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ABSTRACT 

ACID INDUCED GELATION BEHAVIOUR OF OIL-IN-WATER EMULSIONS 

STABILIZED BY SOY PROTEINS AND WHEY PROTEINS MIXTURES, EFFECT OF 

INTERFACIAL COMPOSITION. 

 

Ogechukwu Okolo                                                                            Advisor 

University of Guelph                                                                         Professor Milena Corredig 

 

 

In spite of the extensive knowledge of soy protein or whey protein at oil-water interface and their 

individual application in processed foods, very little is known about their behaviour in a mixed 

protein emulsion system and no work is available on the rheological properties of soy and whey 

protein mixed emulsion gel. This current study attempts to study the acid induced gelation 

behaviour of soy and whey protein emulsion gel by investigating the protein composition at the 

interfacial layer, changes occurring at the interface with order of protein addition and the effect 

of interfacial composition on the rheological properties of mixed protein emulsion gel system. 

The effects of heating after homogenization were also studied. Acid induced gelation of the 

mixed system led to improved gel structure with heated soy protein emulsion with whey added in 

the aqueous phase. For unheated emulsion, whey protein emulsion with soy added in the 

continuous phase generated gel with higher stiffness. It was determined that heating and order of 

protein addition affected gel network. In addition, it was observed that soy and whey mixed 

protein emulsion gels generated stiffer gels than soy emulsion or whey emulsion in isolation. 

This study demonstrated that by modifying order of protein addition and with heating, it is 

possible to generate different gel structures. This may be of importance to application of mixed 

protein in food products to obtain desirable gel structures and also serve as platform fostering 

research to better understand and predict gelation behavior of mixed protein to obtain food 

products of optimal gel structure and high nutrition density.  
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CHAPTER 1 

 

GENERAL INTRODUCTION 

The last decade has shown a remarkable increase in the availability of food products with 

enhanced functionality and improved nutrition (Kinsella, 1987).  A consumer-oriented approach 

is usually applied in food product development as successful sales depend on satisfying the 

demands of the consumer (Linnemann et al., 2006). One of the growth areas driven by consumer 

demand is that of foods with high nutritional density, combined with high nutritional 

functionality, in addition to convenience.  In this category, high protein foods are a growth 

category.  

Within this trend for high protein nutritionally dense food, there has been an increasing demand 

for food products containing soy protein, due to Food and Drug Administration claim, 1999 on 

the  health benefits of reducing the risk of heart disease associated to its consumption. In 

addition, soy proteins are a low cost vegetable protein with good processing functionality. The 

processing properties of soy protein allow their utilization as food matrices, because of their 

ability to form structure, to gel and to stabilize emulsion droplets. However, there are challenges 

related to the beany flavor and sometimes coarse texture perceived when consuming certain soy 

based foods, and a general low consumer appeal for these products compared to more traditional 

products containing animal derived proteins (Ankenmann et al., 1996; Yazici et al., 1997). While 

soy proteins are rich in certain amino acids, products such as yogurt, tofu, cheese, infant formula 

containing soy proteins with whey proteins would provide high quality amino acid balance, for 

example, soy protein is low in methionine, an amino acid for muscle building, while whey 

proteins are rich in this amino acid.  
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Whey proteins are also widely used for their excellent nutritional and functional properties (Mor 

& Ha, 1993). Over a broad range of pH, whey proteins are highly soluble (Zhu and Damodaran, 

1994), are excellent emulsifiers and have great gelling properties. Whey proteins are extensively 

used in food supplements for their digestibility and more importantly, the rate at which peptide 

and amino acid are released in the small intestine (McIntosh et al., 1998; Dissanayake & 

Vasilejevic, 2009).  It is important to note that muscle building is not only important for sport 

nutrition, but also to prevent and manage sarcopenia in older adults.  

Formulations of protein-based foods containing whey and soy protein isolates will provide a 

nutritionally balanced product, with sulphur rich whey protein supplementing for the low level of 

methionine in soy protein (Comfort & Howell, 2002). Applications of soy and whey protein 

mixtures in beverages (Patel et al, 1984), whipped topping and coffee creams (Kolar et al, 1979) 

are available. However, little research on other applications exist (Shirai et al., 1992a, b), and 

formulations containing soy protein isolates are sometimes a challenge. For example, a yogurt 

product prepared with soy protein did not receive favorable reviews and had lower acceptability 

than yogurt made from milk alone (Shirai et al 1992a). This thesis takes on the above challenges 

by incorporating soy proteins and whey proteins in an emulsion system and studying the 

physico-chemical properties and the interactions between the soy and whey protein at the oil-

water interface under controlled conditions. In addition to observing the interfacial properties of 

soy and whey proteins when present in combination at the interface, the effect of their presence 

in mixed systems in regards to the properties of the gels formed will also be studied.  

Few reports are available on the study of structure and texture of soy-milk mixes (Comfort & 

Howell, 2002; Roesch et al., 2004; Roesch & Corredig, 2006; Drake & Gerard, 2006). 

Furthermore, very limited literature is available on soy-whey protein systems (Comfort & 
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Howell, 2002; Roesch, R. et al, 2004; Roesch & Corredig, 2005; Manion & Corredig, M., 2006). 

As far as we know, only one study (Manion & Corredig, 2006) reported on the interactions 

between whey protein isolate and soy protein fractions at oil-water interface and the effect of 

heat and concentration in aqueous phase on the stability of the emulsions.  However, this study 

did not use protein concentrations sufficient to cause gelation, but just looked at the exchanges 

that may occur at the interface with heating.  

As little information exists on the exchange dynamics between the proteins at the interface and in 

solution, this project builds on the current knowledge, further studying the interactions occurring 

at the interface of soy protein stabilized emulsion with whey protein added and vice versa and 

the effect of varying the order of protein addition on the stability of the emulsions. As heating is 

a common and necessary step to ensure safety of food products, it is indeed important to 

understand how the order of addition will affect the heating behavior and subsequent acid 

induced gelation behavior. The results of this thesis will provide useful tools in understanding 

soy and whey protein emulsions and assist in their potential application in food products that 

meet the challenging consumer demand for enhanced nutrition and improved functionality.   

A wealth of information exists on the heat induced denaturation and the gelation of whey protein 

(Ziegler & Foegeding, 1990; Mangino, 1992; Hunt & Dalgleish, 1995; Dickinson, 2001; 

Dickinson & Parkinson, 2004). In addition, the gelation properties of whey protein isolates and 

emulsions  induced  by addition of salts or acid, and the mechanism of such gelation has been 

reported for whey proteins (Line et al., 2005; Rosa et al, 2006; Cavallieri & Lopes da Cunha, 

2008; Ye & Taylor 2009; Rabiey & Britten, 2009).  In addition, the heat induced gelation of 

isolated soy protein has been studied (Puppo & Anon, 1998; Renkama et al., 2000; Kim et al., 

2001;  Renkama et al., 2002; van Vliet & Renkema, 2002) and few reports are available on acid 
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induced gelation of soy protein isolates (Campbell et al., 2009; Tseng et al., 2008; Liu at al., 

2011). However, much less is known about the acid-induced gelation of soy protein isolate 

emulsions (Tang et al, 2011; Li et al., 2011). Tang et al. (2011) reported the effect of thermal 

treatment before and after emulsification on gel network formation of acid induced soy protein 

emulsion gels.  More recently, the temperature dependence on the acid-induced gelation of soy 

protein-stabilized emulsion has also been discussed (Li et al, 2011). Despite these studies, there 

are still some unanswered questions, for example, the effect of concentration of soy protein on 

gelation behavior, or the effect of heat treatment.  

