf stable without refrigeration 

(McGarrahan, 1982). This temperature range is well above the denaturation temperatures of 

whey proteins (de Wit, 2009) and subsequent aggregation can negatively affect quality via 

reduction in solubility, undesirable levels of opacity, and possible sedimentation, phase 

separation, or gelation. There is an extensive amount of research on the mechanisms 

regarding WPI aggregation; for examples see several review articles (de la Fuente et al., 

2002; de Wit, 2009; Nicolai et al., 2011). These reviews have shown that the mixture of 

whey proteins, protein concentration, pH, thermal processing conditions, and ionic conditions 
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all alter the aggregation process. Thus, there is a need to evaluate the colloidal stability of 

whey proteins in the context of consumer beverages under conditions that deliver a mixture 

of proteins and other compounds, in pH ranges that limit negative sensorial attributes, and 

after an industrially relevant thermal process. 

 Classical definitions of protein stability refer to maintaining secondary and tertiary 

structure and/or bioactivity after exposure to heat. In a beverage application, it is colloidal 

stability of a protein sol after thermal processing, which is commonly evaluated using 

indicators such as solubility (Foegeding and Davis, 2011) and turbidity (LaClair and Etzel, 

2009). Variations in protein solubility are due to physical and chemical properties of 

aggregates formed in thermal processing, including size, shape, density, and surface 

reactivity. Heating exposes free thiols and normally buried hydrophobic regions to initiate 

aggregation, and the balance of attractive and repulsive forces will determine the extent of 

aggregation. For example, heat treatment of β–Lg increases reactivity of the free thiol group, 

promoting aggregation and an increase in particle size (Iametti et al., 1995; Anema and 

McKenna, 1996) that potentially leads to decreased solubility and increased turbidity. 

Aggregation is more likely to occur in solution conditions producing weak electrostatic 

repulsion (pH close to the pI, or high ionic strength) (Nicolai et al., 2011), but can potentially 

occur under strong electrostatic repulsive conditions (Ako et al., 2009).  

State diagrams have been used to represent the various physical states produced as a 

result of aggregation (Kinekawa and Kitabatake, 1995; Mehalebi et al., 2008; Ako et al., 

2009). Unlike the traditional approach of showing treatment effects by selecting a limited set 

of conditions, state diagrams can be used to identify critical regions and transitions between 

sets of variables, and can be tailored to specific parameters. This approach has previously 



 

 

67 

been used to evaluate β–Lg aggregation under steady state heating conditions by showing 

how pH, protein concentration, and salt concentration interrelate in forming a sol, precipitate, 

homogeneous gel, or micro-phase separated gel (Ako et al., 2009). The state diagram 

approach has also been used to evaluate WPI gelation (Mehalebi et al., 2008) and changes in 

turbidity after thermal treatment (Kinekawa and Kitabatake, 1995). In the context of whey 

protein beverages, this approach can be used to identify changes in colloidal stability such as 

sol–precipitate transitions or significant changes in turbidity or protein solubility. One of the 

limitations of this approach is that depending on the attributes that are desired (such as clarity 

or solubility), a single state diagram may not be the best representation of colloidal stability.  

The goal of this investigation was to develop a state diagram approach to determine 

how whey proteins function in beverages after thermal treatments that mimic industrial ultra 

high temperature (UHT) conditions. We chose to focus on the pH range where beverages 

would typically be produced (pH 3–7). Additionally, instead of representing stability with 

one state diagram, we chose to depict three: protein solubility, turbidity, and macroscopic 

colloidal state. The combination of state diagrams provides a more complete view of 

colloidal stability over experimental conditions. To further explain state diagram trends and 

to identify key transitions, we developed pH–solubility curves for several protein 

concentrations. Gel electrophoresis and reverse phase chromatography were used to identify 

changes in the proportions of soluble β–Lg, α–La, GMP and BSA after heating to elucidate 

the selectivity of the proteins towards heat-induced aggregation. The results of this study 

provide a framework for examining protein stability over a range of industrially relevant 

conditions, and will assist in the formulation of beverages delivering higher levels of protein 

and potential health benefits. 
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3.  MATERIALS AND METHODS 

3.1  Preparation of protein solutions 

Commercial whey protein isolate (WPI) was provided by Glanbia Nutritionals (Twin 

Falls, ID). Protein content was 92.13% as determined by Kjeldahl analysis (N × 6.38). The 

breakdown of whey proteins as determined by the manufacturer was 51.2% β–Lg, 21.3% α–

La, 24.3% GMP, 1.6% immunoglobulins, 0.8% BSA and 0.2% lactoferrin. Mineral 

composition as determined by inductively coupled plasma atomic emission spectroscopy was 

14.44% N, 0.27% P, 0.42% K, 0.56% Ca, 1.05% S, and 0.23% Na. Chemical reagents were 

of analytical grade and supplied by Sigma-Aldrich (St. Louis, MO). All subsequent 

calculations factor in purity and are expressed as protein concentration, not concentration of 

whey powder. All data are from three independent experimental replications unless stated 

otherwise. 

Stock solutions (12% w/w protein) were made by solubilizing WPI in deionized water 

under magnetic agitation (400 rpm) for 3 h at 22˚C and storing overnight at 5˚C for 

maximum hydration. Solutions were diluted to the appropriate concentration (w/w protein) 

with deionized water. Sodium azide was added at a final concentration of 0.02% w/w to 

inhibit microbial growth. All pH adjustments were made with a combination of acids 

commonly used in commercial beverages (65:35 v/v phosphoric acid:citric acid) and 1 M 

sodium hydroxide. The volume added during pH adjustment was accounted for in 

determining final concentration of each protein solution. 
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3.2  Thermal treatment 

Two different heat treatments were used to mimic UHT thermal processing based on 

beverage pH: 109˚C for 3 s when pH ≤ 4.5 (LT), and 141˚C for 6 s when pH > 4.5 (HT). A 

preliminary experiment was performed to determine the time required for solutions to reach 

the processing temperature in a Neslab EX7 silicon oil bath (Thermo Scientific, Waltham, 

MA) set at 150˚C. Protein solutions were equilibrated to 20˚C and 2 mL was placed in 

capped borosilicate test tubes (16 mm OD) before being processed in the 150˚C oil bath. 

Tubes were manually agitated during processing and remained quiescent in the bath for the 

respective hold time for total processing times of 29 + 3 s and 62 + 6 s for LT and HT, 

respectively. At the conclusion of the hold time, test tubes were cooled in ice slurry for 1 min 

and allowed to equilibrate overnight at 5˚C before analysis. 

 

3.3  Nano differential scanning calorimetry 

Samples of WPI were diluted to either 1.5 mg mL-1 or 3.0 mg mL-1 with deionized 

water and adjusted to either pH 3.5 or 6.0 using the aforementioned acid blend. Both samples 

and reference deionized water were degassed at ~1100 Torr for 1 hour prior to analysis. 

Sample volumes of 300 µL were placed into sample well with degassed water in the 

reference well, both under 3.0 atm of pressure to prevent gas bubble formation during 

heating. Thermographs were produced using a N-DSC II scanning calorimeter (TA 

Instruments, previously Calorimetry Sciences Corp., Provo, UT) from 25–110˚C at a rate of 

1˚C min-1. Analysis of enthalpy and denaturation temperature was performed using 

NanoAnalyze software. Molar heat capacity was calculated using an average molecular 

weight of 16 kDa to reflect the main two proteins, β–Lg and α–La. A baseline scan of 
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deionized water was subtracted from protein scans. A polynomial equation was fit to the scan 

and used to calculate enthalpy of unfolding (∆H) and peak unfolding temperature (Td).  

 

3.4  Protein solubility 

Protein solubility after thermal treatment was determined using the method described 

by Morr et al. (1985) with several modifications. After thermal processing, 2 mL samples 

were centrifuged at 17200 × g for 20 min at 15˚C, and the supernatant was removed and 

diluted 1:20 with deionized water. The Pierce bicinchoninic acid assay kit (Rockfold, IL) was 

used to determine the concentration of protein in the supernatant per manufacturers 

instructions. The samples were combined with working reagent (1:8 ratio) in 96-well plates 

and incubated at 36˚C for 30 min. The absorbance of the plates was read at 562 nm on a 

Tecan Safire2 (Männedorf, Switzerland) plate reader. The standard curve was developed 

using serial dilutions of centrifuged WPI to correct for the small amount of native insoluble 

protein. Solubility is expressed as the percentage of protein in the supernatant compared to 

the initial concentration of the solution.  

 

3.5  Turbidity 

The turbidity of the protein solutions after thermal treatment was determined using a 

Hach 21000AN Turbidimeter (Hach Company, Loveland, CO). The solutions were analyzed 

in the 16 mm OD tubes in which they were thermally processed. Solutions were diluted by a 

factor of 5 with deionized water to fall within range of the instrument, and reported values 

account for the dilution step. A preliminary test was performed to ensure that dilution did not 

cause disaggregation of particles (data not shown). The blank value for a test tube containing 
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deionized water was subtracted from all values, which are given as Nephelometric Turbidity 

Units (NTU).  

 

3.6  Colloidal state diagrams 

State diagrams were developed for WPI solubility, turbidity and macroscopic 

colloidal state after thermal processing. Based on pH, two different thermal treatments were 

used as described above. For ease of comparison across the entire pH range, these two 

treatments are shown on the same state diagram. For the macroscopic colloidal state diagram, 

each possible outcome (sol, precipitate, gel) was assigned a numeric value, and averaged for 

each respective point. Definitions for states are as follows: sol, no visible aggregation; 

precipitate, visible aggregation; gel, solution does not flow when tilted 90˚. All three state 

diagrams were plotted with triplicate values using the contour map function of Sigma Plot 

(Systat Software, San Jose, CA).  

 

3.7  Sodium dodecyl sulfate – polyacrylamide gel electrophoresis 

 Sodium dodecyl sulfate – polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed under reducing conditions using a Novex NuPage gel system (Thermo Fisher 

Scientific, Waltham, MA) per the manufacturers instructions. After LT or HT heat treatment, 

solutions were centrifuged as described above; the supernatant was collected and diluted to 2 

mg mL-1 with deionized water. Samples were mixed with Novex LDS sample buffer, Novex 

reducing agent, and adjusted to final protein concentration of 0.3 mg mL-1 with deionized 

water. Samples were heated to 70˚C for 10 min. In each gel, 5 µL of Novex Sharp pre-

stained protein standard (Invitrogen Corp.) was used as a molecular weight reference in Lane 
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1, and 3 µg protein was added per lane to 4–12% mini Bis-Tris gels (Thermo Fisher 

Scientific). Gels were run with NuPage MES SDS running buffer (Thermo Fisher Scientific), 

and 500 µL antioxidant was added to limit oxidation of disulfide bonds. The loaded gel 

received 200 V until the dye front reached the bottom of the gel. Gels were stained using 

SafeStain™ Coomassie stain (Thermo Fisher Scientific) for 1 hour and destained with 100 

mL deionized water and 20 mL NaCl (20% w/v) for 3 hours. Gel imaging was performed 

using a Gel Doc XR+ molecular imager (Bio-Rad Laboratories, Hercules, CA) and bands 

were quantified with ImageLab software. Bands of β–Lg, α–La and BSA were identified by 

comparison to known standards. Band intensities were determined and expressed as a 

percentage of the total band intensity in each respective lane, with unheated WPI used as a 

control. Data are average intensities of two independent replicates. 

 

3.8  Reversed phase high performance liquid chromatography 

The percent loss of soluble GMP, α–La and β–Lg after heat treatments was 

determined using RP–HPLC. After the heating, dilution and centrifugation steps listed above, 

the supernatant was diluted 1:1 with the starting solvent blend and filtered through 0.1 µm 

Millipore filters. A gradient of solvent A (acetonitrile:water:TFA, 100:900:1 v/v/v) and 

solvent B (acetonitrile:water:TFA, 900:100:0.7 v/v/v) was applied using LC-20 AD pumps 

(Shimadzu Corp., Kyoto, Japan) at 0.8 mL min-1. The ratio started with 74% solvent A and 

26% solvent B, with iterative increases in solvent B percentage per the method described by 

Visser et al. (1991). Chromatographic separations were performed using an Alltech Alltime 

300 A 5 µm C18 column (Grace & Co., Columbia, MD) at 30˚C and 1450 psi. Detection 

occurred at 220 nm using a SPD-M20-A photo diode array (Shimadzu Corp.). Peak areas 
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were determined using LAB solutions software (Shimadzu Corp.), and were normalized 

against unheated WPI controls at each protein concentration to determine percent loss after 

heating. Average elution times were 6.9 and 11.9 min for GMP A and B, 38.1 min for α–La, 

and 52.3 and 53.6 min for β–Lg variants B and A, respectively. 

 

3.9  Statistical analysis 

Statistical analysis of nDSC results was performed using the general linear model 

procedure in SAS v9.3 (Cary, NC, USA). Statistical significance was indicated at p < 0.05. 

Values for ∆H and Td are shown plus/minus standard deviation. Differences between mean 

values were determined using Tukey’s HSD comparison test. 

 

4.  RESULTS AND DISCUSSION 

4.1  Thermal properties of WPI using nDSC 

Thermal properties of native WPI were studied using nDSC (Figure 2.1) to determine 

the influence of pH on denaturation temperature (Td) and enthalpy of unfolding (∆H). The 

two pH values (3.5 and 6.0) were selected as values below and above the pI of whey proteins, 

respectively. Calorimetry cannot differentiate between denaturation and aggregation 

processes, so solutions were heated at dilute concentrations (1.5 mg mL-1 and 3.0 mg mL-1) 

to minimize the effects of aggregation. Additionally, the two concentrations served as a 

check to see if concentration impacted the thermal properties of the proteins, which would 

most likely indicate aggregation. 
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Figure 2.1.  Calorimetric thermographs of WPI at pH 3.5 and 6.0 

Calorimetric thermographs of WPI (1.5 and 3.0 mg mL-1) at pH 3.5 and pH 6.0 heated from 
25–110˚C at a rate of 1˚C min-1. 

 

At pH 3.5, WPI had a significantly (p < 0.05) greater Td than at pH 6.0, suggesting 

greater thermal stability of protein structure. Both concentrations of WPI at pH 3.5 presented 

one large transition on the thermograph with a peak just above 90˚C. This is higher than 

reported Td values of β–Lg (82˚C) and α–La (59˚C) (Bernal and Jelen, 1985) but α–La in 

particular has an increased Td in the presence of β–Lg, (Boye and Alli, 2000) making it 

difficult to compare WPI with data from the individual proteins. 

At pH 6.0, one distinct peak was present near 85–87˚C, with a shoulder down to 

~65˚C. It has been shown that Td is dependent on pH for individual whey proteins (Bernal 
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and Jelen, 1985) and generally increases with a decrease in pH from 6.5 to 3.5, as seen in our 

experimental results. The lower shoulder of the pH 6.0 curve corresponds to the denaturation 

of α–La, which varies from 64–70˚C depending on calcium content (Hendrix et al., 2000). 

The loss of calcium generally occurs at acidic pH (Relkin and Mulvihill, 1996) and converts 

α–La from the holo state to the apo state, with a Td near 27˚C (Hendrix et al., 2000). This 

explains the absence of an α–La peak on the pH 3.5 curve.  

 

Table 2.1.  Denaturation temperature and unfolding enthalpy of WPI at pH 3.5 and 6.0 

protein (mg mL-1) pH ∆H (J g-1) Td (˚C) 

1.5 
3.5 9.1 ± 0.1a 90.4 ± 0.1a 

6.0 11.7 ± 0.1b 87.4 ± 0.5b 

3.0 
3.5 9.2 ± 0.1a 90.2 ± 0.1a 

6.0 11.5 ± 0.2b 84.1 ± 0.9c 
Denaturation temperature (Td) and unfolding enthalpy (∆H) of WPI at 1.5 and 3.0 mg mL-1, 
and pH 3.5 and 6.0. Values listed are means of three replicates ± standard deviation. 
Superscript letters indicate significant differences in the column (p < 0.05). 