Therefore, before delving in mixed systems, Chapter 3 of this thesis focused on the gelation 

behavior of soy protein isolate stabilized emulsions by observing the rheological properties 

during acidification using a fixed amount of soy protein isolate in the emulsion (2% w/v, with an 

oil volume fraction ϕ, .1) and varying the concentration of soy protein isolate (2%, 6% & 10% 

w/v) in the aqueous phase. As little information is published on this topic, before studying mixed 

systems containing whey and soy proteins, it was important to evaluate the behavior of soy 

protein stabilized emulsions in isolation. The results demonstrated that the gel stiffness increased 

with increasing soy protein concentration and with heating. It was clearly demonstrated that 

texture can be controlled by varying the protein composition in the aqueous phase.  

The protein adsorbed at the interface plays the most important role in emulsion as it determines 

the overall appearance, texture and stability of the emulsion (Dickinson, 1992; Damodaran, 

1996).  The behavior of soy protein and whey protein at the interface is well known from studies 

on soy protein and whey protein isolate emulsions (Dickinson, E. 2001; Euston et al., 2000; Kim 

et al, 2002; Roesch and Corredig, 2003; Hunt and Dalgleish, 1995).  It has also been shown that 

soy protein stabilized emulsions with whey protein added and whey protein stabilized emulsions 
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with soy proteins  phase showed exchanges at the interface and this affected the physicochemical 

attributes of the emulsions, depending on the order of protein addition, protein composition and 

concentration, and temperature of heating (Manion & Corredig, 2006).  However, no work is 

available on mixed systems where whey proteins or soy protein emulsions are present together 

and their gelation behavior is studied. In the present work we hypothesized that in such mixed 

systems the physico-chemical attributes and gelation behavior of the final gels may change 

depending on the protein present at the interface. The results are summarized in Chapter 4 and 

demonstrate that proteins at the interface interact with proteins in the aqueous phase and that the 

structure and rheological properties of the mixed protein emulsion gel can be modified 

depending on the composition of the mixed protein system.    

Compared to other research work in this field, this thesis differs in the following aspects (1) it 

focuses on the behavior of soy and whey protein isolates at the oil-water interface (2) it employs 

use of concentrated protein in the emulsion, 10% protein at the aqueous phase and 2% protein at 

the interface (3) it studies how the behavior of the soy and whey proteins at the interface affects 

the gelation properties of the emulsion gel.  

The overall objectives of this research can be summarized as follows 

1. Determine the effect of varying concentrations of soy protein isolate on the rheological 

properties of acid induced gels of emulsions stabilized by soy protein isolate.  

2. Evaluate the effect of soy protein stabilized emulsion with whey protein isolate added 

and vice versa on the physico chemical properties of soy and mixed protein emulsion 

system. 
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3. Study the effect of soy and whey protein interactions on the rheological properties of acid 

induced gelation of emulsion and determine the gelation behavior depending on the order 

of addition of the soy and whey protein. 

4. Study the effect of heating on the gelation behavior of the mixed system.  

 

The results of this research will support applications of soy and whey protein mixed emulsion 

system in food products.  
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CHAPTER 2      

LITERATURE REVIEW 

 

2.1 Soybeans 

Legumes are widely grown worldwide for utilization of oil and proteins as food source. Soybean 

is a legume containing about 40% protein, 20% oil, 30% carbohydrates (15% insoluble and 15% 

soluble) and 5% ash (USDA, 2006). Compared to other legume plants, soybean contains a much 

higher protein concentration (40% protein as compared to other legumes which contain 20 to 

25% protein). The soybean is made up of three components: 8 -10% seed coat (hull), 88% germ 

(hypocotyl), and 3% cotyledon.    

 

2.2 Processing of soy protein 

Soybean protein is generally extracted from dehulled and defatted soybeans.  Soybean protein is 

used in a wide variety of processed foods because of its high nutritional benefits and 

functionality (Kinsella, 1979). Various types of soy ingredients can be obtained for food 

applications. The first processing step in the preparation of soy ingredients is cleaning and 

dehulling the soybeans.  Soymilk is usually obtained after soaking the beans in water. The beans 

are ground and extensively heated to extract soymilk protein particles. Soymilk is a colloidal 

suspension with a composition of about 3.6% protein, 2.9% carbohydrate, 2.0% fat and 0.5% ash 

(Liu, 1997). Soymilk particles are formed from heating soymilk through denaturation and 

dissociation of raw protein aggregates, and subsequent rearrangement and association of soy 

proteins subunits predominantly by electrostatic interactions, hydrophobic interactions, hydrogen 

bonding, and some disulfide interchange (Malaki Nik et al., 2008; Ren et al., 2009). 
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Ringgenberg, Corredig, & Alexander (2012) demonstrated that different water-to-soybean ratios 

of soymilk result in colloidal protein particles containing > 80% protein,  but that these particles 

differ in  protein-to-solid content ratio, apparent size, and exhibit  different dynamic behaviors as 

a function of volume fraction. Heating of soymilk ensures microbial safety (Murphy et al., 1997; 

Kwok et al., 2002). Minor components such as trypsin inhibitors and lectins are rendered inactive 

by heating (Rackis et al, 1975). Heating also inactivates lipoxygenase which catalyzes the 

oxidation of polyunsaturated fatty acids in soybeans, in the presence of oxygen, contributing to 

the formation of the “beany” flavor (Wolf, 1975). 

Soy flour is obtained from ground, defatted soybeans, while soybean protein concentrates (SPC) 

are produced by washing defatted flour in water or aqueous ethanol to extract soluble 

carbohydrates (Liu 1997). The protein content of SPC ranges between 60 and 70%.   These 

concentrates still contain a large amount of polysaccharides. Further purification from flour or 

flakes yields soy protein isolates (SPI). They contain minimum 90% protein, on a dry-weight 

basis. This is the most refined soybean protein product. In general, SPI is produced from defatted 

soy flakes by acid precipitation, following an alkaline extraction to remove insoluble 

carbohydrates and fiber. The protein is precipitated at pH 4.5-4.8, to separate the protein from 

soluble carbohydrates. While in the laboratory, often the precipitate is neutralized and freeze 

dried (Bookwalter, 1978; Lusas and Riaz, 1995; Tsumura et al., 2004), commercial  SPI is often 

subjected to heat treatment before spray drying. Keerati-u-rai et al. (2011) demonstrated that 

freeze dried SPI has better emulsification properties than spray dried SPI, as a result of higher 

extent of aggregation as well as the presence of more ions in  spray dried SPI.  
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2.3 Soy protein  

Soybean globulins consist of four fractions, commonly identified as 2S (15%), 7S (34%), 11S 

(41.9%) and 15S (9.1%). This is a classification according to their sedimentation coefficient 

when separated by ultracentrifugation at pH 7.6, in a 0.5 M ionic strength buffer (Koshiyama, 

1969; Wolf et al., 1961; Saio & Watanabe 1978).  The 11S and 15S fractions are nearly pure 

fractions of glycinin and polymers of glycinin, respectively. On the other hand, the 7S is a 

heterogeneous fraction containing mainly β-conglycinin, and  also γ-conglycinin, lipoxygenases, 

α-amylases, and hemagglutenins (lectins) and the 2 S fraction consists of Bowman-Birk and 

Kunitz trypsin inhibitors, cytochrome C and α-conglycinin (Catsimpoolas & Ekenstam, 1969; 

Wolf, 1970 ; Nielsen, 1985).  

Glycinin and β-conglycinin are the two major storage proteins in soybean with β-conglycinin and 

glycinin making up 30 and 40% of the seed protein, respectively (Utsumi et al., 1997). The 

relative proportion and ratios of these two proteins varies depending on soybean variety, 

affecting the nutritional and processing functionality of the soy protein isolates (Hill and 

Breidenbach, 1974; Puppo et al., 1995; Murphy et al., 1997; Tezuka et al., 2000).  

 

2.3.1 Glycinin 

Glycinin is a heterogenous hexamer (i.e. consisting of six different monomers) with an average 

molecular weight of 300 to 380 kDa. Glycinin consists of a pair of polypeptide chains, one basic 

and one acidic polypeptide, which are linked by a disulphide bond, except for the acidic 

polypeptide A4 (Staswick et al., 1984; Yamuchi et al., 1991). Glycinin monomers can be formed 

by six acidic polypeptides (A1a, A1b, A2, A3, A4, and A5) and five basic polypeptides (B1a, B1b, 

B2, B3, B4) subunits, in various combinations (Liu, 1997; Moreira et al, 1979). The acidic 
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polypeptides reside on the exterior of the glycinin structure while the basic polypeptides reside 

on the interior, due to their higher content of hydrophobic amino acids than acidic polypeptides 

(Castsimpoolas et al., 1971; Lakemond et al., 2000).  

The average isoelectric point of glycinin is reported to be around pH 4.90 (Koshiyama, 1983). At 

ambient temperature, pH 7.6 and high ionic strength of 0.5M, native glycinin proteins form 

hexameric complexes with a molecular mass of about 360 kDa, while at pH 3.8 it is mainly 

present as trimeric complexes with a molecular mass of about 180 kDa (Lakemond et al., 2000). 

Dissociation of the hexamer can also be induced by reducing the ionic strength from 0.5 to < 0.1  

(Wolf et al., 1958; Lakemond et al., 2000). Figure 2.1 summarizes the structure of Glycinin as 

derived from X ray data. 

 

2.3.2 β-Conglycinin 

β-conglycinin, the second major storage protein is a trimeric glycoprotein with molecular weight 

of 180 kDa (Liu, 1997), consisting of three sunbunits, ' (57-72 kDa),  (57-68 kDa), and β (45-

52 kDa) (Yamauchi et al.,,1991; Maruyama et al., 1998) in seven different combinations βββ, 

ββα’, βαα, βαα’, ααα, ααα’ (Sykes and Gayler, 1981; Yamauchi et al., 1981). These subunits are 

non-covalently linked by hydrophobic interactions and hydrogen bridging (Thanh & Shibasaki, 

1978). The isoelectric points of the single subunits are: 4.9, 5.2 and 5.7 for α’, α and β, 

respectively (Maruyama et al 1998). The isoelectric point of the β-conglycinin is reported to be 

4.6 (Koshiyama, 1983). Figure 2.2 shows a schematic of conglycinin structure. 
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Figure 2.1: Stereo views of crystal structure of glycinin. (A) glycinin on horizontal axis (B) 

glycinin rotated on vertical axis. Adapted from Adachi et al., 2003 
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Figure 2.2: Crystal structures of soybean β-conglycinin. (A) and (C) are depicted on horizontal 

axis and (B) and (D) are rotated by 90°.  Adapted from Mayurama et al., 2001 
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Due to differences in chemical and molecular configuration and amino acid composition, 

glycinin and β-conglycinin have considerably different physicochemical properties and 

processing functionalites (Utsumi et al., 1997). Glycinin has higher stability to heat than β-

conglycinin under same conditions of pH and ionic strength (Puppo and Anon, 1999). The 

denaturation temperature for glycinin is ~80°C while that of β-conglycinin is ~70°C 

(Hermansson, 1978). β-conglycinin has better emulsification abilities than glycinin due to the 

presence of surface hydrophobic groups allowing it to adsorb  and rearrange more rapidly at the 

oil-water interface. β-conglycinin has better emulsifying and foaming properties because of its 

distribution of hydrophobic and hydrophilic moieties (Utsumi et al., 1997).  

Glycinin forms stiffer gels compared to β-conglycinin, due to its high molecular weight and the 

large number of disulfide bonds, causing disulfide interchanges in the gels. In addition to 

disulfide bridges, hydrogen boding and hydrophobic interactions also play a major role in 

glycinin gel networks. Glycinin forms stiff and turbid gels, with gel turbidity increasing as 

protein concentration and sulfhydryl groups increase (Utsumi et al., 1997). On the other hand, β-

conglycinin forms weak and transparent gels due to the absence of disulfide linkages (Maruyama 

et al., 1999; Maruyama et al., 2002). 

More recently Keerati-u-rai & Corredig (2009), reported that β-conglycinin has better 

emulsification properties that glycinin and glycinin plays a major role than β-conglycinin in 

thermal induced destabilization of soy protein emulsions. 

 

2.4 Processing functionality of soy protein 

The functional properties of soy protein are governed mainly by the composition, structure, 

denaturation state and aggregation of the major proteins components, glycinin and β-conglycinin 
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(Puppo & Anon, 1999; Wagner & Anon, 1990). Functional properties relevant to food 

application include solubility, heat stability, emulsification, viscosity and gelation (Kinsella, 

1979; Garcia et al., 1997). Subunit composition, molecular size and aggregation state, inter- and 

intra- molecular interactions as well as environmental factors such as pH, temperature, and ionic 

strength will affect the behavior of the proteins during processing (Kinsella, 1979). 

 

2.4.1 Emulsifying properties of soy proteins 

Soy proteins are often used in emulsions because of their ability to reduce the interfacial tension 

at the oil-water interface by unfolding and forming a strong and structured viscoelastic film 

(Rodriguez et al., 2003). The globular structure of soy protein does not fully unfold at the 

interface, and the proteins form a structured film that is resistant to coalescence (Mitidieri and 

Wagner 2002; Roesch and Corredig, 2003). Kerrati-u-rai & Corredig (2009) reported that the 

surface load of soy protein isolate increases with heating if the process occurs before 

homogenization. This  results in an improvement of the emulsifying behavior compared to when 

heat treatment (at 75°C) is conducted after homogenization .  The adsorption of soy protein 

isolates to emulsion droplets has often been compared to that of pickering stabilized systems, 

whereby the proteins adsorb as nanoparticles, making their displacement quite difficult. 

Instability of protein-stabilized emulsion is affected by pH, thermal denaturation/protein 

aggregation, oil volume fraction, ionic strength and protein concentration (McClements, 2004). 

At alkaline pH and at low Ionic strength, soy proteins exhibit good emulsification properties 

(Petrucelli & Anon, 1994; Wagner and Gueguen, 1999). However, their behavior depends on the 

aggregation state, as poor emulsification properties go hand in hand with poor solubility (Liu, 

1997). Solubility of protein is adversely affected by pH, ionic strength as well as processing 
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history, such as heating, precipitation and resuspension, and drying. Soy protein  shows better 

emulsification at its maximum solubility at low pH < 3 and at high pH >6 (Yagasaki et al., 1997,; 

Renkema et al., 2002; Bian et al., 2003; Torrenzen et al., 2007). Emulsification of β-conglycinin 

also seems to be improved by heating of the proteins prior to homogenization (Keerati-u-rai & 

Corredig, 2009). 

The way ionic strength affects the stability of soy protein stabilized emulsions has been studied 

in detail (McClements 1999). With the introduction of electrolytes in the aqueous phase of the 

emulsion at neutral pH, the ions react with the charged adsorbed protein layer, reducing the 

thickness of the electric double layer. Further addition of the electrolyte reduces the inter-droplet 

stabilizing repulsion leading to flocculation of the oil droplets (Dickinson, 2010). However, it is 

important to note that the solubility of the soy protein is strongly affected by ionic strength 

(Dickinson, 2010), and depending on the processing history, high ionic strength can be beneficial 

or detrimental to the processing functionality. 

 

2.4.2 Gelation of soy protein 

Soy proteins readily form a three-dimensional network that traps water providing structure to 

food matrices.  This makes soy protein based ingredients suitable for use in products beyond tofu 

or other traditional soy based fermented products (Kohyama et al., 1995). Gel networks are 

formed as a result of protein-protein and protein-solvent interactions and attraction and repulsion 

forces occurring between adjacent polypeptide chains (Wang and Damodaran, 1991). Above a 

critical concentration, soy protein isolate gels can be formed because of an increase in protein- 

protein interactions. However, the type of gel generated is different depending on the processing 

conditions and protein concentration (Utsumi and Kinsella, 1985a).  Renkema et al. (2001), 
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reported that at same pH and protein concentration, glycinin gels were stiffer than β-conglycinin. 