 

The enthalpy (∆H) of unfolding was determined by analyzing the area between the 

endothermic curves and extrapolated baselines (Table 2.1). This represents the energy 

requirement to overcome non-covalent bonds during denaturation (Boye and Alli, 2000). 

There was no difference in ∆H for each protein at different concentrations, suggesting the 

major contribution was endothermic denaturation with minimal exothermic aggregation. 

Enthalpy at pH 6.0 is greater than at pH 3.5, but this value includes the peaks for both α–La 

and β–Lg, whereas ∆H for the pH 3.5 curves only includes β–Lg. The data generally agree 
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with the literature, although one previous study found no change in enthalpy of WPC at pH 

3.0 and 6.0 despite differences in Td (de Wit and Klarenbeek, 1984). 

 

4.2  Effects of thermal processing on protein solubility.   

Calorimetry was used to determine the thermal stability of individual proteins based 

on unfolding. In contrast, thermal stability in beverages is based on principles of colloidal 

stability. Protein solubility is often used as a marker for thermal stability of protein 

dispersions because loss of solubility is associated with decreased protein functionality (de 

Wit and van Kessel, 1996). Solubility–pH profiles were developed to determine the effects of 

the LT (109˚C for 3 s) and HT (141˚C for 6 s) processes on WPI solubility over a range of 

pH and protein concentrations (Figure 2.2). These thermal treatments mimic UHT thermal 

processing used to produce shelf stable protein beverages.  

For both thermal treatments, WPI solubility decreased as the pH approached the pI 

for all protein concentrations tested, in agreement with previous studies (Zhu and 

Damodaran, 1994; Pelegrine and Gasparetto, 2005b; Cornacchia et al., 2014). After the LT 

process, increased protein concentration from 1–4% was associated with decreased solubility 

at all pH values. Increasing concentration of β–Lg has been linked to the formation of higher 

molecular weight aggregates (Hoffmann and van Mil, 1997; Le Bon et al., 1999), which 

settle at a faster rate during storage or centrifugation. Solubility was not significantly affected 

by increasing pH from 3.0 to 3.5 suggesting electrostatic repulsion at pH ≤ 3.5 is strong 

enough to limit further aggregation under the experimental conditions. Increasing pH from 

3.5 to 5.0 decreased solubility for all concentrations. Above pH 5.0, solubility increased as 

pH increased, suggesting greater electrostatic repulsion. However, only 1% WPI had the 
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same solubility at pH 7.0 that was seen at pH ≤ 3.5; all other concentrations had lower 

solubility at pH 7.0 than 3.5. It is important to note that even at pH ≤ 3.5, solubility is not 

100%, possibly due to the formation of insoluble protein aggregates during whey protein 

ingredient production (Roufik et al., 2005). These aggregates would be removed during 

centrifugation and thus not detected during analysis for solubility.  

More severe drops in solubility were observed with the HT treatment. At pH 3.0, > 

80% solubility was retained for all concentrations regardless of thermal treatment, but 

dropped precipitously upon increasing pH to 4.5. All four concentrations retained only 12–

16% solubility at pH 4.5. Above the pI, increasing WPI concentration from 1–4% resulted in 

drops of solubility at pH 7.0 from 89% to 40%. β–Lactoglobulin has a reported second 

transition peak just above 125˚C (de Wit and Klarenbeek, 1981) that may be indicative of 

structural changes favoring aggregation. Increasing pH from 5.5 to 7.0 has been shown to 

increase onset temperature of WPI aggregation (Xiong, 1992). This would suggest decreased 

extent of aggregation and a higher degree of soluble protein, which our experimental data 

shows. However, solubility is not as high above the pI as it is below. This may be explained 

by charge differences. Using the number of ionizable residues for calculations as an example, 

β–Lg has a net charge of approximately +16 at pH 3.6, but at pH 6.6 (~equal pH units above 

the pI) the net charge is only –7.6 (Rhodes, 2012). Decreased net charge would favor 

aggregation and decreased solubility. Moreover, disulfide bonding is favored more at pH > pI 

than below (Verheul et al., 1998). The pKa of a cysteine thiol is ~8.0, so thiol reactivity and 

disulfide bond formation is enhanced between pH 6.4–8.0 (Hoffmann and van Mil, 1997, 

1999). Additionally, β–Lg undergoes a conformational change near pH 7 known as the 

Tanford transition (de la Fuente et al., 2002), associated with increased thiol reactivity. 
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Figure 2.2.  Solubility of WPI after LT or HT heat treatments 

Solubility of WPI (1, 2, 3 and 4% protein w/w) after LT (109˚C for 3 s, TOP) or HT (141˚C 
for 6 s, BOTTOM) heat treatments. Solubility is expressed as the amount of protein in the 
supernatant after centrifugation as a percentage of the initial protein prior to thermal 
treatment. Error bars are omitted for ease of viewing and were typically in the range of ± 4%. 
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Investigations on thermal denaturation and aggregation of whey proteins typically 

focus on temperatures below 100˚C. As such, very few studies have examined the effects of 

temperatures in excess of 100˚C, which is the temperature range for UHT thermal 

processing. Non-covalent interactions may play a much more important role in aggregation at 

temperatures above 90˚C (Galani and Apenten, 1999). Our results agree with a previous 

study showing significant drops in solubility after heating at temperatures ~140˚C 

(Dissanayake et al., 2013). 

 

4.3  Effect of pH on turbidity of acidic beverages   

In the context of a whey protein beverage, turbidity is affected by many factors that 

influence aggregation, including protein concentration, thermal process time and 

temperature, pH, ionic strength and other ingredients (Mahler et al., 2009). Turbidity is an 

important marker of stability in beverage applications due to consumer perception, as clear 

beverages are rated as more thirst quenching than turbid beverages (Beucler et al., 2005). 

Additionally, turbidity reflects size of dispersed particles, which is a predictor of colloidal 

stability per Stokes’ Law. We examined the turbidity of 1% WPI solutions over a pH range 

of 3.3–4.0 to provide a practical example of beverage turbidity (Figure 2.3). It is within this 

range that previous literature has reported a transition from clear to opaque beverages at pH 

3.5 (Kinekawa and Kitabatake, 1995), 3.6 (LaClair and Etzel, 2010) and 3.7 (Bernal and 

Jelen, 1985). Beverages with turbidity <50 NTU have been previously described as clear 

beverages (LaClair and Etzel, 2010). However, as our state diagrams are represented on a 

logarithmic scale we have designated 100 NTU as the cutoff for “clear” beverages. Our 

results show that at ≤ pH 3.6 solutions remained clear (90 NTU at pH 3.6) after thermal 
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treatment. Beverages were no longer clear but only slightly turbid as pH increased to pH 3.7 

(190 NTU) and 3.8 (460 NTU), and became completely opaque at pH 3.9 and 4.0 (>1300 

NTU). This turbidity transition is due to the formation of larger aggregates during thermal 

treatment, presumably on account of diminished electrostatic repulsion close to the pI.  

 

 
Figure 2.3.  Turbidity of 1% w/w WPI solutions from pH 3.3–4.0 after LT heat treatment 

The average turbidity of the solutions (after heating to 109˚C for 3 s) at each pH is shown 
above each sample. 

 

4.4  WPI state diagrams as means to represent colloidal stability 

State diagrams were used to identify key regions of colloidal stability. We chose to 

depict three interrelated aspects of stability: turbidity, solubility, and the macroscopic 

colloidal state. Protein concentration (1–10% w/w) and pH (3–7) were varied over a range to 

depict conditions suitable for whey protein beverages. Solution turbidity is expressed as log 

NTU values (Figure 2.4). Each iteratively darker region is a logarithmic increase in turbidity 
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starting with clear beverages at <100 NTU. Solutions remained clear after heating, with a 

critical transition near pH 3.5 for 1% WPI, or at pH 3.0 up to 4% WPI. At constant protein 

concentration, turbidity increased dramatically with increasing pH. Turbidity values began to 

decrease at pH > pI, but not by appreciable values except for low concentrations of WPI 

above pH 6.0. Thus, beverages where clarity is desired require a pH below the critical 

transition, whereas clarity at neutral pH is not feasible under these conditions.  

Similar trends are seen in the macroscopic colloidal state diagram (Figure 2.4). 

Solutions form stable sols at low pH independent of protein concentration due to the net 

positive charge on suspended protein particles. Near neutral pH, solutions with low protein 

concentration still form stable sols, but they are opaque instead of clear. The state diagram 

indicates a critical protein concentration required for gelation between 4–5% WPI for pH 

values from ~ 4.8 to 7.0. Below the pI, higher protein levels are required for gelation. It 

should be noted that one limitation of the qualitative state diagram is the inexact 

demarcations between states. With only three possible numeric outcomes (sol, precipitate, or 

gel), the precision of the contour plot is somewhat limited without testing infinitesimally 

small increments of variables. 

The solubility state diagram shows that at low pH (pH < 3.5) and conditions of strong 

electrostatic repulsion, solubility after heating remained above 80%, but decreased to 60–

80% at protein concentrations above 4% (Figure 2.4). Near the pI, solubility dropped below 

40% for all protein concentrations. At a constant pH, increasing protein concentration also 

resulted in decreased solubility. Increasing β–Lg concentration has previously been 

associated with both the formation of larger aggregates (Le Bon et al., 1999) and increased 

rates and extent of β–Lg aggregation (Nielsen et al., 1996). Even when heated to only 65˚C, 



 

 

82 

higher concentrations of β–Lg shifted the fraction of aggregates towards higher molar mass 

aggregates (Hoffmann and van Mil, 1997). Similar drops in solubility with WPI 

concentrations up to 10% have been reported (Cornacchia et al., 2014). In the context of 

colloidal stability, larger aggregates are more likely to be separated during centrifugation, 

resulting in decreased solubility.  

 

4.5  Solubility–pH profiles based on protein concentration 

The effects of the LT and HT thermal treatments on solubility are more apparent 

when expressing solubility as a concentration of protein in the supernatant after 

centrifugation rather than a percentage of the initial protein (Figure 2.5). After the LT 

treatment, the solubility–pH profiles for each protein concentration are similar. Solubility 

remains high at low pH, drops down near the pI, and increases near neutral pH while 

remaining below the low pH levels. Beverages at pH 3 have approximately the same 

solubility after both LT and HT treatments. However, above pH 3, solubility drops more 

precipitously after the HT treatment, with higher initial protein concentration resulting in 

greater drops in solubility. Increased protein concentration has previously been associated 

with larger aggregate sizes (Le Bon et al., 1999), decreased solubility (Cornacchia et al., 

2014) and increased rates and extent of aggregation (Nielsen et al., 1996) while also 

impacting the morphological characteristics of protein aggregates (Vardhanabhuti et al., 

2009). 
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Figure 2.4.  WPI State diagrams based on turbidity, solubility and macroscopic phase after 
LT and HT heat treatments 

WPI (1–10% w/w, pH 3–7) state diagrams for turbidity (top), macroscopic colloidal state 
(middle) and solubility (bottom). Both heat treatments (LT and HT) are presented on the 
same graph for ease of viewing. Turbidity is presented as logarithmic NTU, with each 
iterative shade depicting a one-log10 increase in solution turbidity after thermal treatment. 
Macroscopic colloidal state definitions are as follows: sol (S), no visible aggregation; 
precipitate (P), visible aggregation; gel (G), solution does not flow when turned on side. For 
the solubility diagram, different shaded regions represent 20% differences in solubility. 
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After the HT treatment, solubility gradually increased above the pI, but was lower 

than solubility levels after the LT treatment. The soluble protein concentration for 1% WPI 

(10 g L-1) after heating was similar for the LT and HT treatments. For the other tested 

concentrations, the soluble protein concentration after HT treatment at pH 7 was 14, 17 and 

16 g L-1 despite initial concentrations of 20, 30 and 40 g L-1, respectively. This suggests that 

the protein remaining soluble is either a protein with limited participation in aggregation (i.e. 

GMP), or a combination of aggregating and non-aggregating proteins. We then chose to use 

complementary separation techniques to determine the aggregation selectivity of the 

individual proteins. 

 

4.6  Electrophoretic patterns of WPI supernatant after thermal treatment 

To determine aggregation selectivity of β–Lg, α–La and BSA during heating, we 

used SDS–PAGE analysis. Samples were run under reducing conditions to compare the 

relative intensities of β–Lg, α–La, and BSA to that of native, unheated WPI. Several 

concentrations of WPI were compared at pH values above, near, and below the pI. Both 

thermal treatments (LT and HT) were also tested. Equal amounts of protein (not volume) 

were added to each lane, so changes in band intensity relative to the control indicate the 

participation of the proteins in forming insoluble aggregates and thus a change in the ratio of 

the proteins in the electrophoretic gel. 
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Figure 2.5.  Soluble protein–pH profiles of WPI after LT and HT treatments 

Solubility–pH profiles of 1, 2, 3 and 4% w/w WPI after LT (109˚C for 3 s, TOP) and HT 
(141˚C for 6 s, BOTTOM) treatments. Values are expressed as protein concentration in the 
supernatant after centrifugation, instead of % solubility. Error bars are omitted for ease of 
viewing, and are typically in the range of ± 4%. 
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At pH 3.0, neither protein concentration nor heat treatment had a significant impact 

on the proportion of the major proteins in each lane (Figure 2.6). In the unheated control, the 

percentage of total protein in each lane was as follows: β–Lg ~54%, α–La ~30%, BSA ~4%. 

These values did not significantly change with increased protein content or heat treatment, 

suggesting limited aggregation and/or similar participation of individual proteins in 

aggregation across all concentrations. At pH 5.0, α–La comprises a greater percentage of 

total protein in each lane (43–52%) than the unheated control (30%), indicating that α–La 

was less involved in forming large aggregates than BSA and β–Lg. This is confirmed by the 

absence of BSA bands on the gels, and the decreased intensity of the β–Lg bands compared 

to the control. Additionally, both LT and HT treatments at pH 5.0 resulted in a greater 

proportion of bands between α–La and β–Lg, between 20–30 kDa molar mass, and those 

extending up above 40 kDa.  

The percentage of BSA, α–La and β–Lg remaining after heating was also calculated 

(Figure 2.7). BSA solubility at pH 3 varied from ~90% at 1% protein to ~70% at 4% protein 

for the LT process, and dropped slightly after the HT process. However, very little BSA 

remained at pH 5 and 6 for the LT process, with none remaining after the HT process, 

indicating a high propensity to aggregate. Both α–La and β–Lg generally trended towards 

lower solubility with increasing concentration, although the trends were not always 

statistically significant. Solubility was highest at pH 3 and lowest at pH 5 near the pI. 

Solubility at pH 6 was lower than at pH 3, which matches the trends in the pH–solubility 

profiles. β–Lg solubility was typically lower than α–La for all treatments. 
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Figure 2.6.  SDS–PAGE patterns of WPI supernatant after LT and HT treatments 

The pH is shown at the top of each gel, and lane assignments are as follows: lane 1, 
molecular weight standards (S); lanes 2–5, initial starting protein concentration 1–4% w/w 
after LT (109˚C for 3 s); lanes 6–9, initial starting protein concentration 1–4% w/w after HT 
(141˚C for 6 s); lane 10, unheated WPI control (C). 
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Figure 2.7.  Percent soluble BSA, α–La and β–Lg remaining after LT and HT treatments 

Percent soluble BSA, α–La and β–Lg remaining after LT (109˚C for 3 s) and HT (141˚C for 
6 s) compared to unheated controls as determined by band intensity after SDS–PAGE. 
Percentage (1–4%) indicates initial protein level. Superscript letters indicate significant 
differences between means (p < 0.05). 
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4.7  Changes in soluble GMP, α–La and β–Lg after heating as determined by HPLC   

HPLC was used as a complementary method of comparing protein selectivity to heat-

induced aggregation. Additionally, the HPLC method provided sensitivity for GMP 

detection, which SDS–PAGE could not provide. The same experimental variables (pH, initial 

protein concentration and heat treatment) were explored (Figure 2.8). There were no 

significant losses in GMP solubility under all conditions tested. Heat stability at mildly acidic 

and near-neutral pH is in agreement with previous studies, but GMP heat stability has 

previously been shown to decrease at low pH (Siegert et al., 2012). This difference could be 

due to the different heat treatments the authors used, but that remains to be established. At 

pH 3, there were no significant loss of α–La or β–Lg solubility after LT and HT treatments, 

which is in agreement with both the solubility state diagram and SDS–PAGE results. At pH 

5, α–La and β–Lg solubility drops below 20% after LT, and negligible amounts of both 

proteins remain soluble after HT. Solubility of both proteins is higher at pH 6, suggesting 

greater thermal stability corroborated by increased solubility in the state diagrams. The 

decreased solubility of β–Lg as determined from both SDS–PAGE and HPLC suggests a 

higher propensity towards aggregation than α–La. β–Lg tends to form fewer small 

aggregates and more large aggregates in the presence of α–La (Schokker et al., 2000). It is 

also important to address the disparity between SDS–PAGE and HPLC results. Solubility for 

the same samples was lower per HPLC, likely due to the filtration step in HPLC that may 

have removed some of the medium sized aggregates. Moreover, the small aggregates may 

have been broken up under reducing conditions for SDS–PAGE, allowing them to be 

quantified during image analysis. 
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Figure 2.8.  Percent soluble GMP, α–La and β–Lg remaining after LT and HT treatments 

Percent soluble GMP (top), α–La (middle), β–Lg (bottom) remaining after LT (109˚C for 3 
s) and HT (141˚C for 6 s) as determined by RP–HPLC. Percentage (1–4%) indicates initial 
protein level. Superscript letters indicate significant differences between means (p < 0.05) 
within each graph. 
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5.  CONCLUSIONS 

Protein concentration, pH and thermal treatment all influence the colloidal stability of 

whey protein beverages. Judicious selection of these variables is required to formulate stable 

protein beverages. Considering the complexity of protein beverages, state diagrams can be 

used to identify critical transition regions under set parameters, in order to predict regions of 

thermal stability. This approach identified regions of colloidal stability at pH < 3.5 (low 

turbidity and high solubility) and > 6.5 (moderately high solubility). Thermal processing at 

higher temperatures and longer times resulted in a loss of protein solubility, even at pH 3.5. 

Closer to the pI, β–Lg and BSA were more likely to participate in aggregation reactions than 

α–La. The state diagram approach can also be used to elucidate the effects of alternate 

ingredients or formulations, gaining an understanding of how critical regions of the state 

diagrams are altered under different conditions.  
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CHAPTER 3.  DESIGNING WHEY PROTEIN POLYSACCHARIDE PARTICLES 
FOR COLLOIDAL STABILITY IN BEVERAGES 

 
Ty Wagoner, Bongkosh Vardhanabhuti, and E. Allen Foegeding 

[to be submitted to Annual Reviews in Food Science and Technology] 
 

1.  ABSTRACT 

Interactions between proteins and polysaccharides have been well documented over 

the past several decades. One particular area of practical interest is the formation of soluble 

complexes composed of food grade biopolymers, namely whey proteins and polysaccharides 

due to their widespread availability and potential health benefits. A functional application 

that has not received much attention is the use of soluble complexes for enhanced colloidal 

stability of a protein sol, such as protein-containing beverages. In this application, the 

primary goal is the formation of particles that remain dispersed after thermal processing and 

extended storage. This review highlights recent progress in the area of forming whey protein-

polysaccharide soluble complexes for the specific function of colloidal stability in beverage 

applications. Important physical parameters for the formation of complexes are discussed, 

and emphasis is placed on soluble complexes that have been heat-set into stable particles. 

The roles of thermal, electrostatic and steric effects on stabilization of complexes against 

phase separation are discussed. Functional performance of protein-polysaccharide pairs is 

organized by polysaccharide type, and colloidal stability is discussed in terms of particle size 

and ζ–potential. Hypothetical beverage processes are presented, and potential challenges and 

limitations are addressed. The information in this review should stimulate thought about how 

specific biopolymers and formulation can be designed to produce particles with specific 

characteristics. 
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2.  INTRODUCTION 

The formation of soluble complexes between proteins and polysaccharides has a 

number of potentially useful applications in foods, pharmaceuticals, and personal care 

products. Research over the past several decades indicates that biopolymer complexes with 

unique functional properties can be produced under controlled conditions. They have 

potential applications as fat mimesis (Chung et al. 2013), for encapsulation and delivery of 

bioactive compounds such as vitamins or ω–3 fatty acids (Champagne & Fustier 2007, 

Velikov & Pelan 2008), the protection of enzymes or other sensitive components during 

digestion (McClements et al. 2009), and for modification of colloidal structures in foods (Ru 

et al. 2012, Schmitt & Turgeon 2011). Additionally, polysaccharides (Grabitske & Slavin 

2009) and proteins (Ha & Zemel 2003) are associated with a number of health benefits; 

providing the opportunity to add functional benefits beyond enhancing food structure. 

When proteins and polysaccharides are dispersed in an aqueous phase there are three 

potential outcomes: they remain dispersed, they associate into a complex that remains 

dispersed, or they separate into two phases. Phase separation can either be segregative if the 

polymers are thermodynamically incompatible and separate into two distinct phases, or 

associative – also known as coacervation – if the polymers interact and separate into polymer 

rich and polymer poor phases (Schmitt et al. 1998). A number of comprehensive reviews 

over the past decade have addressed associative complex formation between proteins and 

polysaccharides, elucidating the thermodynamics (de Kruif et al. 2004, de Kruif & Tuinier 

2001, Turgeon et al. 2007) and kinetics (Schmitt & Turgeon 2011) of complex formation.  

Likewise, functional properties of complexes and coacervates (Joye & McClements 2014, 

Schmitt & Turgeon 2011, Turgeon et al. 2007), microstructure (Cooper et al. 2005, Jones & 
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McClements 2010a, Turgeon et al. 2007), applications as emulsifying agents (Evans et al. 

2013), methods of producing complexes (Joye & McClements 2014), and key factors 

influencing the physiochemical characteristics of the complexes (Jones & McClements 2011) 

have been addressed. These reviews explore a number of different applications in food 

systems, including yogurt texturization/stabilization agents (Gentès et al. 2010, Krzeminski 

et al. 2014a), stabilization of oil/water emulsions (Benichou et al. 2007), and encapsulation 

of oil-based flavor compounds (Weinbreck et al. 2004a) to name a few. 

One application suggested by Turgeon et al. (2007) – although not evaluated to any 

great degree – is the use of polysaccharides to influence the thermal stability of whey 

proteins. In this context, thermal stability implies colloidal stability rather than the prevention 

of protein unfolding. The concept of forming small, stable colloidal protein or 

protein/polysaccharide aggregates is an industrially relevant topic for beverages where 

proteins are added for health and nutrition goals and must remain dispersed at ambient 

temperature for the desired shelf life.  

The majority of studies on protein and polysaccharide complexation thus far have 

been carried out under ideal conditions (low total polymer concentration) that are focused on 

particle formation and not colloidal stability. Protein levels are often at the level of < 10 g/L, 

which is below desired levels in protein beverages. In a beverage application, encapsulation 

of compounds or protection from denaturation is not the primary goal; rather, the goal is to 

form proteins into small particles that would survive thermal processing and have a low 

propensity towards sedimentation or secondary aggregation over shelf lives of nine months 

or longer. Stability in this sense is based on several requirements. First, the protein-

polysaccharide complexes must be 1) either formed at concentrations that deliver a desired 
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functionality or 2) formed and then amenable to drying and re-dispersing.  The former would 

be part of a process to produce a beverage while the latter would be making an ingredient for 

beverage application. The complexes need to have a size and density required to remain 

dispersed in the beverage during storage. Additionally, modifications to the proteins that may 

be detrimental to nutritional quality, digestibility or bioavailability, need to be limited. 

Commercial sterilization is required for safety and shelf life, so the complexes need to be 

stable after appropriate thermal processes. Lastly, the complexes need to impart desired 

sensorial properties, including all sensations perceived during consumption. 

 This review is primarily focused on a colloidal approach to stability of protein-

polysaccharide complexes for use in thermally processed beverages. Emphasis is placed on 

literature published in the last 10 years, with a specific focus on proteins and polysaccharides 

deemed appropriate for use in beverages. Initially, a discussion of protein-polysaccharide 

complex assembly is presented in terms of an initial complex formation step. We will then 

segue into the mechanisms and parameters that contribute to colloidal stability against 

secondary aggregation of particles. As the physical properties of complexes are dependent on 

the polymers in question, the next section reviews relevant literature regarding individual 

polymers, framed in the context of beverage applications with emphasis given to polymer 

systems that have been heat-set. The concluding section will present a model for beverage 

applications and discuss challenges and needs in this area of research. 

 

3.  FORMATION OF SOLUBLE COMPLEXES 

The controlled assembly of protein-polysaccharide complexes primarily occurs due to 

electrostatic interactions between charged patches on the surface of globular proteins and 
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charged groups on the polysaccharide, typically in a pH range near the protein isoelectric 

point (Doublier et al. 2000), thus the protein will influence complexation (Table 3.1). 

Additionally, recent work has suggested that ion-dipole and charge regulation interactions 

may play an important role in complexation at pH near the protein pI (Biesheuvel & Cohen 

Stuart 2004, da Silva & Jönsson 2009). The roles of hydrogen bonding, Van der Waals 

interactions and hydrophobic interactions are less understood, although research suggests that 

they may play a lesser role in complex formation and stabilization (Girard et al. 2002, 

Hallberg & Dubin 1998). They only play a major role in very specific situations. 

Hydrophobic interactions, for example, overcome Coulombic forces with specific types of 

polyelectrolytes (Borrega et al. 1999). 

  

Table 3.1.  Isoelectric pH (pI) and denaturation temperature (Td) of whey proteins 

protein pI Td (˚C) 

whey protein isolate 5.0–5.2a 70–90c 

β–lactoglobulin 5.4b 82d 

α–lactalbumin 4.4b 59d 

glycomacropeptide 3.8b – 

lactoferrin 7.9b 65–92c 

bovine serum albumin 5.1b 70–90e 

a dependent on ratio of individual proteins 
b From Etzel 2004 
c From Bernal & Jelen 1985 
d From Paulsson et al. 1993 
e From Fox & McSweeney 2003 
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The formation of protein-polysaccharide complexes depends on both the protein and 

polysaccharide in question. Moreover, the formation of complexes is highly dependent on pH 

and ionic strength (Jones & McClements 2011). Changes in solution conditions alter the 

physical properties of the complexes and the conditions under which they form. Proteins 

have a net positive charge at pH values below their isoelectric point, and a net negative 

charge above their isoelectric point. At the isoelectric point, localized regions on the surface 

of a protein are positively or negatively charged, while the net charge on the entire protein is 

neutral. The localized patches of charge allow for electrostatic interactions between proteins 

and oppositely charged ionic polysaccharides. Complexation is thermodynamically favored 

due to the enthalpy gained from electrostatic bonding and entropy gained from the release of 

counterions by the polysaccharide, offsetting the loss of conformational entropy (Gummel et 

al. 2008, Laos et al. 2007, Mascotti & Lohman 1990). The thermodynamics and kinetics of 

complexation have been thoroughly reviewed by de Kruif et al. 2004, de Kruif & Tuinier 

2001, Turgeon et al. 2007, Schmitt & Turgeon 2011. The complexation mechanism, known 

as the charge patch concept, is thought to explain the complex formation between proteins at 

their pI and polysaccharides, and is commonly evaluated using techniques that detect 

changes in particle size (e.g. turbidity, light scattering, optical density).  

In accordance with the charge patch model, three critical pH transitions have been 

identified for the formation of electrostatic complexes (Figure 3.1). During titration from 

basic to acidic pH, and beginning at a neutral pH where the proteins and polysaccharides are 

cosoluble, the critical pH where onset of turbidity occurs, pHc, is associated with the initial 

formation of soluble complexes (Mekhloufi et al. 2005, Weinbreck et al. 2003a). The pHc has 

historically been viewed as the initiation of complexation on the molecular scale and is 
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identified via rapid increase in optical density. For whey proteins complexed with anionic 

polysaccharides, the pHc is the first pH transition during acid titration, with the assumption 

that polymers are cosoluble with limited interactions above the pHc. When viewed via 

confocal microscopy, soluble complexes are associated with a homogenous field of view 

(Figure 3.2). As complex formation is a function of charge availability on the surface and not 

the total number of charges, pHc does not depend on polymer ratio (Hirt & Jones 2014). 

The second transition, pHϕ is associated with complex coacervation, or the separation 

of the polymers into insoluble particles and is determined as the point of maximum scattering 

intensity. The formation of soluble complexes is a prerequisite for complex coacervation 

(Kizilay et al. 2011). This may lead to precipitation of the complexes, or macroscopic phase 

separation into polymer rich and polymer poor phases. Complex coacervation is thought to 

occur when the polysaccharide concentration is insufficient to cover the charged surface of 

the protein, resulting in polysaccharides adsorbed to the surface that bridge reactions with 

additional proteins (de Kruif & Tuinier 2001). Confocal images show a notable increase in 

complex size associated with coacervation (Figure 3.2). Although coacervates have a number 

of practical applications in food systems (e.g. encapsulation of bioactive compounds, fat 

mimesis, meat analogues), macroscopic phase separation associated with coacervation would 

have a negative impact on protein beverages and will not be discussed further in this review.  

Lastly, the end point of pH-associated turbidity known as pHd (otherwise denoted as 

pHϕ2) occurs when the turbidity equilibrates to baseline levels (Weinbreck et al. 2003a). In 

theory, this occurs when the associated complexes dissociate back into cosoluble polymers 

(de Kruif et al. 2004, Dickinson 2008), typically at very low pH due to protonation of anionic 

polysaccharides. For instance, this has been reported near pH 1.5 for bovine serum albumin 
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(BSA) and pectin complexes (Ru et al. 2012). Other transitions have been proposed via the 

identification of discrete morphological and structural changes, but pHc and pHϕ have been 

considered the most important transitions for structural changes (Weinbreck et al. 2003a,b) in 

terms of the macroscopic outcome. 

 More recently, an alternative model for protein-polysaccharide complex phases based 

on surface charge at the molecular level has been proposed (Li et al. 2012). On the basis of 

ζ–potential and by using BSA and sugar beet pectin (SBP), the authors identified key 

transitions of cosolubility (similar charges on both polymers), stable regions of soluble 

complexes (ζ < –25 mV), quasi-stable soluble complexes (–25 < ζ < –10 mV), insoluble 

complexes (ζ > –10 mV), and stable mixed polymers at pH below the pKa of SBP carboxyls. 

Both models have identified similar regions for the formation of soluble complexes, but they 

are distinct in the characteristic length scale at which they are directed. The charge patch 

model examines the outcome of complex formation based on optical properties at the 

mesoscale. The model presented by Li et al. eschews spectrophotometric methods to 

determine phase transitions, instead using ranges in ζ–potential to describe structural 

transitions at the molecular level.  

Although the above conceptual models have historically been viewed as the 

predominant mechanisms for protein-polysaccharide complexation, recent theoretical 

computational simulations have suggested that Coulombic attraction – although involved – is 

not the dominant contribution to complexation at the protein pI and that charge regulation 

may play an important role (Biesheuvel & Cohen Stuart 2004, da Silva & Jönsson 2009). In 

short, this mechanism involves the regulation of charges by ionizable amino acids due to 

acid-base equilibrium. Charge regulation is strongest when pH ≈ pKa of amino acids, 
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indicating binding would be strong at pH 5 for proteins containing a high percentage of 

aspartate (pKa ~ 3.9), glutamate (pKa ~ 4.1), or histidine (pKa ~ 6.1). 