At low concentration, precipitation follows protein aggregation. The minimum protein 

concentration for protein gelation is ~6.6% (Bikbov et al., 1979), with some differences between 

glycinin and β-conglycinin. For example, at pH 7.6 and 0.5 ionic strength, the critical 

concentrations for these two proteins have been reported to be 2.5% and 7.5%, respectively 

(Nakamura et al., 1986). Gelation of soy protein can also be induced using salts or acids, such as 

CaCl2, MgCl2 or glucono-δ-lactone (GDL) (Kohyama et al., 1995). 

Upon heating, soy protein denatures by partially unfolding to expose the sulfhydryl and 

hydrophobic groups, causing protein-protein interactions. Heat denaturation is a prerequisite for 

gel formation, as soy protein must be heated at least above the denaturation temperature of β-

conglycinin to induce gelation (Renkema and Van Vliet, 2002b; Renkema, Gruppen, & Van 

Vliet, 2002). During heating and subsequent cooling, non-covalent interactions such as 

hydrophobic and hydrogen bridges, are majorly involved in the formation of gels, in addition to 

disulfide bonds (Renkema and Van Vliet, 2002b; Puppo and Anon, 1998). Hydrogen bonding 

increases stiffness of the gel with cooling (Renkema and Van Vliet, 2002). 

Unlike in heat-induced gelation where denaturation, aggregation and gelation occur 

simultaneously, cold set gelation occurs in two phases: first step-denaturation and aggregation, 

followed by the actual gelation (Bryant & McClements, 1998). For the first phase, soluble 

aggregates are formed upon heating soy protein at pH far from the isoelectric point of soy 

protein. Upon cooling, gels are formed either by introducing salts such as CaCl2 (Marangoni et 

al., 2000; Maltais et al., 2005) or by adding GDL (Alting et al., 2002; 2003).  For CaCl2 induced 

gelation, a protein network is formed when sufficient Ca
2+ 

is added to neutralize the electrostatic 

repulsion of the protein particles and to form salt bridges between the aggregates. Acid-induced 
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gelation is formed by lowering of pH towards the isoelectric point of the soy protein aggregates, 

neutralizing the electrostatic repulsion to reach a minimum close to the isoelectric point 

(Koyama et al., 1995).  

Processing conditions as well as environmental conditions (such as ionic strength) will determine 

type of gel (Doi, 1993). High ionic strength leads to the formation of a more aggregated gel 

structure for soy protein isolate heat set gels (Puppo and Anon, 1998a; 1998b) and for β-

conglycinin (Hermansson, 1985). Gels made at pH<6 are stiffer than gels at pH>6, as a result of 

the incorporation of more protein in the gel network (Renkema et al., 2000; 2002b).  At low pH, 

all proteins in the gel network are insoluble, whereas at high pH, some of the denatured proteins 

are soluble and do not participate in gel network, resulting in gels with lower rigidity that at low 

pH. At acidic pH, the gel structure is stabilized by non-covalent interactions, while at alkaline pH 

more disulfide bonds participate in the gel structure; therefore as the pH decreases, elasticity 

increases while hardness decreases (Puppo et al., 1995; Puppo and Anon, 1998). 

   

2.4.3 Soy protein emulsion gels 

 

The presence of oil imparts desirable attributes to many food products. Unlike milk protein gels, 

there are limited studies on the interactions and the rheological properties of soy protein 

stabilized emulsion gel. It is known that the presence of fat can affect the heat-induced gelation 

of soy proteins (Kim et al., 2001). The gel stiffness increases with pH, ionic strength and with 

increasing oil volume fraction, from 0 to 0.3; in addition, at higher volume fractions, gel 

formation seems to start at lower temperature. (Kim et al, 2001; Tang & Liu, 2013) The studies 

demonstrated that the presence of oil droplets in soy protein gels affects the rheological 
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properties; and that the oil droplets act as active fillers in the protein matrix (Kim et al., 2001; 

Tang and Liu, 2013). Figure 2.3 illustrates the formation of soy emulsion gels.  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 2.3 Schematic diagram of formation of a soy protein emulsion gel (adapted from Tang & 

Liu, 2013).  
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It has also been shown that the strength of soy protein emulsion gels changes depending on the 

type of gelation, with enzymatic (transglutaminase) being higher than CaCl2 or GDL (Tang et al., 

2011). Despite the studies on GDL-induced soy protein emulsion gel, some questions are still 

unanswered, such as the contribution of soy protein concentration and in particular of the 

unadsorbed proteins on the gelling behavior and rheological properties of the network formed.  

 

2.5 Whey proteins 

Whey proteins are nitrogenous compounds recovered in milk serum after precipitation of casein 

at pH 4.6 and 20°C (Eigel et al., 1984). GDL or lactic acid bacteria culture is added to skim milk 

to adjust pH to 4.6, subsequently heat is introduced to the curd and whey is drained. Whey 

proteins exist as compact globular structures in their native state (Lee et al., 1992).  60% of the 

total whey protein is β-lactoglobulin (β-Lg), 22% α-lactalbumin (α-La), 5.5% is bovine serum 

albumin (BSA) and 9% Immunoglobulin (Ig). The isoelectric points of these proteins are β-Lg 

(5.2), α-La (4.2-4.5), BSA (4.7-4.9) and Ig (5.5-6.8) (Bryant & McClements, 1998; Morr & Ha 

1993). Other minor protein fractions include lactophorin, lactoferrin, lactoperoxidase and 

lysozyme.  Whey proteins are widely used in the food industry for their excellent nutritional and 

enhanced functionality. They are considered superior to other dietary protein because of the 

amino acid content and the rate of amino acid and peptide release in the small intestine 

(Vasiljevic and Shah, 2007). As a result, there is an increasing global demand for use in 

nutritionally dense foods, such as nutritional shakes and bars. Further processing and removal of 

non-protein compounds from whey protein yield whey protein isolate (WPI), with ≥ 90% protein 

on dry weight basis. WPI, for its high protein content is used in pharmaceutical and medical 
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industries for products such as infant formula, health beverages and foods (Anon, 1992). The 

major contributors to whey protein processing functionality are β-Lg and α-La.   

 

2.5.1 β-Lactoglobulin  

β-lg is the most abundant whey protein consisting of about 60% of the total whey protein (de 

Wit, 1998), with a molecular weight of 18.3 KDa. β-lg exists as a dimer at a pH above its 

isoelectric point of 5.2, with each monomer containing a free cysteine and two disulphide 

bridges.  The four disulfide bond per dimer reacts to form intermolecular bonds that maintain the 

structure and increases the protein stability by decreasing the entropy (Anifinsen & Schrega, 

1975). The temperature of denaturation is about 65°C (Kinsella, 1984). At temperature above 

65°C, the highly reactive cysteine residue is exposed, facilitating polymerization by formation of 

covalent intermolecular disulphide bonds (Relkin, 1996; Kinsella 1984). β-lg has an ordered 

structure mainly composed of β-sheet, and it contains a hydrophobic pocket, with a single short 

-helix lying on its surface. The size of the hydrophobic cavity is pH and temperature sensitive 

(Kinsella, 1984). The functionality of β-lg depends on its hydrophobic sites, partially buried 

sulfhydryl residues and disuphide bonds. Heat treatment induces sulfhydryl-disulfide interchange 

reaction by forming covalent intermolecular bonds with other proteins (Hoffmann et al., 1997). 