 

Figure 3.1.  Protein-polysaccharide phase outcomes during acid titration 

The transition values are dependent on the protein polysaccharide pairs. The blue polymers 
represent globular whey proteins, with the red linear polymers representing polysaccharides. 
Key transitions are indicated by dotted line as pHc (onset of complex formation), pHϕ 
(coacervation of soluble complexes) and pHd (theoretical return to cosolubility).  

 

It is important to note that the exact pH values for these transitions are dependent on a 

number of intrinsic factors, including the concentration, ratio and type of polymers, or 

solution conditions such as ionic strength and ionic species, not to mention the technique 

used to measure the transition (Mekhloufi et al. 2005). The optimum ratio for forming either 
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coacervates or small soluble complexes depends on the polymers in question. Generally, if 

one polymer is in excess then the formation of soluble complexes in energetically favored 

(Schmitt et al. 1998). Using mixtures of whey protein concentrate and κ–carrageenan shown 

in Figure 3.3 as an example, smaller particles are formed at a 10:1 Pr:Ps ratio, whereas large 

flocculates are formed at a 1:1 ratio (Mekhloufi et al. 2005). The effects of biopolymer ratio 

on the performance of specific polymer pairs is highly dependent on the system in question, 

and will thus be discussed in more detail with the individual polysaccharide sections of this 

review. 

 

3.1  Role of ionic strength in particle formation 

In addition to pH, ionic strength plays a crucial role in formation and stabilization of 

electrostatic complexes by modifying the aforementioned critical pH values. At low ionic 

strength (low being dependent on the polymers in question), the ionic species stabilize 

complexes by charge screening the medium and long-range repulsive interactions between 

polymers, making the formation of complexes energetically favorable (Li et al. 2012, Seyrek 

et al. 2003). Further increasing ionic strength above a critical level destabilizes the short-

range attractive forces between polymers, favoring the disruption of complexes (Li et al. 

2012, Skepö & Linse 2002). Increasing ionic strength also shifts pHc and pHϕ to lower pH 

values (Hirt & Jones 2014, Mattison et al. 1995, Weinbreck et al. 2003a), allowing 

interactions at a lower pH due to net positive charges, while also decreasing the window 

between pHϕ and pHd (Weinbreck et al. 2003a). This trend has been exhibited with a number 

of different polymer combinations, including whey protein isolate (WPI) and gum Arabic 

(Weinbreck et al. 2003a), BSA and sugar been pectin (Li et al. 2012), and WPI and 
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carrageenan (Stone & Nickerson 2012). However, the optimum ionic strength varies based 

on the ionic species, type of polymers, polymer ratio, and the pH. In terms of a beverage, 

each protein and polysaccharide pair will have an optimum ionic strength in terms of 

balancing attractive and repulsive electrostatic interactions. Judicious selection of ionic 

species and/or ionic strength could potentially allow for controlled shifts in the soluble 

complex region. 

 

 

Figure 3.2.  Effects of pH on β–lactoglobulin and acacia gum complexes 

Dispersions of β–lactoglobulin and acacia gum (0.1% total biopolymer concentration, 2:1 
Pr:Ps ratio) imaged via phase contract microscopy. Dispersions are at pH values of 4.9 (a), 
4.2 (b), 4.0 (c), 3.9 (d), 3.8 (e), and 3.75 (f). The boxed region in (f) is shown at higher 
magnification in (g). Scale bar represents 10 µm. From Mekhloufi et al. 2005. 
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3.2  Structural organization during complex formation 

The structural organization of both polymers within complexes can theoretically form 

three different structures: homogenous particles (in terms of an even distribution of protein 

and polysaccharide on the length scale of the particle), heterogeneous particles, or a “core-

shell” structure with polymers preferentially organized in one of the two phases (Jones & 

McClements 2010a). In general, structures of soluble complexes have been hypothesized but 

not been well proven, and is thought to follow the core-shell theory for both unheated 

(Gummel et al. 2008) and heat-set (Santipanichwong et al. 2008) biopolymer mixtures. This 

theory suggests that the core is primarily protein-based, with the polysaccharides providing a 

thin, exterior shell and dominating the surface charge of the particles (Jones & McClements 

2011, Peinado et al. 2010). This process is initiated by protein denaturation and resulting 

conformational changes. For example, a complexation study of β–lactoglobulin and acacia 

gum reported the loss of α–helices just below the pHc (Mekhloufi et al. 2005). Protein 

denaturation leads to the formation of soluble protein aggregates acting as nuclei for growth 

of soluble complexes (Jones et al. 2010b). Cationic patches promote adsorption of pectin to 

the exterior of the particle. Thus, heat-set biopolymer mixtures show more surface 

characteristics of the polysaccharide – most commonly a very negative ζ–potential for 

anionic polysaccharides complexed with proteins (Krzeminski et al. 2014b, Peinado et al. 

2010) suggesting that heat-stabilization results in structural changes that favor a greater 

degree of polysaccharides charge at the “shell” of the particle. 

 Phase contrast micrographs of β–lg and gum acacia are shown in Figure 3.2. The 

authors associated pH-induced structural changes with the microstructure (Mekhloufi et al. 
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2005). Complexes were small enough in size to appear homogenous at pH 4.9 and 4.2. A 

reduction in pH resulted in conformation changes including a loss of α–helices at pH 4.8, 

increase in β–lg charge density at pH 4.7, macroscopic phase separation at pH 4.2, and 

coacervation at pH 4.0. Coacervation was associated with a sudden gain in secondary 

structure attributed to β–sheet components, although that hypothesis remains to be evaluated. 

 

4.  PARTICLE STABILIZATION 

As implied in Figure 3.1, soluble complexes are primarily formed through pH-

dependent electrostatic interactions and therefore – for each combination of protein and 

polysaccharide – there will be limited pH range at which soluble complexes are formed, 

restricting the pH range for applications in beverages. Heat treatment has been used as a 

means of fixing soluble complexes such that they remain stable during changes in 

electrostatic conditions (Chanasattru et al. 2009, Gentès et al. 2010, Jones & McClements 

2010b) and will be discussed later in this review. It also needs to be mentioned that colloidal 

stability can be gained by crosslinking proteins and polysaccharides by using, for example, 

the enzyme transglutaminase (Flanagan & Singh 2006). However, covalent changes may 

alter the nutritional properties of proteins and thus will not be covered in this review. 

 

4.1  Thermal stabilization 

As mentioned previously, controlled heating of whey protein-polysaccharide 

complexes produces particles on the sub-micron scale (Jones & McClements 2011) and 

stabilizes them against subsequent pH changes, suggesting irreversible covalent bonding 
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(Schmitt et al. 1998). This stabilization process relies on protein thermal denaturation and 

electrostatic interactions with polysaccharides, so a critical temperature must be exceeded for 

heat stabilization of the complexes. Interactions between proteins and polysaccharides may 

mitigate protein aggregation by reducing the diffusion coefficients of the polymers and 

reducing accessibility of reactive sites on the protein (Imeson et al. 1978). Additionally, 

heated soluble complexes have a greater magnitude of ζ–potential (Krzeminski et al. 2014b, 

Peinado et al. 2010), which would increase electrostatic stabilization. This could be due to 

structural reorganizations that change the amino acid residues exposed to the solvent 

(Peinado et al. 2010), or to deposition of the polysaccharide on the exterior of denatured 

protein aggregates (Santipanichwong et al. 2008). 

The critical temperature for stabilizing protein-polysaccharide complexes is 

dependent on polymer ratio and solution conditions prior to heating (Jones & McClements 

2011). It appears that the critical step is to cause a sufficient level of protein denaturation to 

“fix” the structure into a state that is stable to pH changes. Thus, exceeding the denaturation 

temperature (Td) is required, which is dependent on the types of whey proteins (Table 3.1). 

Complexes of β–lg and HMP heated to 65˚C – a temperature where only a small percentage 

of β–lg would have denatured – were not stable to pH adjustments post-heat treatment 

(Kazmierski et al. 2003). This suggests complex formation either did not occur or was not 

sufficiently complete to stabilize the biopolymer complexes to changes in electrostatic 

conditions after heating. Heating at 90˚C – where β–lg would be more fully denatured – 

resulted in complexes that were stable to pH adjustment. Similar results were seen with dilute 

systems of β–lg and sugar beet pectin, with complex stabilization occurring between 70–

80˚C (Jones et al. 2009). Increasing pectin concentration was associated with an increase in 
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the temperature required to form stable complexes. In the context of thermally processed 

beverages, heat treatments of shelf stable beverages are typically 90˚C and above, so 

complexes could potentially be heat-set during thermal processing of beverages.  

 

4.2  Colloidal stabilization 

Once a protein-polysaccharide complex is created that is stable at the desired pH and 

ionic strength of the beverage, then colloidal stability during thermal processing and storage 

(shelf life) become the primary concerns. Beverages can destabilize by proteins forming 

large aggregates that settle and form a visible precipitate, by polymer (protein-protein, 

protein-polysaccharide, or a combination of both) interactions producing a gel, or by polymer 

interactions producing phase separation. Therefore, overall colloidal stability can generally 

be grouped into three categories: properties related to individual particle stability (i.e. Stokes’ 

considerations), attractive forces among complexes, and repulsive forces among complexes. 

Repulsive interactions are transient, nonspecific interactions that occur between similar 

charges, but can also occur through steric repulsion (Schmitt et al. 1998).  

The stability of individual complexes is determined by the basic considerations of 

Stokes’ Law (Eq. 3.1). Settling velocity decreases for small complexes (r2) with densities that 

are close to the solvent (ρparticle – ρsolvent). An increase in continuous phase viscosity (η) can 

also slow settling but is limited by the level of viscosity acceptable to a specific beverage.   

 
𝑣𝑠 =

2 𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑔𝑟!

9𝜂  ( 3.1 ) 

where; 

vs = velocity of sedimentation, m s-1 
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ρparticle = density of soluble complex, kg m-3 

ρsolvent = density of continuous phase, kg m-3 

g = gravity, m s-2 

r = hydrodynamic radius, m 
η = continuous phase Newtonian viscosity, Pa s 
 

Stokes’ Law provides an estimation of stability and can be used to evaluate a critical 

particle size for predicting long-term stability. However, this model strictly applies to rigid 

spheres at infinite dilution. To account for higher phase volumes (ϕ) of polymers in 

beverages, the settling velocity can be corrected using Eq. 3.2 (Barnea & Mizrahi 1973). 

 
𝑣 =

𝑣𝑠(1− 𝜙)

1+ 𝜙! 𝑒
!𝜙

!(!!𝜙)

 ( 3.2 ) 

where; 

v = phase volume corrected settling velocity 
vs = Stokes’ settling velocity, m s-1 
ϕ = polymer phase volume 
 

At high ϕ, settling velocity decreases due to backflow of the continuous phase (i.e., 

displacement of an equal volume of fluid by the particle) as shown in Figure 3.3. It is 

important to note that this approximation does not account for flocculation that could 

increase creaming rate (or decrease creaming due to flocculation permeating through the 

system and forming a network).  

 

4.3  Electrostatic stabilization 

Stability based on Stokes’ considerations only takes the size and density of complexes 

into account. However, after initial complex formation, secondary aggregation between 

complexes can form larger aggregates and decrease stability. If particles of a desirable size 
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are present after thermal processing, stability is subsequently determined by the rate of 

secondary aggregation. In other words, what impacts the formation of particles of a discrete 

size and prevents them from continued secondary aggregation? 

 

 

Figure 3.3.  Complex settling velocity modeled as a function of phase volume 

Theoretical settling velocity (solid line) of whey protein-polysaccharide soluble complexes 
based on phase volume corrections and days for a particle to fall 1 cm (dashed line). Settling 
velocity was determined using 1.5 mPa s continuous phase viscosity, particle density of 1200 
kg/m3 and solvent density of 997 kg/m3. 

 

Although electrostatic attractions are responsible for the formation of soluble 

complexes, electrostatic repulsion between complexes reduces secondary aggregation.  
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Gummel et al. (2008) suggested that electrostatic interactions have opposing roles based on 

the characteristic length scale at which they are viewed. On a local length scale (size of the 

individual polymers), electrostatic interactions favor growth of primary complexes. However, 

on a larger length scale characteristic of the complex diameter, electrostatic repulsion limits 

the continued growth and contributes to particles of a discrete size. The most commonly used 

indicator of surface charge is ζ–potential. The greater the positive or negative magnitude of 

ζ–potential on a particle the greater the stability against secondary aggregation.  

 

4.4  Steric stabilization 

Steric stabilization is associated with polymers on the surface of particles extending 

into the surrounding continuous phase. When two particles approach such that the surface 

polymers overlap, the local concentration is thermodynamically unfavorable and continuous 

phase solvent will move in, diluting the local concentration and pushing the particles apart.  

Pectin, for example, has known steric effects and is commonly added to acidified milk 

beverages to stabilize against aggregation of casein micelles during heating (Pereyra et al. 

1997). Pectin can be irreversibly adsorbed to the micelles via electrostatic interactions and 

provides steric repulsion between coated micelles (Tromp et al. 2004). Pectin with lower 

degrees of methyl esterification (DM) tend to bind on the surface and not extend into the 

solvent, while high methoxyl pectin has protruding sections that provide steric stabilization 

(Pereyra et al. 1997). A similar mechanism has been proposed for pectin in emulsions 

containing protein interfacial films. Pectin forms a complex with the proteins on the lipid 

droplet surface and thereby provides steric stabilization against droplet flocculation and 

coalescence (Gromer et al. 2010). Per the core-shell structural theory, the same mechanism 
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would provide a degree of steric repulsion between whey protein-polysaccharide soluble 

complexes in beverage applications. However, the principle difficulty in evaluating steric 

stabilization lies in measuring and separating steric effects from electrostatic effects. 

4.5  Role of cosolvents in particle formation and stabilization 

Beverages often contain various small molecular weight compounds that form true 

solutions. These are considered as part of the continuous phase and therefore called 

“cosolvents.” In beverages, these would typically include nutritive (e.g., sucrose, corn syrups, 

and sugar alcohols) or non-nutritive (e.g., sucralose, stevia, and acesulfame potassium) 

sweeteners in addition to vitamins, minerals, and an array of bioactive compounds (e.g., 

polyphenols). Cosolvent interactions with colloidal polymers can modulate the interactions 

between polymers in solution. While the effects of sugars and sugar alcohols have been 

established, to our knowledge the role of bioactive compounds in altering complexation have 

not been investigated. The influence of cosolvents on complex formation is associated with 

their ability to alter protein thermal stability (unfolding), modulate inter-polymer interactions, 

or through altering diffusion and collision frequency via increasing continuous phase 

viscosity (Chanasattru et al. 2009).  

Because denaturation and aggregation is a prerequisite for complex stabilization, the 

impact of cosolvents on protein denaturation temperature (Td) is of importance. High 

concentrations of sucrose (40%) have been shown to increase whey protein Td by 6–8˚C 

(Kulmyrzaev et al. 2000), but these are beyond the level typically seen in commercial 

beverages. For example, a more application-appropriate dose of 10% wt/wt sucrose only 

increased the Td of 0.2% WPI at pH 7 by < 1˚C, suggesting sucrose levels in a beverage 

would not appreciably alter complexation, at least not via changes in Td.  
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Increasing concentration of sorbitol decreased the lower pH limit (pHϕ) at which 

insoluble β–lg–SBP complexes were formed by a small degree, while glycerol did not 

modify pHϕ. This suggests that certain sugar alcohols may be used to modify the effective 

pH range of complexation (Chanasattru et al. 2009). However, sugar alcohols may also 

modify protein Td and inhibit complex stabilization. Additionally, high doses of sugar 

alcohols have been associated with gastrointestinal distress (Dills 1989), so judicious use of 

these cosolvents would be needed in beverage applications. 