 

2.5.2 α-Lactalbumin (α-la) 

α-la is a small, compact  globular protein with molecular weight of 14 KDa. α-la contains 4 

disulphide bridges and, unlike β-lg, it contains no free cysteine residue (Relkin, 1996). Earlier 

studies reported that α-la is does not fully denature at 75°C (De Wit, 1981; Paulsson et al.,1986; 

Hines & Foegeding, 1993). The protein has a temperature of transition of about 63°C, but it 
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undergoes reversible changes, about 80 to 90% upon cooling (de Wit, 1983). This protein shows 

high resistance to heat (Fennema, 1996). Calcium ion (Ca
2+

) is strongly bound with high affinity 

in a pocket composed of 10 amino acid residues (Fennema, 1996). With the removal of this 

tightly bound Ca
2+

, α-la becomes more sensitive to heat-induced denaturation and its ability to 

renature upon cooling is also reduced (Fennema, 1996). 

α-la in isolation does not form heat-induced gels (Dalgleish et al., 1997; Schokker et al., 2000). 

However, aggregation can occur in the presence of other proteins containing free sulfhydryl 

(Calvo et al., 1993). Heating a mix of β-lg and α-la at low ionic strength induces the formation of 

aggregates by hydrophobic interactions and disulphide interchange (Dalgleish at al., 1997; Havea 

et al.,  2001). β-lg exposed free cysteine initiates thioldisulphide interchange reaction between β-

lg and α-la, causing the formation of aggreates (Ladan & Britten, 2009).   

 

2.6  Whey protein isolates and concentrates 

Whey protein concentrate (WPC) is produced by concentration of whey, often using 

ultrafiltration and diafiltration, processes which use semipermeable membranes for separating 

whey protein from low molecular residues (Morr & Ha, 1993, Mulvihill, 1992). This process 

results in WPC with >75% protein (Morr, 1989). WPI may be manufactured using a stirred bed 

ion exchange adsorption process. Whey is passed through the ion exchanger to adsorb protein 

molecules and the deproteinized whey is eluted. The proteins are desorbed by adjusting the pH, 

and immediately thereafter, ultrafiltered or concentrated and spray dried (Morr & Ha, 1993). The 

resulting is WPI containing >90% protein. 

The processing history of whey proteins is critical to the functionality of the ingredients. Whey 

proteins denature when heated to temperature ≥65°C, leading to aggregation of whey protein and 
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the various components in the fraction denature in the following order of denaturation: 

Immunoglobulins > BSA > β-lg > α-la. One of the key properties of whey proteins is their 

abundance of sulfhydryl amino acid residues, this allows them formation of intermolecular 

covalent bonds with heating (Morr & Ha, 1993; Dissanayake & Vasijevic, 2009). Hence, the 

processing history is critical to solubility, emulsification and for the formation of polymers and 

gel networks.  

 

2.6.1 Emulsification of whey protein 

The solubility of whey protein influences the emulsifying behavior of the whey protein fractions. 

Native whey proteins are highly soluble over a wide range of pH, temperature and ionic 

conditions (Morr, 1989; Zhu & Damodaran, 1994). Whey protein are excellent emulsifiers as 

they are able to diffuse to freshly formed interface, unfold and lower the interfacial tension, 

forming structured, polymerized, viscoelastic films (Dickinson, 1992; Lee et al., 1992). 

Formation of a viscoelastic film depends on noncovalent interactions, hydrogen bonding, 

hydrophobic and electrostatic interactions, and covalent interactions through sulfhydryl-disulfide 

interchange reaction, between the adsorbed protein molecules. Whey protein emulsions can 

destabilized with salt concentration, high temperature 70°C to 80°C and at pH of 7 (Demetriades 

et al., 1997). However, at pH 3, whey protein emulsions seem to be quite stable, even at high 

ionic strength. On the other hand, considerable creaming is observed in pH 7. Overall the 

stability of whey protein emulsion is dependent on pH, ionic strength and temperature, as these 

factors will affect the conformation, charge and solubility for the proteins adsorbed at the 

interface. Solubility and emulsifying ability of whey protein are enhanced at pH away from the 

isoelectric pH (~5). At pH around the isoelectric point of whey protein, whey protein emulsions 
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are prone to flocculation. β-lactoglobulin and α-lactalbumin are very good  emulsifiers 

(Dickinson, 1998), but their ability as emulsifiers is compromised when they are present in an 

aggregated form (Mulvihill & Murphy, 1991). β-lg has better emulsifying property than α-la. 

This is attributed to β-lg’s molecular flexibility, allowing better alignment of polar and non-polar 

groups at the interface.(Klemaszewski & Kinsella, 1991). -lg and α-la in native form are 

globular proteins with high solubility as a result of their large surface hydrophilic residues (Lee 

et al., 1992). However, upon heat treatment their aggregation greatly impairs emulsification 

property (Phillips et al., 1990). Heat-induced polymerization of β-lg via sulfhydryl disulfide 

interchange reaction occurs also at the interface (Dickinson & Matsumura, 1991; Monahan et al., 

1995) in β-lactoglobulin emulsions and in a mixture of β-lactoglobulin and α-lactalbumin-

stabilized emulsions but not in pure α-lactalbumin-stabilized emulsion. 

 

2.6.2. Whey protein gelation 

 Whey proteins have the ability to form an elastic gel network, which can be formed in different 

ways. The most common method of gel formation is using heat (Doi, 1993). Oil-in-water 

emulsions stabilized by whey protein isolates can be also be converted into heat-set gels. In salt-

free solutions, depending on pH, the two types of heat-set gels obtained with whey proteins are 

fine-stranded or particulate gels. These gels are characterized by different rheological and 

microstructural properties (Stading & Hermansson, 1990; 1991). Opaque particulate gels 

composed of random aggregates occur at pH values near the isoelectric point of β-lg (pI) (pH 4–

6), whereas transparent fine-stranded gels are obtained at pH far from the pI. Many applications 

are sensitive to high heat required to gel proteins or contain heat sensitive ingredients. To 

overcome this limitation, cold gelation method is exploited to overcome this limitation.  The cold 
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gelation method consists of two steps. First step is the aggregation of whey proteins by heating at 

a temperature above their denaturation temperature. The second step is gel formation by addition 

of salts such as CaCl2 or lowering of the pH towards the isoelectric point by addition of acids 

such as glucono delta lactone (GDL). The use of GDL facilitates easy control of the pH and 

acidification rate. The type of whey protein gel formed from cold gelation depends on 

temperature, pH and amount of GDL used. Using large amount of GDL will result in weak and 

brittle gels as acidification rate is increased and the gel forms below the isoelectric point of the 

protein (Ju & Kilara, 1998; Alting et al.,2000). It has been reported that prolonged exposure of 

gel around the isoelectric point of the protein causes the formation of a stronger gel with more 

disulphide linkages (Alting et al., 2000). A recent study reported that at a slow acidification rate 

stronger gels are formed, because of the increased time for rearrangements and molecular 

interactions, while at a faster acidification rate, most rearrangements and interactions will take 

place after final pH (Cavallieri & Cunha, 2008).   

 

2.6.3 Whey protein emulsion gels 

Whey protein emulsion gels have wide application in the food industry such as fat containing 

pudding, fresh cheese, mayonnaise, yougurt, etc. The presence of oil droplets provides desirable 

texture and pleasant mouthfeel (Rosa et al, 2006). There are two ways by which emulsion gels 

can be formed: (1) by gelation of the aqueous phase of a stable oil-in-water emulsion (2) by 

aggregation of the oil droplets (Dickinson, 2012). Emulsion droplet size influences the formation 

of heat-set emulsion gel (Jost et al., 1986). A more recent study reported that formation and 

properties of emulsion gel is influenced by emulsion droplet size, concentration of protein and 

fat and preheat treatment. A gel can only be formed with small droplet size, with gel strength 
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increasing as droplet size is decreasing (Ye & Taylor, 2009). This is attributed to smaller droplet 

size, taking up more protein at the interface because of increased surface area. In a recent report, 

Ye & Taylor (2009) demonstrated that the gel stiffness was more for emulsions preheated at 

higher temperature than lower temperature as at high temperature more protein aggregates of 

adsorbed proteins gather on the surface of emulsion droplets, interacting to form the gel network.  