 

5.  ANALYTICAL TECHNIQUES 

A variety of analytical techniques are used to characterize particle size, shape, or 

surface properties (e.g., charge, hydrophobicity). Detailed reviews on analytical techniques 

are available; therefore this review will simply provide a general overview of the primary 

types of measurements to provide context for subsequent sections of this review. Important 

assumptions and limitations of these techniques will also be noted. For detailed information 

on experimental techniques, see the excellent review by Cooper et al. (2005). 

The formation of protein-polysaccharide particles can generally be viewed on the 

macroscopic scale via an increase in turbidity or more precise light scattering-based 

techniques. Turbidimetry is commonly used to evaluate the degree of complex formation in 

the sense that associated complexes scatter a greater degree of light than the individual 

colloidal polymers. This approach provides a qualitative view of complexation, but more 

precise techniques are needed to describe the distribution of particle sizes and shapes. 

Additionally, turbidimetry is an appropriate technique over a large range in solution turbidity, 
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but is not a great indicator at very low levels of turbidity. Alternatively, static and dynamic 

light scattering techniques can be used. Dynamic light scattering (DLS), based on an 

estimated diffusion constant, is commonly used to characterize the size of complexes. Static 

light scattering (SLS) is better at observing very small particles and low levels of turbidity, 

and can be paired with turbidimetry to provide a more complete picture of optical properties 

over a greater range (Weinbreck et al. 2003a). Additionally, SLS can be used to generate a 

shape factor for the particle, whereas DLS assumes a hard sphere model.  

Circular dichroism has been used to evaluate protein structural changes of protein 

before and during complexation of BLG with gum acacia (Mekhloufi et al. 2005). In 

addition, Raman spectroscopy has been used to evaluate the changes in secondary structure 

of WPI after complexation with pectin (Zhang et al. 2012). A number of microscopy 

techniques have been used, including electron microscopy for chitosan-based coacervates 

(Lee & Hong 2009), optical microscopy (Krzeminski et al. 2014b) and atomic force 

microscopy for surface topography and roughness (Jones et al. 2010b, Peinado et al. 2010). 

Composition of the complexes can be evaluated using size exclusion chromatography (Qi et 

al. 2014) for size separation and a complementary technique to identify composition of 

peaks. 

Surface properties should be indicative of colloidal stability against secondary 

aggregation. ζ–Potential is the main technique used to estimate of surface charge, and to 

deduce to the predominance of one polymer at the particle surface (Santipanichwong et al. 

2008). Small changes in pH and ionic strength have a strong impact on ζ–potential results. 

Proteins contain hydrophobic amino acids and thus attraction via surface hydrophobicity may 

be involved in secondary aggregation. The degree of surface hydrophobicity is not 
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commonly measured but may have use in predicting colloidal stability or structural changes 

associated with protein denaturation. Benichou et al. (2007) developed a method using 

sodium dodecyl sulfate–binding capacity to evaluate hydrophobicity changes after 

complexation. This method requires dilute concentrations of SDS to limit denaturation of the 

proteins. A summary of particle properties and techniques used to measure them is given in 

Table 3.2. 

 

Table 3.2.  Important physical properties and techniques used to evaluate protein-
polysaccharide complexes 

particle property: measurement techniques:  
initial complexation turbidity 

spectrophotometry 
differential scanning calorimetry 

size & morphology dynamic light scattering 
static light scattering 
size exclusion chromatography 
intrinsic viscosity 
electron microscopy 
atomic force microscopy 

surface properties ζ–potential 
hydrophobic binding (ANS) 
sodium dodecyl sulfate binding 

molecular structure circular dichroism 
infrared spectroscopy 
fluorescence 
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Table 3.3.  Summary of select recent results regarding properties of protein-polysaccharide 
complexes 

reference protein polysaccharide pH heated diameter ζ–potential 

Bengoechea et al. 
2011 

lactoferrin (0.2%) HMP (0.1%) DE 54 7.0 – 100 nm –45 mV 

Peinado et al. 2010 lactoferrin (0.2%) HMP (0.1%) DE 54 7.0 + 285 nm –44 mV 

Jones et al. 2010a β–lg (0.5%) HMP (0.25%) DE 71 4.75 + 309 nm –25 mV 

Salminen & Weiss 
2013 

WPI (0.5%) HMP (0.25%) DE 62 4.5 + 291 nm –28 mV 

Salminen & Weiss 
2013 

WPI (0.5%) HMP (0.25%) DE 55 4.5 + 224 nm –26 mV 

Salminen & Weiss 
2013 

WPI (0.5%) HMP (0.25%) DE 50 4.0 + 224 nm –30 mV 

Salminen & Weiss 
2013 

WPI (0.5%) HMP (0.25%) DE 50 5.0 + 269 nm –41 mV 

Krzeminski et al. 
2014b 

WPI (0.5%) LMP (0.1%) 4.0 + 500 nm –15 mV 

Krzeminski et al. 
2014b 

WPI (0.5%) LMP (0.1%) 6.0 + 400 nm –50 mV 

Zhang et al. 2012 WPI (3%) LMP (0.3%) 6.0 + 90 nm N/A 

Jones et al. 2010a β–lg (0.5%) LMP (0.25%) 4.75 + 225 nm –43 mV 

Jones et al. 2010a β–lg (0.5%) Carrageenan (0.25%) 4.75 + 687 nm –59 mV 

Peinado et al. 2010 lactoferrin (0.2%) Carrageenan (0.1%) 7.0 + 280 nm –62 mV 

Loveday et al. 2013 WPI (0.25%) gum arabic (1.25%) 7.0 + 125 nm N/A 

Benichou et al. 2007 WPI (4.0%) xanthan gum (1.0%) 7.0 – N/A –50 mV 

Hong & 
McClements 2007 β–lg (0.5%) chitosan (0.1%) 4.5 + 140 nm  +20 mV 

Peinado et al. 2010 lactoferrin (0.2%) alginate (0.1%) 7.0 + 495 nm –62 mV 

Listed is the approximate mean diameter and surface charge of protein polysaccharide 
complexes by polymer type, pH, and the presence of thermal treatment to heat-set particles. 
Abbreviation include high methoxyl pectin (HMP), low methoxyl pectin (LMP), whey 
protein isolate (WPI) and β–lactoglobulin (β–lg). 
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6.  PERFORMANCE OF PROTEIN-POLYSACCHARIDE COMPLEXES 

The previous sections established the general properties needed for protein-

polysaccharide particles to remain stable in producing beverages and assuring a desired shelf 

life.  In general, the ideal particles have a low nano-scale diameter with densities close to that 

of the continuous phase and surface properties that favor inter-particle repulsion. Those will 

be the guiding principles used in discussing particles produced from various protein-

polysaccharide combinations and processing conditions, a summary of which is presented in 

Table 3.3. 

 

6.1  Pectin 

The ability to form complexes with proteins has been investigated for a number of 

polysaccharides, and none more often than pectin. As such, pectin will be presented as an 

archetypal system for comparison with the other polysaccharides. Pectin is a linear chain 

polysaccharide primarily composed of repeating D–galacturonic acid with α–1,4 glycosidic 

linkages. The pKa of the carboxyl groups on galacturonic acid ranges from 2.9–3.3 (Whistler 

& BeMiller 1993). As a structural element, pectin is found in virtually all plants; industrial 

pectin is commonly derived from fruit pomace – namely citrus or apple – and isolated via 

acid extraction. Pectin is sub classified by two parameters: degree of methyl-esterification 

(DM) and degree of blocking (DB). The ubiquity of pectin and the increased level of 

distinction (DM and DB) are likely contributing factors to it being used as a model system 

for complex formation. The degree of esterification indicates the percentage of esterified 

carboxyl groups on the sugar backbone. Pectin is naturally 70–80% esterified, but can be 
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chemically modified to virtually 0%. Pectin with 50% or more methyl esterification is 

classified as high-methoxyl pectin (HMP), with low-methoxyl pectin (LMP) being less than 

50% esterified. Thus, the non-esterified carboxyl groups give LMP a higher overall charge 

density (0.65 mol charge/mol monosaccharide at 35% DE) than HMP (0.3 mol/mol at 70% 

DE) (de Jong & van de Velde 2007).  

In addition to the number of methyl esters, the distribution of the esters impacts the 

functional properties of the pectin. They can be arranged in a blockwise distribution to give a 

high local charge density (high DB pectin), or in a random distribution for low local charge 

density (low DB pectin). High DB pectin has a greater binding affinity to whey proteins due 

to decreased electrostatic repulsion between polymers (Sperber et al. 2009). Differences in 

charge density between HMP and LMP influence the extent of complexation with proteins 

(Girard et al. 2002). Low-methoxyl pectin forms complexes at higher ionic strength that 

HMP due to the greater overall charge mitigating the screening effects of salts (Sperber et al. 

2009). For pectin with the same DM, high DB pectin also forms complexes with β–lg at a 

higher ionic strength (100 mM) than low DB pectin (60 mM), with an increase in pHc from 

6.0 to 6.4 (Sperber et al. 2009), suggesting a broader pH range for the formation of soluble 

complexes. Degree of blocking can be cumbersome to measure, so it is much less frequently 

treated as a variable in complex formation. An alternative to fruit-derived pectin is sugar beet 

pectin (SBP). In addition to the methyl esters, SBP contains proteinaceous side chains and a 

degree of branching containing acetyl groups and phenolic esters (Funami et al. 2011). In 

particular, the hydrophobic pherulic acid side chains give SBP an additional degree of 

hydrophobicity, and are speculated to be a major group responsible for non-covalent bonding 

with β–lg (Qi et al. 2014).  
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When complexed with WPI, HMP tended towards larger sizes than LMP, 

independent of polymer ratio (Krzeminski et al. 2014b). The lower overall charge on HMP 

limits the interaction potential with charged protein patches; however, a lower binding 

affinity may allow more of the pectin to extend into the continuous phase providing steric 

stabilization (Pereyra et al. 1997). Jones et al. (2010a) also reported a greater complex size 

for β–lg complexes with HMP compared to LMP prepared under similar conditions. 

Salminen and Weiss (2013) performed a comprehensive analysis of WPI and HMP 

complexes using 5 different pectin sources and DE ranging from 50–71%. All of the pectin 

types were able to form sub-micron soluble complexes from pH 4–5.5, and pH 4.5–4.75 was 

the ideal range for forming the smallest soluble complexes. In this pH range, lower DE was 

generally associated with smaller size (with the exception of 71% DE, all complexes were 

225–300 nm in size). 

As mentioned previously, the application of a heat-setting step to soluble complexes 

may provide structural protection against changes in pH or ionic strength. After heat-setting, 

WPI–LMP complexes retained greater amounts of α–helices and β–sheets with a decrease in 

the number of random coils and β–turns (Zhang et al. 2012). However, forming protein-

polysaccharide complexes do not always stabilize protein structure. For example, lactoferrin 

and HMP complexes displayed no significant changes in denaturation during calorimetric 

scans (Bengoechea et al. 2011). It has been previously reported that the presence of pectin 

increases the denaturation temperature of WPI, but the conditions tested (pH 7, 20:1 

biopolymer ratio) were not conducive to the formation of soluble complexes (Ibanoglu 

2005). Krzeminksy et al. (2014) suggested that LMP might be better suited to industrial 

applications than HMP based on size and ζ–potential. The authors examined charge density 
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and polymer ratio for heat-set WPI-pectin complexes of various degrees of esterification, 

with results framed in terms of ζ–potential and size distribution. At both pH 4.0 and 6.0, 

heating the complexes gave more negative ζ–potential for both HMP and LMP (Krzeminksy 

2014). However, heat-set HMP complexes tended to be larger and denser than LMP 

complexes. Additionally, a Pr:Ps ratio of 5:1 was identified as producing ~400 nm WPI–

LMP complexes, whereas larger and smaller ratios led to the formation of >10 µm 

aggregates.  

For simplification, colloidal stability of complexes during storage can be viewed in 

terms of complex size (per Stokes’ law) and surface charge, and the combination of these two 

facets can be used to predict stability (Figure 3.4). As a general rule of thumb, particles with 

a ζ–potential ≥ 30 mV (absolute value) exhibit moderate colloidal stability against 

flocculation (Jacobs et al. 2000). Based on the ϕ–corrected particle settling velocity 

described above, complexes < 320 nm are stable against creaming for at least 100 days. Thus, 

these two values serve as estimates for stable beverages. General trends can be observed in 

Figure 3.4. Complexes of β–lg (or WPI) and LMP tended towards more negative ζ–potential 

than those with HMP due to the higher charge density of LMP. 

Thus far, few studies have examined the effects of extended storage on particle size 

characteristics. Gentès et al. (2010) evaluated the stability of WPI–HMP particles formed at 

pH 4.5. After heating to 90˚C and storing for 28 days, there was no significant change in 

stability. Detailed information on changes in surface charges or particle morphology during 

long-term storage would be particularly interesting, as changes in particle size could be used 

to model the long-term stability of these particles in beverages. 
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Figure 3.4.  Diameter and ζ–potential of heat-set soluble complexes in the literature 

Particles smaller than 300 nm are predicted to be stable for at least 100 days, and –30 mV is 
the cutoff for moderate colloidal stability against flocculation. Abbreviations are as follows; 
β–lactoglobulin (BLG), lactoferrin (LF), whey protein isolate (WPI), sugar beet pectin 
(SBP), high-methoxyl pectin (HMP), low-methoxyl pectin (LMP), carrageenan (CG), sodium 
alginate (SA).  

 

Complexes between lactoferrin and pectin are particularly interesting due to the 

cationic nature of lactoferrin (pI ~ 8.2), which shifts the pH range for soluble complex 

formation towards neutral pH. Soluble complexes of lactoferrin and HMP are formed over a 

wider range of pH (3.5–7.0) than pectin with β–lg or WPI (Bengoechea et al. 2011). For 

example, particles formed at pH 7 (0.2% lactoferrin, 0.1% HMP) had a diameter near 100 nm 

with ζ–potential near –45 mV, suggesting strong electrostatic and colloidal stability. 
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Additionally, lactoferrin is associated with a number of health benefits, including (Marshall 

2004) indicating the potential for lactoferrin-pectin complexes to be used as functional 

ingredients with a specific nutritive focus. Complexes of lactoferrin and HMP formed 

exhibited a core-shell arrangement with stability to heat treatment (Peinado et al. 2010). 

Higher protein levels would be of interest for this application. 

 

6.2  Carrageenan 

Interactions between carrageenans (CG) and milk proteins are widely known, and 

casein-carrageenan interactions have been used to control textural properties of dairy 

products for years (Langendorff et al. 1999, 2000). Carrageenans are a family of sulfated 

anionic polysaccharides extracted from red seaweeds. They are linear polymers, comprised 

of alternating β–D–galactopyranose and 3,6–anhydro–α–D–galactopyranose units connected 

by either α–1,3 or α–1,4 glyocosidic linkages (Campo et al. 2009). As ingredients they are 

organized into six different forms based on the number of sulfate ester groups (–OSO3
–), with 

kappa (κ–CG) lambda (λ–CG) and iota (ι–CG) being the three most commercially relevant 

types (Campo et al. 2009). The pKa value of the sulfate esters is ~pH 2, which is lower than 

the carboxyl groups on pectin.  

It has been reported that CG type shifts the pH range for forming soluble complexes. 

Complexes of WPI and λ–CG complexes had higher pHc and pHϕ than ι–CG or κ–CG WPI 

complexes (Stone & Nickerson 2012), which may be due to λ–CG having a greater number 

of sulfate groups per repeating unit than κ–CG or ι–CG. Additionally, λ–CG adopts a random 
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coil conformation, whereas κ–CG and ι–CG have a temperature dependent reversible 

transition from random coil to helical, ordered conformations (Gu et al. 2005). 

 Linear charge density varies among CG type – λ–CG (1.5 mol/mol), ι –CG (1.0 

mol/mol), and κ–CG (0.5 mol/mol) – due to the number of sulfate groups per 

monosaccharide (de Jong and van de Velde, 2007). Compared to pectin, the differences in 

charge density influence physical properties of the complexes. For example, κ–Carrageenan 

and WPI complexes dissociate at a lower ionic strength than ι–CG (Stone & Nickerson 2012, 

Weinbreck et al. 2004b). 