 

2.7 Soy and whey protein mixed systems 

Consumer demand for foods with enhanced nutrition and functionality has led research looking 

into mixtures containing whey proteins with soy proteins. Mixed protein systems are not new, 

but yet, not much explored. Indeed, very little is known about the details of the interactions 

occurring in a mixed protein food matrix, especially when containing oil droplets. Roesch & 

Corredig (2005) reported that in mixed systems containing soy proteins and whey proteins, 

aggregates are formed and these aggregates are different from those obtained from protein 

dispersions in isolation. The type of aggregate formed is influenced by the soy-whey ratio as well 

as the heating regime. Soluble aggregates form at a higher soy to whey protein ratio (70/30) with 

heat treatment at 90°C for 10mins and 60 mins (Roesch & Corredig, 2005). As seen in the 

previous sections, soy and whey protein emulsions in isolation can be induced to form gels. 

However, little research has been conducted on understanding the factors affecting the texture of 

soy-whey mixed system.  Shirai et al. (1992) evaluated sensory properties of yogurt-like product 

made with soy and milk protein and reported lower acceptability than for a product containing 

only dairy proteins. Mixtures also show “wheying off” phase separation of whey from soy 

protein  for  concentration of the mixed proteins above 5:1 ratio of soy/whey proteins (Comfort 

& Howell, 2002). This was attributed to remarkable differences in molecular weights of the two 
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proteins (Howell, 1995). Most recently, Grygorczyk et al., (2013) reported that mixed a 4.5% 

total protein of soy and milk produced gels with lower stiffness than gels produced 4% protein 

skim milk  or 5% protein soya milk in isolation and microstructure of the mixed system is of a 

different gel structure than the soy milk and skim milk in isolation. Despite these reports, a lot of 

questions are still unanswered. For example, can a composite blend of soy and whey protein 

improve the emulsion properties of a whey or soy system, and what are the factors affecting 

mixed system emulsion gel?  Only one study (Manion & Corredig, 2006) focused on the 

dynamics occurring at oil-water interface of mixed protein system. It was reported for the first 

time that that it was possible to control the physicochemical properties of mixed soy/whey 

protein emulsion by selectively introducing particular soy protein fractions, changing the order 

of protein addition, heating temperature and by varying the concentration of protein in aqueous 

phase. (Manion & Corredig, 2006) This thesis explored it further by studying possible 

synergistic effects soy and whey protein isolate on the physicochemical and rheological 

properties of the mixed protein emulsion gel.   
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CHAPTER 3   

EFFECT OF PROTEIN CONCENTRATION AND HEATING 

TREATMENT ON THE ACID-INDUCED GELATION OF SOY PROTEIN 

EMULSIONS  

 

3.1 Abstract 

In spite of the widespread use of soy protein emulsions in processed foods, very little is known 

of their acid-induced gelation behavior. This work evaluated the effect of protein concentration 

and heating on the gelation behaviour of emulsions acidified by glucono-delta-lactone.  The oil 

droplets were prepared by high pressure homogenization and stabilized with 2% soy protein 

isolate, and then additional soy protein was added to obtain emulsions of similar size, and with 

increasing concentration of unadsorbed protein.  The particle size distribution of soy protein 

emulsions was determined before and after heating at 90°C for 10 min. The acidification 

behavior was followed measuring changes in the rheological parameters and in the 

microstructure of the gels using confocal laser scanning microscopy.  In all cases, soy proteins 

showed no changes in the particle size distribution after heating. The pH of gelation was 5.9, 

regardless of the treatment, regardless of protein concentration. Gelation occurred even in the 2% 

soy protein emulsions. The values of storage modulus (G’) were higher for heated soy protein 

emulsions compared to unheated emulsions, and increased with protein concentration. These 

results improved our understanding of the effect of protein concentration on the acid induced soy 

emulsion gels, and demonstrated how gel stiffness can be modulated with further heating of the 

emulsion droplets and with changes in the unadsorbed protein.    
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3.2 Introduction 

Soy protein based ingredients have gained interest in the food industry due to their nutritional 

properties and their high level of sustainability, when compared to animal proteins.  In addition, 

soy proteins have shown good processing functionalities such as emulsification, gelation, water-

holding capacity and heat stability (Kinsella, 1979; Utsumi & Kinsella, 1985; Wagner & Anon, 

1990).  Soy protein isolate (SPI) is obtained after removal of oil, sugars, polysaccharides and 

minerals, and it contains more than 90% protein on a dry basis. The two major storage proteins 

contained in soy beans, and constituting the majority of the proteins present in the isolate are β-

conglycinin and glycinin (Utsumi & Kinsella, 1985; Sorgentini et al., 1995). β-conglycinin is a 

trimer, with a molecular mass ranging between 150 – 200 kDa, depending on its subunit 

composition (α', α and β). On the other hand, glycinin is a heterogenous hexameric protein with 

different polypeptide distributions: six acidic polypeptides (A1,a, A1,b, A2-A4, and A5) and five 

basic polypeptides (B1a, B1b, B2-B4) (Nielsen, 1984).   Its molecular mass varies between 300 and 

380 kDa, with an acidic and basic subunit linked by a disulphide bond, except for the acidic 

polypeptide A4 (Staswick et al., 1984).  

Soy protein gels can be formed with heating, although the stiffness of the gel significantly 

increases with cooling, because of the increase in the hydrogen bridging in the gel network 

(Renkema et al., 2002). An important functionality of soy protein isolate is its ability to form 

cold set gels, by addition of salt or acid, with reduction of electrostatic repulsion between the 

proteins in solution. Another important functional property of soy proteins is their ability to 

adsorb at oil-water interface and stabilize emulsion droplets from coalescence (Keerati-u-rai & 

Corredig, 2010). The globular structure of soy protein does not allow for extensive unfolding at 

the interface, and the proteins adsorb onto the oil phase as particles forming a thick film at the 
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interface (Keerati-u-rai & Corredig, 2010).  With heating at neutral pH, soy protein rearrange 

and form aggregates, and the emulsifying properties of SPI are reduced  while the interfacial load 

increases (Mitidieri & Wagner, 2002; Renkema & van Vliet, 2002; Keerati-u-rai & Corredig, 

2009). The order of processing is of importance in modulating the composition of the interface in 

soy protein stabilized emulsions (Keerati-u-rai & Corredig, 2009). In particular, heating soy 

protein stabilized emulsions at 75°C for 10 min after homogenization exhibits preferential 

adsorption of β-conglycinin subunits at the interface compared to unheated emulsions. Heating at 

95°C for the same time, shows an even greater adsorption of β-conglycinin together with 

glycinin at the interface leading to formation of complexes at the interface, and a large extent of 

protein protein interactions, causing bridging between the droplets. Oil droplet flocculation from 

protein-protein interactions also leads to increase in viscosity and shear thinning behavior of soy 

protein emulsions compared to unheated emulsions (Keerati-u-rai & Corredig, 2009). 

At a high enough concentrations, soy proteins form a gel when the pH is reduced to values close 

to the proteins’ isoelectric point (Dickinson 2006). Heating is a pre-requisite for gelation of soy 

proteins (Renkema & van Vliet, 2002). At pH values close to the isoelectric point of the protein 

there is a reduction of electrostatic repulsive forces between the protein aggregates (Koyama et 

al., 1995). In the case of emulsion droplets, acidification causes colloidal destabilization of the 

oil droplets, aggregation, and at high enough volume fractions, gel formation. The behavior of 

emulsion droplets depends on the composition and the state of the protein at the interface 

(Dickinson, 1994; McClements, 2005). Aggregation of the oil droplets occurs when strong 

attractive interactions dominate, and this may lead to formation of a gel network (van Aken et 

al., 2003). In the case of protein networks containing fat droplets, the volume fraction of oil 

droplets and the type of interface affect the microstructure and gel stiffness.  In addition, the 
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presence of unadsorbed protein is critical, as the oil droplets may interact with the protein present 

in the continuous phase and strengthen the protein network (Chen et al., 1999; Houze et al., 

2005).  

The mechanisms underlying acid induced gelation of soy proteins and soy protein stabilized 

emulsions are well understood (Campbell et al., 2009; Li et al., 2011; Tang et al., 2011), but few 

reports are available on the behavior of soy protein stabilized emulsions as a function of different 

protein concentrations and on the effect of heating of the emulsions on the acid gels.  

Extensive literature on this topic is available for milk protein stabilized emulsions (Lucey et al., 

1997, Lucey et al., 1998; Lucey et al., 1999; Sok et al., 2005; Boutin et al., 2007; Rosa et al., 

2006; Ruis et al., 2007; Boutin et al., 2007).  In addition, the mechanical and water-holding 

properties of soy isolate emulsion gels induced by glucono-delta-lactone (GDL) have been 

recently described (Tang et al., 2011). The authors demonstrated that the order of processing, i.e. 

the heating treatment carried out either before or after emulsification, has a profound impact on 

the gel microstructure. It was also shown that the storage modulus increases with increasing the 

oil volume fraction.  

Although it is known that heating is a pre-requisite for acid gelation of soy proteins (Rosa et al., 

2006; Tang & Liu, 2013), SPI stabilized emulsions form gels with or without heating (Tang & 

Liu, 2013). The purpose of this work was to study the effect of heating and protein concentration 

on the acid induced gelation behavior of soy protein stabilized emulsions. To better control the 

amount of unadsorbed protein, the emulsions were prepared with 2% SPI, and protein was then 

added after emulsification. Heat treatment was carried out at 90°C for 10 min, as this 

temperature is above the denaturation temperature of the major fractions of soy protein isolate, β-

conglycinin and glycinin. Heating will increase protein-protein interactions and may increase the 
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stiffness of the acid gel.  The particle size distribution of the varying protein concentration of the 

SPI emulsion was analyzed, and the gelation was followed by dynamic oscillatory 

measurements. The microstructure of the final gels was observed using   confocal laser scanning 

microscopy.  A better understanding of the behavior of soy protein stabilized emulsions during 

acid gelation will improve our ability to manufacture soy protein based food matrices. 

 

3.3 Materials and Methods 

3.3.1   Preparation of Soy Protein Isolate (SPI) 

Soy Protein Isolate (SPI) was prepared from defatted soy flakes (purchased from Solae company, 

St. Loius, MO USA) according to previous reports (Keerati-u-rai & Corredig, 2009). In brief, the 

defatted soy flakes were dispersed in 100 mM Tris-HCl buffer (pH 8.0) at a ratio of 1:10 (w/v) 

and stirred for 1.5 h at room temperature. The mixture was centrifuged at 12,000 g for 30 min at 

10°C (Beckman Coulter, Model J2-21, USA). After centrifugation, the precipitate was discarded 

and the supernatant filtered with cheese cloth (Fischer Scientific, Mississauga, ON), adjusted to 

pH 4.8 using 2M HCl to induce protein precipitation, and refrigerated for 2 h at 4°C. The protein 

suspension was then centrifuged at 12,000g for 30 min at 10°C. The protein precipitate was 

washed with 10 mM Sodium Acetate buffer (pH 4.8) at a ratio of 1:8 (w/v) and subsequently 

centrifuged at 12,000 g for 30 min at 10°C. The precipitate was further washed in 10 mM 

Sodium Acetate (pH 4.8). The pH of the mixture was adjusted to 7.5 using 2 M NaOH. The 

slurry was dialyzed at 4°C for 24 h against deionized water and then freeze dried (Virtis, Unitop 

600SL. New York, USA).   

The protein concentration in the SPI was measured using Dumas Combustion method (Leco FP-

528 Mississauga, ON, Canada), using 6.25 as conversion factor (approved method 46-30, 
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American Association of Cereal Chemistry, 2000). The freeze-dried soy protein isolate was 

stored at -20°C until use. This isolation procedure resulted in SPI with 93% protein. 

 

3.3.2 Preparation of oil-in-water emulsions 

To best control the amount of unadsorbed protein in the emulsions, all emulsions were stabilized 

with 2% SPI solution (w/v), and then, the emulsions were diluted with varying concentrations of 

SPI solutions.  A SPI dispersion was prepared by mixing SPI in 20 mM Tris buffer (pH 7.2) for 

at least 4 h at room temperature. 0.02% sodium azide was added to inhibit microbial growth.  

10% soy oil (w/w) (Sigma Aldrich, MO USA) was added to the SPI solution and 

prehomogenized using high speed shear dispersing tool (Power Gen 125, Fisher Scientific, USA) 

at maximum speed for 1 min, at room temperature. The pre-homogenized mixture was 

immediately processed with 4 passes using high pressure homogenizer (Emulsiflex-C5, Avestin 

Inc., Ottawa Canada) at 4 MPa, to obtain a 10% oil, 2% SPI emulsion.  After homogenization, 

2%, 6% and 10% SPI solutions (w/w) were immediately added to the 2% SPI oil-in-water 

emulsion at a 1:1 ratio to give a final concentration of 2%, 4% and 6% SPI, and 5% soy oil. The 

emulsions and protein solutions were prepared in triplicate. Immediately after preparation, the 

emulsions were placed in screw-capped glass vials and heated in water bath at 90°C for 10 min 

and immediately cooled to room temperature in an ice bath. All experiments were conducted in 

triplicate (three separate emulsion batches). 

 

3.3.3 Particle size distribution 

The particle size distribution of the heated and unheated emulsion was analyzed using the static  

light scattering instrument (Mastersizer 2000, Malvern Instruments Ltd Worchestershire, UK). 
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The droplet size reported as Sauter-average diameter, d32 was determined using refractive index 

of soy oil (1.474) and refractive index of water (1.33). The particle size analysis was conducted 

on freshly prepared heated and unheated emulsions. 

 

3.3.4 Emulsion gelation  

0.5% (w/v) GDL was added to heated and unheated emulsions. The mixture was gently stirred to 

ensure even mixing and the emulsions were immediately placed in the rheometer, to follow the 

gelation behavior.  The changes in the viscoelastic parameters after addition of GDL (Sigma-

Aldrich Co., St. Louis, MO, USA) were measured using a controlled-stress rheometer (AR 1000, 

TA Instruments, New Castle, DE USA). Measurements were conducted at 30°C, 0.5 Hz and 

strain of 0.01. Temperature was controlled with an external water bath maintained at 30°C.  To 

carefully observe aggregation, a relatively small amount of GDL (0.5%) was used to induce slow 

acidification. All emulsions, regardless of protein concentration reached pH 5.4, and this pH was 

chosen for comparison of the rheological parameters (G’ and tan δ). Rheological measurements 

were carried out for 3 h. Simultaneously the samples were placed in a circulating water bath, 

maintained at 30°C and the pH  as a function of time was automatically recorded every 10 s into 

an excel spreadsheet by AR15 pH recorder software(Mediavention, Guelph ON) for 3 h.  