Jones et al. (2010) performed a comprehensive comparison of soluble complexes 

between β–lg and HMP, LMP or ι–CG (with a small amount of λ–CG) formed at pH 4.75. 

Carrageenan complexes were less turbid when adjusted to ≤ pH 4 before being heat-set, and 

were less turbid over the pH range 3.6–5.5 after heat-setting. The CG complexes also had a 

more negative ζ–potential (–57 mV) than LMP (–44 mV) and HMP (–26 mV). However, β–

lg–CG complexes were considerable larger (~700 nm) than pectin complexes (200–300 nm), 

and were less stable to pH adjustments after being heat-set. The trends in both ζ–potential 

and size follow charge density of the polysaccharides. Peinado et al. (2010) reported greater 

stability of CG–lactoferrin complexes to pH adjustments after being heat-set, although this 

difference could be attributed to the different proteins.  

 Related to CG is the seaweed-derived polysaccharide furcellaran, which has a lower 

degree of sulfated esters than CG and is functionally most similar to κ–CG (Lahaye 2001). 

Furcellaran has been used to form complexes with BSA and β–lg, which form at a higher pH 

than CG, with a reported pHϕ–pHc range of 5.0–7.5 and 5.2–7.5 for BSA and β–lg, 

respectively (Laos et al. 2007). 
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6.3  Other polysaccharides 

6.3.1  Alginates 

Alginates are salts of alginic acid. They are linear polysaccharides and are extracted 

from cell walls of seaweeds. The linear polymer is comprised of 1,4 β–D–mannuronate (M) 

and α–L–guluronate (G) monomers covalently linked via consecutive or alternative M and G 

blocks (Grasdalen et al. 1979). With pKa values of ~3.4 (M) and ~3.6 (G), alginates are 

typically anionic. They are generally regarded as having a stiff backbone with limited 

flexibility, but flexibility is highly dependent on ionic strength (Smidsrød & Haug 1971). 

Although alginates are commonly used in beverages for increasing viscosity, research into 

alginate complex formation with whey proteins is limited. In fact, much of the research 

focuses on alginate and whey protein microspheres for the encapsulation of probiotics 

(Hébrard et al. 2010, Rajam et al. 2012).  

Compared to pectin, complexation of sodium alginate and whey proteins occurs at a 

lower pH closer to the pKa of the alginate monomers, near 3.5–4.5 depending on polymer 

ratio (Fioramonti et al. 2014). A recent study on complexation of lactoferrin with a number 

of anionic polysaccharides (CG, alginate and pectin) evaluated complex size, turbidity and ζ–

potential after heating. Soluble LF aggregates were first formed and then the polysaccharides 

were adsorbed on. Alginate complexes were larger than CG and pectin across the entire pH 

range (pH adjustment after heating) and ranged from ~400 nm at pH 9 to ~700 nm at pH 4 

(Peinado et al. 2010). Surface charges were greater than –40 mV at all pH, suggesting 

colloidal stability. Low stability at low pH is likely contributed to the pH relative to the pI 

(LF has high pI near 8.1), so results would likely be different for alginate complexed with 

whey proteins. 
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6.3.2  Gum Arabic 

Compared to the previously mentioned linear polysaccharides, gum Arabic (GA) is 

considerably more complex. It consists of galactose, rhamnose, arabinose and glucuronic 

acid monomers, is highly branched, and contains proteinaceous material. Interactions of gum 

Arabic with whey proteins have been utilized for several decades, mostly in terms of 

coacervate formation (Eratte et al. 2014, Weinbreck et al. 2003a). It has been proposed that 

electrostatic interactions between GA and WPI occur from pH 5–7, leading to the formation 

of soluble complexes (Klein et al. 2010), possibly as low as pH 4.8 (Weinbreck et al. 2003a). 

The pHc shifts toward a lower pH with increasing NaCl concentration (Weinbreck et al. 

2003a). In dilute systems (0.1% WPI 0.5% GA), WPI and GA interact to form 20–30 nm 

heat-stable particles at pH 7 (Loveday et al. 2013), which would be ideal for beverages 

applications per Stokes’ considerations. However, higher concentrations of GA led to 

precipitation at 75˚C. In this study, polymer ratios were skewed towards higher 

polysaccharide levels; in a beverage, the polymer ratio would likely be skewed towards a 

higher percentage of protein. Considering the pH range for soluble complex formation, GA 

would likely be a polymer consideration for near-neutral pH beverages. 

 

6.3.3  Xanthan gum 

Xanthan gum (XG) is a highly branched exopolysaccharide produced via bacterial 

fermentation. It is comprised of pentasaccharide units of glucose, mannose and glucuronic 

acid in a 2:2:1 ratio. Carboxylic acid groups have a pKa near 3.5, so XG is often anionic. 

Research on complexes of whey proteins and XG is sparse, and primarily focuses on 

applications such as fat mimesis (Laneuville et al. 2005) and emulsification (Benichou et al. 



 

 

128 

2007). Benichou et al. (2007) reported associative behavior between WPI and XG at pH 7. 

No complex size was reported, but complexes at a 4:1 WPI:XG ratio had a ζ–potential of –50 

mV, implying colloidal stability. This may suggest evidence of molecular interactions, but 

not necessarily the formation of electrostatic complexes, especially considering both 

polymers are negatively charged at pH 7. 

 

6.3.4  Chitosan 

Chitosan is an interesting polysaccharide for the formation of soluble complexes due 

to its cationic nature, and thus may be more appropriate for use in acidic pH beverages. 

Chitosan is a linear polysaccharide of randomly distributed β–1,4 D–glucosamine and N–

acetyl–D-glucosamine, and has a pKa near 6.3 as determined by amino side groups. Hong & 

McClements (2007) reported small complexes (d ~140 nm) with positively charged ζ–

potential (+20 mV) formed between 0.5% β–lg and 0.1% chitosan at pH 5. After being heat 

set (80˚C for 20 min) these complexes were stable to pH adjustments over the range pH 3–5. 

The authors suggested applications as encapsulating agents. 
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Figure 3.5.  Potential beverage applications for whey protein-polysaccharide complexes 
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7.  APPLICATIONS, FUTURE NEEDS AND CONCLUSIONS 

In terms of beverage applications, the extensive research on this topic implies three 

techniques to forming complexes for beverages (Figure 3.5). Soluble complexes could be 

formed via pH adjustment and then heat-set as part of a thermal process, assuming that the 

thermal process exceeds the temperature required to heat-set the complexes. The pH of the 

final beverage could be fine tuned by judicious selection of polysaccharide (Figure 3.6), but 

the final pH must fall within the soluble complex range (between pHc and pHϕ), and 

limitations on total protein concentration would apply. It has been previously shown that 

heat-set complexes are stable to pH and ionic strength adjustments, so to overcome pH 

restrictions, the complexes could be heat-set before adjusting pH and applying a final thermal 

process. Limitations on protein concentration would still apply, although the application of 

membrane filtration may present a method to concentrate the protein-polysaccharide complex 

fraction. Alternatively, the heat-set particles could hypothetically be spray-dried and the 

ingredient could be hydrated, formulated and thermally processed as per a traditional protein 

beverage. Assuming no detriment to protein dispersibility. However, it is important to note 

that to our knowledge the feasibility of spray-drying complexes has not been established. 

In addition to direct applications in protein beverages, the soluble complexes also 

exhibit a number of other benefits. Schmitt et al. (1998) discussed increased protein 

solubility when complexed with polysaccharides, especially near the protein pI. Solubility of 

the complexes is highly dependent on polymer ratio (Xie & Hettiarachchy 1997). Complexes 

may have the potential to reduce astringency in beverages, which is a problem at acidic pH 

(Beecher et al. 2008). The mechanism for protein-based astringency is not completely 

understood, but it has been hypothesized that the precipitation of negatively charged salivary 
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proteins and positively charged whey proteins – more so at acidic pH – leads to astringency 

(Sano et al. 2005). In the example of anionic polysaccharides complexed with whey proteins, 

the complexes possess strongly negative ζ–potential 

 

 

Figure 3.6.  Range of reported pH values associated with the formation of soluble complexes 

Reported values are for polysaccharides complexes with whey protein isolate or β–
lactoglobulin. Polysaccharides represented are chitosan, carrageenan (CG), low-methoxyl 
pectin (LMP), high-methoxyl pectin (HMP), xanthan gum (XG), gum Arabic, furcellaran, 
and sugar beet pectin (SBP). 
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amounts of protein, appropriate rheological properties, desirable sensorial characteristics, 

ability to withstand thermal processing; and no detrimental effects to protein digestibility. 

Finally, we present a number of aspects that need to be addressed in the future for the use of 

soluble complexes in beverage applications. 

1. Can soluble complexes be formed at polymer concentrations appropriate for 

beverage applications? Much of the current work on soluble complexes has been 

performed in the dilute polymer regime. 

2. How do the size and surface properties of the complexes predict long-term stability 

of dispersed particles, and is there an optimum combination of size and surface 

charge for shelf stability? 

3. Are the polymers modified during heat stabilization in a way that would negatively 

impact digestibility or bioavailability? This is especially pertinent given the core-

shell theory in that the pectin exterior may reduce protein digestibility. 

4. Does shearing during heat stabilization direct complexation towards a different size 

distribution? This is especially important when considering industrial applications.  

5. Do beverages containing complexes have positive sensory characteristics? 
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CHAPTER 4.  DEVELOPMENT AND CHARACTERIZATION OF WHEY 
PROTEIN PARTICLES FOR BEVERAGE APPLICATIONS 

 
Ty Wagoner, Loren Ward, E. Allen Foegeding 

[to be revised and submitted to Food Hydrocolloids] 
 

1.  ABSTRACT 

Whey protein consumption has been linked to a number of health benefits including 

increased satiety and metabolic regulation; therefore, there is interest in increased 

consumption of foods rich in whey proteins. Meal replacement beverages and sports drinks 

are categories of foods that contain whey proteins. However, low thermal stability – 

especially near the protein isoelectric point (pI) – limits the pH range and protein 

concentrations at which beverages can be formulated. Studies have shown that at a narrow 

pH range close to the pI, whey proteins and pectin self assemble into soluble complexes 

(SCs) that have improved colloidal stability. Our objectives were to 1) determine the 

conditions required to form whey protein-pectin SCs, 2) characterize physical properties of 

the SCs, and 3) determine their stability to thermal processing. Soluble complexes were 

formed at various protein concentrations (1, 4, 5 and 6% w/w) with a constant protein to 

pectin ratio of 8:1 by adjusting the pH from 7 to 5. After formation, particles were heat-set by 

heating at 85˚C for 25 min. The properties of unheated and heat-set SCs were characterized 

via intrinsic viscosity, particle size distribution, and rheological analysis. Laser diffraction 

particle size analysis revealed that heating shifted sizes towards a monomodal distribution 

with mean diameter of ~100 nm for all protein concentrations. Heat-setting resulted in a 

significant (p < 0.05) reduction in intrinsic viscosity of SCs from 93.6 mL/g to 79.5 mL/g, 

suggesting conformational changes that favor a smaller hydrodynamic size. Decreased 

viscosity of heat-set SC solutions was consistent with the intrinsic viscosity and particle size 
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results. Increasing protein concentration had no significant (p > 0.05) impact on size of heat-

set SCs, suggesting applications in beverages where a high protein concentration is desired. 

Heat-set SCs remained as 100 nm particles and did not aggregate over the pH range of 3–6. 

Moreover, they remained stable in this pH range after thermal processing (141°C for 6 s). 

These results indicate that whey protein-pectin SCs can be heat-set into particles with 

enhanced colloidal stability for applications in beverages. 

 

2.  INTRODUCTION 

Whey proteins are associated with a number of potential health benefits, including 

increased satiety (Zafar et al., 2013), metabolic regulation (Nilsson et al., 2007) and as part of 

a weight loss intervention program (Hector et al., 2015). As a result, there is a strong interest 

to the consumption of high-protein foods. Whey protein beverages, such as meal-replacement 

beverages or recovery sports drinks, are a category of foods that contain whey proteins. 

However, low stability to thermal processing used in beverage manufacturing – especially 

when the beverage pH is near the isoelectric point of whey proteins – limits the pH range at 

which whey protein beverages can be formulated.  

One approach to increase colloidal thermal stability is to complex the protein with a 

polysaccharide (Vardhanabhuti and Foegeding, 2008). Interactions between whey proteins 

and anionic polysaccharides have been well documented and reviewed (Tolstoguzov, 2003; 

Turgeon et al., 2007). Briefly, these reviews indicate that soluble complexes (also referred to 

as nanoparticles or microparticles) form as a result of electrostatic interactions between 

anionic polysaccharides and positively charged patches on the surface of the proteins. In 

addition, recent work has suggested that ion-dipole interactions and charge regulation may 
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also play a role in complexation, especially at pH near the protein pI (da Silva and Jönsson, 

2009). These interactions form SCs at a small pH range near the protein pI, and are affected 

by pH, ionic strength, ionic species (Hirt and Jones, 2014), cosolvents (Chanasattru et al., 

2009), polysaccharide charge density (Salminen and Weiss, 2013), and polymer ratio 

(Sperber et al., 2009). Depending on these conditions, the polymers may exhibit cosolubility, 

form soluble complexes, or undergo phase separation (associative or segregative). 

Associative interactions produce soluble complexes that have a number of interesting 

applications in food systems, including texture modification (Schmitt and Turgeon, 2011), fat 

mimesis (Liu et al., 2007), or for the encapsulation and protection of compounds 

(Champagne and Fustier, 2007). One application suggested by Turgeon et al. (2007) – 

although not evaluated to any great degree – is the use of SCs to influence thermal stability 

of whey proteins. 

One limitation with widespread usage of SCs is dissociation upon changes in pH and 

ionic strength (Turgeon et al., 2007). One potential method of mitigating this restraint is to 

use heat treatment as a means of directing particle formation. Polysaccharides can be 

adsorbed to proteins that have already been heat-denatured (Santipanichwong et al., 2008), or 

particles can be formed prior to heat treatment (Jones and McClements, 2011). The latter 

directs protein aggregation towards the formation of particles of a discrete size ranging from 

100 nm diameter for lactoferrin complexed with high-methoxyl pectin (HMP) (Bengoechea 

et al., 2011) to 225–300 nm diameter for whey protein isolate (WPI) and HMP (Salminen 

and Weiss, 2013). Most importantly, these particles are stable to subsequent changes in pH or 

ionic strength (Jones and McClements, 2008; Krzeminski et al., 2014), and have been shown 

to be stable at refrigerated storage conditions for 4 weeks (Gentès et al., 2010). However, 
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these studies have only evaluated stability at low polymer phase volumes, typically at 

concentrations at or below 0.5% w/w protein. In order to meet FDA requirements for “high 

protein,” beverages would need to contain 10 g protein per 240 mL or approximately 4% 

w/w protein (Etzel, 2004). Additionally, polymer complexation would presumably influence 

rheological properties of the bulk dispersion. To our knowledge, the rheological behavior of 

SCs has not been evaluated. 

This study involves two food-grade biopolymers and a brief summary of these 

ingredients is presented. Whey protein isolate is produced from either ion exchange 

chromatography or through membrane filtration and contains at least 90% protein 

(Foegeding et al., 2011). The high nutritional value, high protein purity, and low fat content 

make WPI a suitable choice for whey protein beverages (Vardhanabhuti et al., 2009). Protein 

ingredients made from cheese whey includes a number of individual proteins, and the 

composition is dependent on the isolation process. In sweet (~ neutral pH) whey, β–

lactoglobulin (β–lg) makes up roughly 50% of total protein and has an isoelectric point (pI) 

near 5.13, while α–lactalbumin makes up roughly 15% of whey, with a pI near 4.4 (Farrell 

Jr. et al., 2004). The casein-derived glycomacropeptide (GMP) has a pI below 3.8 (Etzel, 

2004), and is present in sweet whey at concentrations up to 20% depending on fractionation 

technique (Huffman and Harper, 1999). Other whey proteins include bovine serum albumin, 

immunoglobulins and lactoferrin. 

Pectin is a linear polysaccharide composed of repeating D–galacturonic acid 

monomers linked by α–1–4 glycosidic bonds. The pKa of carboxyl moieties ranges from 2.9–

3.3 depending on pectin source (Whistler and BeMiller, 1993). A large proportion (typically 

~70%) of the carboxylic acid groups in native pectin are methylated. Pectin with a degree of 
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methylation above 50% is classified as HMP, and below 50% is considered low methoxyl 

pectin (LMP), and these differences influence functionality. Pectin is commonly used in 

acidified milk beverages to stabilize casein via adsorption and electrostatic repulsion and 

increased solution viscosity (Pereyra et al., 1997). For example, pectin is used in acid yogurt 

beverages at pH 4 to minimize aggregation during heat treatment and to provide a weak gel 

network to minimize phase separation rate (Endreβ and Christensen, 2009). The current use 

of pectin as a beverage stabilizer, and reported anti-carcinogenic properties (Maxwell et al. 

2012) associated with pectin make it an appropriate polysaccharide for protein beverages. 

The goals of this study were to determine the protein – pectin concentrations where 

SCs are formed and evaluate their properties relevant to use in beverages. Beverages require 

colloidal stability of the SC sol after thermal processing and a dispersion viscosity within a 

range that is desirable for the target beverage. A number of previous studies have shown that 

whey protein and pectin particles have potential applications as encapsulating particles 

(Santipanichwong et al., 2008; Jones et al., 2009; Souza et al., 2012), but to our knowledge 

they have not been applied to protein colloidal stability in beverages. Additionally, the 

rheological behavior of SCs – especially those that have been thermally challenged – has 

received little attention in the literature. The results are presented in terms of formation, heat 

stabilization, and characterization of the SCs. Stability is discussed in terms of Stokes’ 

considerations and surface charge in a colloidal system. 
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3.  MATERIALS AND METHODS 

3.1  Materials 

Whey protein isolate (WPI) was provided by Glanbia Nutritionals (Twin Falls, ID, 

USA). Protein content was 92.13% as determined by Kjeldahl analysis (N × 6.38). The 

amount of individual whey proteins as determined by the manufacturer was 51.2% β–

lactoglobulin, 21.3% α–lactalbumin, 24.3% glycomacropeptide, 1.6% immunoglobulins, 

0.8% bovine serum albumin and 0.2% lactoferrin. Mineral composition as determined by 

inductively coupled plasma atomic emission spectroscopy was 14.4% N, 0.3% P, 0.4% K, 

0.6% Ca, 1.1% S, and 0.2% Na. High-methoxyl pectin (71.8% DE as determined by the 

manufacturer, <1% ash) was provided by CP Kelco (Atlanta, GA, USA). Low-methoxyl 

pectin for preliminary evaluation was provided by CP Kelco (33.1% DE as determined by the 

manufacturer, <1% ash). Chemical reagents were of analytical grade and supplied by Sigma-

Aldrich (St. Louis, MO, USA). All subsequent calculations factor in purity and are expressed 

as protein concentration, not concentration of whey powder.  

 

3.2  Preparation of solutions and formation of soluble complexes 

Stock protein solutions (10% w/w protein) were formed by solubilizing WPI in 

deionized water (> 17 MΩ) by mixing at 300 rpm for 3 hours at room temperature (23°C ± 

1°C) and storing at 5˚C overnight. Stock pectin solutions (2% w/w) were formed by stirring 

pectin in deionized water at 600 rpm, heating to 70˚C to allow for maximum hydration, and 

then stirring at 400 rpm for 6 hours at room temperature (23°C ± 1°C). Stock solutions were 

diluted to final concentrations with deionized water and adjusted to appropriate pH using 1 M 
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citric acid and 1 M NaOH. Both pectin and WPI solutions were adjusted to pH 7 and used 

within one day. The protein-polysaccharide SCs were formed by first combining the protein 

and pectin stock solutions (both pH 7) at an 8:1 w/w protein to polysaccharide ratio and 

diluting to the desired concentration with deionized water. The pH was then adjusted from 

pH 7.0 to 5.0 with citric acid to form SCs. Heat-set particles were formed by heating 

solutions in an 85˚C water bath for 25 min. After heating, solutions were cooled to room 

temperature (23°C ± 1°C) in an ice slurry. Solutions were stored overnight at 5˚C before 

analysis. 

 

3.3  Particle size distribution 

Particle size distribution was determined using laser diffraction on a Malvern 

Mastersizer Hydro EV (Malvern Instruments, UK). Calculations were made using the Mie 

scattering model for non-spherical particles. The data are represented as the volume 

percentage of sample in each of the 100 measured size classes ranging from 0.01–3000 µm. 

Water was used as a solvent with a refractive index of 1.33, and WPI–HMP particles were 

assumed to have a refractive index of 1.42 (Krzeminski et al., 2014). Sample solutions were 

added to deionized water until the obscuration level reached 10% ± 1% and stirred at 2000 

rpm for the duration of the test. Mean values are expressed as both the number-based mean 

(D50) – the diameter at 50% cumulative size – and volume-based mean D[4,3]: 

 
𝐷[!,!] =

𝑛𝑖𝑑𝑖
!

𝑛𝑖𝑑𝑖
! (4.1) 

where ni is the number of particles of diameter di. 
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3.4  Intrinsic viscosity 

Intrinsic viscosity of polymer solutions was measured using a Cannon-Fenske 

(Cannon Instruments, State College, PA) capillary viscometer per the method described by 

Vardhanabhuti and Foegeding (1999) with several modifications. Viscometers were 

immersed in a temperature controlled water bath set at 40 ± 0.2˚C. Deionized water was used 

to dilute the initial stock solutions of protein (10% w/w) to five concentrations between 0.01–

0.16% w/w. Pectin was prepared in 50 mM NaCl solution and diluted from 2% w/w to five 

concentrations between 0.0125–0.2% w/w, holding ionic strength constant at 50 mM. For all 

measurements, 7 mL of sample was added to the viscometer and allowed to equilibrate for 10 

min. Two measurements were performed 10 min apart and averaged for each data point, and 

the samples were independently tested in triplicate. Viscometers were rinsed three times with 

deionized water and once with acetone before being completely dried between runs. The 

specific viscosity (ηsp) was calculated using Eq. 4.2: 

 𝜂𝑠𝑝 =
𝑡− 𝑡!

𝑡!
 (4.2) 

where t is the efflux time of the sample solution and t0 is the efflux time of the solvent 

(Kragh, 1961).  The relative viscosity [nrel] was calculated using Eq. 4.3: 

 𝜂𝑟𝑒𝑙 =
𝑡
𝑡!

 (4.3) 

Intrinsic viscosity [η] was determined by plotting ηsp/c and ηrel/c as a function of 

polymer concentration via extrapolation of the best-fit line to zero polymer concentration on 

the basis of the Huggins (Eq. 4.4) and Kraemer (Eq. 4.5) equations (Tanford, 1961).  
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 𝜂𝑠𝑝

𝑐 = 𝜂 +   𝑘𝐻[𝜂]!𝑐 (4.4) 

 

 ln  (𝜂𝑟𝑒𝑙)
𝑐 = 𝜂 𝑐+   𝑘𝐾[𝜂]!𝑐 (4.5) 

where kH is the Huggins constant for a given solvent, kK is the Kramer constant for a given 

solvent, c is polymer concentration, and [η] is intrinsic viscosity.  

This technique is valid for solutions with ηrel values up to ~ 2. All ηrel values were less 

than 2 with the exception of 0.16% SCs, which had ηrel values less than 2.8. These values fit 

the model per the Huggins and Kramer equations and were included in subsequent 

calculations. Calculated intrinsic viscosity values are presented as the mean of calculated [η] 

values ± standard deviation. 

 

3.5  Apparent viscosity 

Viscosity flow profiles were developed with shear rate sweeps at 25˚C using an 

Anton Paar MCR 302 Rheometer (Graz, Austria) under controlled rate mode. A double gap 

concentric cylinder attachment was filled with 3.8 mL sample and presheared for 15 s at 10  

s-1. The sample was held at zero shear for 10 s before a linear shear rate ramp was applied 

from 0.1–200 s-1. Flow profiles were modeled using the Power Law model (Eq. 4.6) for 

fluids: 

 𝜂   = 𝐾𝛾𝑛!! (4.6) 

where K represents the flow consistency coefficient (Pa sn), n represents the flow behavior 

index (dimensionless), η represents apparent viscosity (Pa s) and 𝛾 represents shear rate (s-1). 
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3.6  Atomic force microscopy 

Micrographs of unheated and heated WPI–HMP SCs were obtained using a Bruker 

Dimension 3000 Atomic Force Microscope (Billerica, MA, USA) under tapping mode. 

Olympus silicon cantilevers (Olympus Corp., Tokyo, Japan) were used with a resonant 

frequency of 70 kHz as determined by the manufacturer.  Samples (4% w/w WPI, 0.5% w/w 

HMP) were diluted 1:100 with deionized water and 10 µL was applied to clean silicon 

wafers. Samples were covered and allowed to dry overnight before imaging. Various scan 

sizes were performed using the Bruker proprietary AFM software (v1.5) at a scan rate of 10 

µm/s with a z-depth of 300 nm. 

 

3.7  Scanning electron microscopy 

Samples for scanning electron microscopy (SEM) were prepared as described above 

for AFM. Images were obtained using an FEI Verios 460L field emission SEM (Hillsboro, 

Oregon, USA) operating with 1 kV electron landing energy. A through-the-lens low energy 

electron detector was used to generate images. 

 

3.8  Ultra high temperature thermal processing 

Soluble complexes were prepared and heat-set at pH 5 as described above. The pH 

was then adjusted to 3, 4, or 6 using 1 M citric acid or 1 NaOH. Solutions were equilibrated 

to 23˚C and 2 mL was placed in capped borosilicate test tubes (16 mm OD) before being 

processed in a 150˚C oil bath. Solutions increased to 141˚C in 62 s while being manually 

agitated, and were then held quiescent at 141˚C for 6 s to mimic thermal processing 

commonly used for protein beverages. At the conclusion of the hold time, test tubes were 
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cooled in an ice slurry for 1 min and allowed to equilibrate overnight at 5˚C before analysis. 

Laser diffraction particle size analysis and apparent viscosity were determined as described 

above. 

 

3.9  Experimental design 

All data are from three independent experimental replications unless stated otherwise. 

Statistical analysis was performed using the general linear model procedure in SAS v9.3 

(Cary, NC, USA). Statistical significance was indicated at p < 0.05. Differences between 

mean values were determined using Tukey’s HSD comparison test. 

 

4.  RESULTS AND DISCUSSION 

4.1  Intrinsic viscosity 

Intrinsic viscosity [η] represents the spatial volume occupied by a dispersed polymer. 

Due to the polyelectrolyte behavior of pectin, ηred (which is ηsp normalized against polymer 

concentration) increases at dilute concentrations in the absence of added salt due to long-

range electrostatic repulsion (Pals and Hermans, 1952). To mitigate this effect, pectin 

dilutions remained isoionic at 50 mM NaCl. The [η] of 461 mL/g falls in the established 

range for citrus-derived HMP (Fishman et al., 1991). 

Based on the Einstein hard sphere model, globular proteins would have an [n] of 2.5 

mL/g. However, most globular proteins have an [η] near 3.5 mL/g independent of molecular 

weight (Ross-Murphy, 1994). Indeed, this is the case for β–lactoglobulin with an [η] of 3.7 

mL/g (Báez et al., 2011). This is slightly lower than our value of 5.1 mL/g (Table 4.1), but 
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similar to other reported values for WPI (Vardhanabhuti and Foegeding, 1999). The slight 

deviation from expected values can be attributed to the combination of proteins in WPI, 

especially the non-spherical immunoglobulins. Additionally, the presence of soluble protein 

aggregates from spray drying the ingredient would alter the calculated values. It is also 

important to note that the WPI solutions used for [η] were at pH 6 due to precipitation at pH 

5. 

Prior to heat treatment, WPI–HMP SCs had an [η] of 93.6 mL/g (Table 4.1). After 

heating, SCs had [η] of 79.5 mL/g. The smaller [η] would suggest a smaller hydrodynamic 

volume after heating. Previous studies examining complexation of β–lg and HMP have found 

that heating above protein denaturation temperature leads to a reduction in particle size 

(Kazmierski et al., 2003; Krzeminski et al., 2014) that would be accompanied by a reduced 

hydrodynamic volume. Both heated and unheated complexes had [η] values similar to that of 

whey protein soluble aggregates (Vardhanabhuti and Foegeding, 1999), albeit at lower 

protein concentrations likely due to the inclusion of pectin. 
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Table 4.1.  Intrinsic viscosity [η] of HMP, WPI, and 4% WPI–HMP SCs before and after 
heat stabilization 

solution pH [η] (mL/g) 

HMP (50 mM NaCl) 5.0 461.0 ± 8.8 

WPI 6.0 5.1 ± 0.6 

WPI–HMP  5.0 93.6 ± 1.6 

WPI–HMP heated 5.0 79.5 ± 4.2 

WPI was evaluated at pH 6.0 due to flocculation at pH 5.0. Reported values are averages 
based on the extrapolation of ηrel/c and ηsp/c to zero concentration. 
 

4.2  Particle size distribution 

Intrinsic viscosity provides an estimate of hydrodynamic volume relative to the mass 

of particles. Conversely, laser diffraction was used to evaluate the soluble complex size 

distribution of unheated and heat-set SCs over a range of protein concentrations. Initially a 

comparison of HMP (71.8% DE) and LMP (33.1% DE) was planned to explore the effects of 

charge density on soluble complex size in a beverage. Previous comparisons of pectin types 

have suggested that LMP would be more appropriate for colloidally stable particles based on 

smaller particle diameter (Jones et al., 2010a) and a more negative ζ–potential (Jones et al., 

2010a; Krzeminski et al., 2014). However, these results were based on dilute protein 

concentrations (0.5% w/w) and a 2:1 ratio of WPI:pectin. Preliminary investigations (0.5% 

w/w protein, 5:1 WPI:pectin) of unheated soluble complex size agreed with the literature, 

with LMP SCs having a slightly smaller D50 diameter (67 nm) than HMP SCs (74 nm). 

However, upon increasing the protein concentration to 1% w/w or greater, SCs could not be 

formed with LMP due to macroscopic phase separation upon acidifying to pH 5. It has been 
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reported that LMP binds β–lg more tightly than HMP (Girard et al., 2003), possibly resulting 

in associative phase separation. 

Unheated solutions of WPI–HMP SCs had a bimodal distribution with peaks near 100 

nm and 10 µm (Figure 4.1). Increasing protein concentration from 1 to 6% w/w at a constant 

WPI:HMP ratio resulted in a greater volume of 10 µm diameter particles and a smaller 

volume of 100 nm particles. Typically, a volume-based mean (D[4,3]) is used to numerically 

represent average particle size. However, the presence of the large complexes in the second 

peak near 10 µm skews the average towards a much larger value (Table 4.2). Thus, D50 was 

used to represent the mean for comparison between unheated and heat-set SCs. D50 

represents the number-based mean diameter for which 50% of the particles are smaller in size 

than. The D50 mean diameter of unheated SCs increased from 95 nm at 1% protein to 371 nm 

at 6% protein. 

 After heat setting, the particle size distribution shifted towards a monomodal 

distribution with a peak near 70 nm for 1% protein, and near 100 nm for 4–6% protein 

(Figure 4.2). Reported size distributions in the literature have been either monomodal or 

bimodal depending on protein:pectin ratio; WPI–HMP particles (formed at pH 4 and heated 

to 90˚C for 5 min) had a bimodal distribution at a 2:1 ratio that shifted to a monomodal 

distribution at 5:1 ratio and above (Krzeminski et al., 2014).  

Based on D50 mean values, the average size of heat-set SCs is significantly smaller 

than unheated SCs at a given protein concentration, ranging from 54 nm at 1% protein to 103 

nm at 6% protein. Jones et al. (2010a and 2010b) reported a diameter of ~300 nm for β–lg 

and HMP complexes formed at pH 4.75 and heat-set at 85˚C (Jones et al., 2010a, 2010b). 
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Differences could be attributed to the protein:pectin ratio (2:1) or the analytical technique 

(dynamic light scattering), although that remains to be seen. 

 

Table 4.2.  Size characteristics of WPI–HMP soluble complexes (SCs) based on protein 
concentration 
  protein (% w/w) D50 (nm) D80% (nm) D[4,3] (nm) 

unheated 

1.0 95 ± 17 24 – 8200 - 

4.0 113 ± 9 26 – 1070 - 

5.0 220 ± 85 31 – 1260 - 

6.0 371 ± 280 33 – 2030 - 

heated 

1.0 54 ± 20 23 – 138 70 ± 20 

4.0 90 ± 3 24 – 327 151 ± 3 

5.0 105 ± 6 26 – 482 280 ± 74 

6.0 103 ± 5 26 – 420 436 ± 305 

Complexes formed at pH 5 heated for 25 min at 85˚C. D50 represents the number-based mean 
diameter. D80% represents the volume-based size range encompassing 80% of the particle 
sizes. D[4,3] values represent the volume-based mean average and are omitted for unheated 
SCs due to the bimodal distribution. 

 

The transitions towards a smaller size and monomodal distribution are likely 

explained by structural changes during heat setting. The proposed “core shell” theory 

describes particles as having a core composed primarily of denatured and aggregated protein, 

with polysaccharides adsorbed on the exterior or “shell” of the particle (Santipanichwong et 

al., 2008; Peinado et al., 2010; Jones and McClements, 2011). Heat-set particles would then 
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be stabilized against flocculation by the strong electronegative character of the anionic 

polysaccharide exterior. Indeed, the literature reports more negative ζ–potential for heated 

particles, with some authors reporting two-fold increases in ζ–potential magnitude after 

heating (Tolstoguzov, 1997).  

An alternative representation of particle size is D80%, or the size range that 

encompasses 80% of the particle sizes. Unheated SCs range in size from 24–8200 nm at all 

concentrations, again due to the presence of large secondary aggregates near 10 µm. Heat-set 

SCs range in size from 23–482 nm with a trend towards higher D80% with increasing protein 

concentration. 

  

 

Figure 4.1.  Volume-based particle size distribution of unheated WPI–HMP SCs 

Concentrations shown are 1, 4, 5 and 6% WPI w/w at a constant 8:1 WPI:HMP ratio.  
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Figure 4.2.  Volume-based particle size distribution of WPI–HMP SCs after heat-
stabilization 

Concentrations shown are 1, 4, 5 and 6% WPI w/w, at a constant 8:1 WPI:HMP ratio after 
heat stabilization (heated at pH 5 for 25 min at 85˚C). 

 

4.3  Microscopy 

Two microscopic techniques were used to visualize WPI–HMP SCs before and after 

heating: scanning electron microscopy (SEM) and atomic force (also known as scanning 

probe) microscopy (AFM) (Figures 4.3–4.4). Samples were affixed to silicon slides and 

desiccated prior to imaging; so approximate sizes are based on dry particle size as opposed to 

hydrodynamic size with laser diffraction analysis. The SEM images of unheated SCs were 

difficult to obtain (Figure 4.3A). Complexes appeared to adsorb strongly to the silicon slide 
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and were damaged by even low application of the electron beam (< 1 kV). Thus, high-

resolution images at slow scan speeds were not possible. Nonetheless, the particles appear to 

be polydisperse with particle diameters ranging from 50–300 nm congruent with laser 

diffraction results. However, the ~10 µm aggregates seen via laser diffraction were not 

present for the unheated complexes via SEM, possibly due to differences in sample 

preparation techniques. Heated complexes (Figure 4.3B) were more stable to the 1kV 

electron beam, allowing for high-resolution images. The heated particles range from 80–300 

nm in diameter, consistent with laser diffraction. Images of heat-set SCs obtained via AFM 

showed similar results as SEM (Figure 4.4). Heat-set particles ranged from 50–250 nm in 

diameter. The presence of some aggregates (Figure 4.4A) may have occurred during 

desiccation of the particles. 

 

 

Figure 4.3.  SEM micrographs of unheated and heat-set WPI–HMP soluble complexes 

SEM micrographs of unheated (A) and heated (B) WPI–HMP (4% w/w WPI) SCs (heated at 
pH 5 for 25 min at 85˚C) at 25,000× magnification. Scale bar represents 1 µm. 
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Figure 4.4.  AFM micrographs of 4% heat-set WPI–HMP soluble complexes 

AFM micrographs of 4% heated WPI–HMP particles (heated at pH 5 for 25 min at 85˚C) at 
1.5×1.5 µm (A) and 5.0×5.0 µm (B). 

 

4.4  Apparent Viscosity 

The flow behavior of solutions containing WPI–HMP SCs before and after heating is 

important to their processing and consumer preferences (Thompson et al., 2004). From a 

manufacturing perspective, lower viscosity is preferred due to greater flexibility; that is, 

increasing viscosity is easier than reducing viscosity. To our knowledge, the rheology of 

protein-polysaccharide complexes in the literature is sparse, and focuses primarily on SC-

stabilized emulsions (Benichou et al., 2007; Neirynck et al., 2007; Stone and Nickerson, 

2012) and coacervate rheology (Weinbreck et al., 2004; Wang et al., 2007). Based on the 

reduction of [η] after heating previously seen, we hypothesize a decrease in apparent 

viscosity after heat-setting SCs. Four different protein concentrations (1, 4, 5 and 6% w/w 

WPI) were evaluated, holding the protein to pectin ratio constant at 8:1 w/w. 

A B 



 

 

160 

All samples showed at least some degree of shear-thinning behavior and were 

modeled with the Power Law model (Figures 4.5 and 4.6). Shear thinning behavior of 

polymer solutions is likely due to either disruption of interparticle linkages or due to 

orientation of particles in the direction of the shear field (Chen et al., 2010). Both unheated 

and heated solutions of 1% w/w WPI were nearly Newtonian in nature (n > 0.98). It has been 

previously reported that β–lg solutions behave as Newtonian fluids up to concentrations of 

5% w/w (Carr et al., 2003). 

With the exception of 1% protein, the heat-set SCs showed significant changes in the 

rheological properties of the solutions. At 4–6% protein, the heat treatment caused a drop is 

apparent viscosity over the measured shear rate range (0.1–200 s-1). The drop of apparent 

viscosity is in congruence with the reduced [η] of 4% heated complexes. However, [η] was 

only measured for the 4% SCs, so it remains to be seen if the 5–6% SCs also have reduced 

[η]. The consistency coefficient (K) parameter was also lower after SCs were heat-set. 

Heating had less of an impact on the 1% protein solution, and the apparent viscosities at low 

shear rates were very similar before and after heating.  
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Figure 4.5.  Rheological profiles of WPI–HMP soluble complex dispersions 

Rheological profiles of solutions containing unheated (open symbols) and heat-set (H) WPI–
HMP SCs (closed symbols) over dynamic shear rate range (0.1–200 s-1). Protein 
concentration is % w/w and polymer ratio was held at a constant 8:1 WPI:HMP. Lines drawn 
are according to the power law parameters found in Table 4.2. 

 

Solutions of both unheated and heated SCs trended towards higher K and an 

increased degree of pseudoplasticity with increasing protein concentration (Table 4.3, Figure 

4.6), which is expected based on the increased polymer phase volume. Solutions containing 

heat-set SCs showed lower K values than unheated. Lutz et al. (1999) reported that unheated 

complexes of WPI and enzymatically-modified HMP (4% WPI, 8:1 ratio) showed n and K 

values of 0.56 and 100 mPa sn, respectively. The higher viscosity and greater degree of 

pseudoplasticity could be attributed to variations in protein (WPI from sweet whey vs. acid 
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whey), pectin (unmodified HMP vs. modified HMP with a high degree of blockiness) or to 

differences in particle formation technique. Preliminary investigations showed gelation at 

protein concentrations > 6% w/w (results not shown), so this may indicate the maximum 

protein concentration possible for a beverage.  

 

Table 4.3.  Consistency and flow behavior coefficients of heat-set WPI–HMP SC dispersions 

 unheated heat-set 

protein (%) K (mPa sn) n K (mPa sn) n 

1 1.90 ± 0.5 0.98 ± 0.03 1.92 ± 0.1 0.99 ± 0.01 

4 20.3 ± 1.4 0.91 ± 0.01 16.8 ± 1.0 0.92 ± 0.01 

5 39.5 ± 2.9 0.89 ± 0.01 31.9 ± 4.8 0.87 ± 0.03 

6 79.0 ± 4.2 0.85 ± 0.02 68.0 ± 5.7 0.87 ± 0.01 

Power law parameters K (consistency coefficient) and n (flow behavior coefficient) of 
solutions containing unheated and heat-set WPI–HMP SCs as affected by protein 
concentration and heat-setting. 
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Figure 4.6.  Consistency (K) and flow behavior (n) coefficients of unheated and heat-set 
WPI–HMP soluble complexes 

Plot of K (filled symbols) and n (open symbols) of heat-set (▲) and unheated (◾) SCs based 
on protein concentration as determined by shear rate sweeps from 0.1–200 s-1. Ratio of 
protein to pectin was held constant at 8:1. 

 

4.5  Application for soluble complexes in beverages 

One potential application for protein-pectin particles is in beverages. One aspect of 

colloidal stability can be explained based on Stokes’ Law (Eq. 4.7) for the settling velocity of 

a dilute particle suspension: 

 
𝑣𝑠 =

2𝑟!𝑔(𝜌𝑝 − 𝜌𝑠)
9𝜂  (4.7) 

where; 

vs = particle settling velocity (downward if ρp > ρs) 
r = particle radius 
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g = gravity 
ρp = density of particle 
ρs = density of solvent 
η = Newtonian viscosity of continuous phase 
 

Using Stokes’ Law as a model, the stability of particles dispersed in a beverage is 

predicted by small particle size, minimal or no density difference between the particle and 

solvent, or high continuous phase viscosity. Realistically, increasing continuous phase 

viscosity would be the simplest approach towards enhanced stability, but beverages must 

remain within a viscosity range in line with consumer expectations. Thus, particle size will 

be used as a primary driver of beverage stability. As reported earlier, the D[4,3] mean diameter 

of 4% heat-set SCs was 151 nm. Using the general Stokes’ Law model and assuming a 

particle density of 1100 kg/m3 (LaClair and Etzel, 2009), solvent density of 997 kg/m3 and a 

continuous phase viscosity of water; particles at the upper end of this range would be stable 

to 1 cm sedimentation for ~35 days. Realistically, settling velocity would likely be lower, as 

the continuous phase viscosity would be greater due to the viscosifying effects of non-

complexed pectin and protein. It is also worth noting that Stokes’ Law only accounts for 

stability of individual dispersed particles based on size and is valid for dispersions with a low 

dispersed phase volume. Thus, interactions between particles – and potential flocculation of 

the primary particles after thermal processing – are not considered.  

Another important aspect of colloidal stability is the surface charge or ζ–potential of 

dispersed particles. A greater magnitude of charge between colloidal particles – a more 

negative ζ–potential in the case of WPI–HMP complexes – indicates a greater degree of 

electrostatic repulsion and thus predicts colloidal stability. Preliminary data suggests that the 

ζ–potential of unheated SCS drops from –31 mV to –54 mV after heat-setting (unpublished 
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data from Wyatt Technologies, Santa Barbara, CA). Reported ζ–potential of heat-set β–

lactoglobulin and HMP SCs in the literature ranges from –36–39 mV depending on pH, NaCl 

concentration and heating time/temperature (Jones and McClements, 2011). 

 Soluble complexes of β–lactoglobulin and pectin formed at pH 5 (0.5% protein, 0.1% 

pectin) have previously been shown to be stable to pH and ionic strength adjustments after 

heat-setting (Jones and McClements, 2008). This approach would overcome the issue of a 

narrow pH range in which SCs can be formed (Turgeon et al., 2007). Heat-set SCs were 

initially formed at pH 5, then adjusted to pH 3, 4, and 6 and subjected to a thermal process 

similar to UHT thermal processing for beverages. Thermal processing had a minimal effect 

on the particle size distribution (Figure 4.7) or flow properties of the dispersions (Figure 4.8). 

The size distribution of pH 3 solutions had a larger shoulder near 1–10 µm, possibly due to 

the formation of aggregates during processing. This could be due to a small percentage of 

proteins in solution that are not complexed with pectin. Notably, GMP has an isoelectric 

point < 3.8, and protonation at low pH could facilitate aggregation with negatively charged 

SCs, leading to secondary aggregation of primary particles. Additionally, galacturonic acid 

would be more in the protonated form at pH 3, removing electrostatic stabilization. So we 

could see a reduction in the non-stabilized particles due to changes in pH, or just general loss 

of stability at this pH. The slight viscosity differences between the control and thermal 

processed samples are within standard deviation of the samples, suggesting that complexes 

can be reheated without significant changes to bulk rheology. 
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Figure 4.7.  Size distribution of heat-set WPI–HMP SCs after UHT processing 

Size distribution of heat-set WPI–HMP SCs (formed at pH 5 with 4% WPI w/w) adjusted to 
pH 3, 4 and 6 and thermally processed via UHT conditions (141˚C for 6 s). 

 

 Another potential benefit of WPI–HMP complexes in beverages is the possibility of 

mitigating protein-based astringency at acidic pH (Bengoechea et al., 2011). Whey protein 

astringency is thought to occur due to positively charged whey proteins binding with 

negatively charged salivary proteins (Vardhanabhuti et al., 2010). Thus, is positively charged 

protein patches are bound to pectin – and the particles have a net negative surface charge – 

binding to salivary proteins may be reduced. In theory, heat-set SCs could be formulated to 

reduce astringency, although that remains to be seen. 
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Figure 4.8.  Rheological flow profile of heat-set WPI–HMP SCs after UHT processing 

Flow Profile of heat-set WPI–HMP SCs (formed at pH 5 with 4% WPI w/w) adjusted to pH 
3, 4 and 6 and thermally processed via UHT conditions (141˚C for 6 s). 

 

5.  CONCLUSIONS 

Whey protein isolate and high-methoxyl pectin can be used to form soluble 

complexes near the pI of whey protein. These particles have two distinct size classes near 

100 nm and 10 µm, representing primary complexes and secondary aggregates, respectively. 

Soluble complexes can be heat-set at temperatures above the protein denaturation 

temperature to form particles that are stable to changes in pH and thermal processing. Unlike 

whey proteins, SCs are stable to heat at pH 5. Heat setting of SCs is associated with a more 

negative ζ–potential and a transition to a single size class near 100 nm, with a reduction in 

hydrodynamic volume. A smaller particle size and volume predicts colloidal stability via a 
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slower sedimentation rate per Stokes’ Law. The more negative ζ–potential likely prevents the 

secondary aggregation of SCs with size class of 10 µm, and would likely provide a degree of 

colloidal stability against flocculation during long-term storage via electrostatic repulsion. 

Soluble complexes can be formed and heat set at concentrations up to 6% w/w protein and 

0.75% HMP, which would be appropriate for beverages where delivery of high protein 

concentration is important. Viscosity of SC solutions fits the Power Law model for shear-

thinning fluids. Heat-set particles have a slightly lower viscosity than unheated SCs, in 

agreement with a reduced intrinsic viscosity. The particle size and viscosity of heat-set SCs 

does not change significantly when the pH is adjusted over the range pH 3–6 and the 

beverages are thermally processed. These results indicate that WPI–HMP SCs can be heat-set 

for enhanced colloidal stability in beverage applications. 
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