 

3.3.5 Confocal Laser Scanning Microscopy 

The analysis of the three-dimensional microstructure of the SPI gels was performed using a 

confocal laser scanning microscope (Leica TCS SP5, Leica Microsystems CMS, Wetzlar, 

Germany) at an excitation wavelength of 488 nm and emission fluorescent signal between 560–

600 nm.  Aliquots (40 μl) of a nile red (Sigma Aldrich, Germany) solution at 0.1% dissolved in 
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acetone were added to 5 ml of SPI emulsions (of 2%, 4% and 6% protein concentration), before 

addition of GDL and incubation. The samples were placed on a concave microscopic slides 

(Fisher Scientific, USA) covered with acetone-coated coverglass (Fisherfinest, Fisher Scientific, 

USA)  and subsequently incubated at 30°C in a water bath until the samples reached  pH of 5.4. .  

All emulsions, regardless of protein concentration reached pH 5.4, and this pH was arbitrarily 

chosen for comparison of microstructure. Immediately after, the samples were placed at 4°C and 

gels were imaged using confocal, using a 40x (oil) objective lens. 

 

3.3.6 Statistical analysis 

All measurements were carried out in triplicate unless otherwise stated. Values given in figures 

and tables are averages. Significant differences were determined using univariate analysis of 

variance (ANOVA) and Tukey HSD at P<0.05. Statistical analysis was performed using SPSS 

version 21(IBM, Armonk, New York, United States)  

3.4   Results and Discussion 

3.4.1 Droplet Size Distribution  

The droplet size distribution of protein stabilized emulsions is affected by the concentration of 

the emulsifier, as well as the processing history of the protein (McClements, 2007). When the 

amount of protein present in solution is sufficient to cover the interface, the emulsion droplets 

can be stabilized by electrostatic and steric repulsive forces. When processing and environmental 

conditions favour protein-protein interactions, the droplets will aggregate and coalesce due to the 

attractive forces between the droplets. In the case of soy protein emulsions, heat treatment before 

homogenization causes the formation of thicker interfaces and more protein is necessary to form 

stable emulsions, as extensive bridging flocculation may occur (Keerati-u-rai & Corredig, 2009).  
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In this research, the emulsions were prepared with 10% oil, and 2% SPI, a concentration 

sufficient to obtain stable emulsions (Keerati-u-rai & Corredig, 2009), and heating was 

conducted after homogenization at 90°C for 10 min. The droplet size distribution was measured 

for all the emulsions, with final protein concentrations in the emulsions ranging from 2 to 6% 

SPI, before and after heating.  Table 3.1 summarizes the values of average diameter (D3,2) for all 

emulsions.  All treatments showed a monomodal distribution of oil droplets with an average 

diameter of about 0.4 μm (Figure 3.1).  

The presence of increasing concentration of unadsorbed protein did not change the average size 

of the oil droplets.  In addition, as shown in Figure 3.1, after heating, the emulsions did not show 

any aggregation. It has been demonstrated (Pertruccelli & Anon, 1995; Wagner, Sorgentini, & 

Anon, 1995; Lakemond et al., 2000) that heating causes dissociation and unfolding of soy 

proteins, increases their surface hydrophobicity leading to aggregation and rearrangements of the 

soy protein aggregates. However, heating emulsions before homogenization at 75°C maintains 

their stability, albeit increases the surface load (Keerati-u-rai & Corredig, 2009 & 2010).  

 

3.4.2 Gelling behavior of soy protein emulsions 

The emulsions containing 5% soy oil and 2%, 4% and 6% soy protein isolate were incubated at 

30°C after addition of 0.5% GDL. The change in the rheological parameters, elastic modulus G’ 

as well as tan δ (where tan δ is the phase angle), were similar for all emulsions. Figure 3.2 

illustrates the development of elastic modulus G’ and tan  for heated and unheated emulsions, 

as a function of total protein concentration.  
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Figure 3.1 Particle size distribution of control emulsion, containing 2% soy proteins and 10% 

oil, before heating, and of the emulsions heated after addition of protein, to a final concentration 

of 2, 4 and 6% SPI.   Results are representative of three separate experiments. 
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Table 3.1: Mean droplet size of the emulsions prepared with 10% soy oil and 2% protein, 

subsequently diluted with SPI solutions, to a final concentration of 2, 4 and 6% soy protein 

isolate and 5% oil.   Emulsions were measured either before or after heating at 90°C for 10 min. 

Results are mean values of triplicates analysis. Values with different letters indicate significant 

differences at p< 0.05.  

 
  

 

SPI concentration  D3,2 (µm) 

2% Unheated 0.38±0.04
a
 

2% Heated 0.36±0.03
a
 

4% Unheated 0.47±0.17
a
 

4% Heated 0.58±0.30
a
 

6% Unheated 0.50±0.14
a
 

6% Heated 0.37±0.03
a
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



38 
 

 
 
 
 

 

 

2% heated

4% heated

6% heated

pH

4.04.55.05.56.06.57.0

G
' (

P
a
)

-200

0

200

400

600

2% unheated

4% unheated

6% unheated

4.04.55.05.56.06.57.0

ta
n
 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

         

Figure 3.2: Gel behavior of soy protein stabilized emulsions containing 2 (triangles), 4 (circles) 

and 6 (squares) % protein. Storage modulus G’ (top) and Tan δ (bottom) of unheated (left) and 

heated (right) emulsions.  Results are representative of three replicates. For statistical analysis 

see Table 3.2.  
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Table 3.2: Rheological parameters measured during gelation. Gelation pH, defined as the point 

when tan δ = 1, elastic modulus (G’) and tan δ, both measured at pH 5.4 for comparison. Values 

shown are the average and standard deviation of three independent experiments. Within a 

column, values with different letters show statistical significance for p<0.05.  

 

 

Protein concentration Gelation pH G’ at pH 5.4 (Pa) tan δ at pH 5.4  

Unheated    

2% 5.98±0.07
a
 19±4

a
 0.27±0.01

b,c
 

4% 5.89±0.06
a
                         81±52

a,b                       
 0.30±0.03

c,d
 

6% 5.88±0.02
a
                         320±59

c                    
 0.36±0.04

d
 

Heated    

2% 5.76 ±0.14
a
            33±19

a                          
 0.23±0.02

a,b  
 

4% 5.81±0.15
a
                  

                         
 259±123

b,c
 0.21±0.01

a
 

6% 5.85±0.03
a
              626±42

d                           
 0.20±0.00

a
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All emulsions showed very low and constant levels of G’ until a pH of about 5.8 (see Table 3.2, 

gelation point).  At this pH, corresponding to the average isoelectric point of the soy proteins 

(Malaki Nik et al., 2011), the emulsions showed a rapid increase in the values of G’.  The 

gelation pH for all the emulsions is summarized in Table 3.2, and the results clearly 

demonstrated that the pH of gelation was not significantly different with protein concentration.  

In addition, there were no differences in the pH of onset of gelation between heated and unheated 

emulsions (Table 3.2). 

After the gelation point, the increase in G’ as a function of pH differed as a function of protein 

concentration and it was also higher after heating.  The emulsions containing higher total protein 

concentration showed a sharper increase in G’ compared to emulsions with lower protein 

concentration. The increasing storage modulus with increasing protein concentration is in 

agreement with other findings on soy protein gelation, and it relates to the presence of a larger 

number of linkages in the network (Campell et al, 2009; Li et al., 2011). Heating enhances 

interaction of adsorbed protein with non-adsorbed protein in the aqueous phase (Lakemond et al., 

2000). The heated emulsions showed sharper increase in G’ compared to unheated emulsions. . 

This behaviour may be attributed to rearrangement of soy protein aggregates during heating, 

causing the presence of more exposed surfaces and inducing more contact between the soy 

protein aggregates, with greater protein-protein interaction both at the interface as well as 

between interfaces. This is attributed to more soy protein aggregates produced from interaction 

of adsorbed proteins at the interface with non-adsorbed proteins in the aqueous phase from heat 

treatment. 

 The results of the statistical analysis for values of G’ and tan δ values for the 2%, 4% and 6% 

emulsions at pH 5.4  are shown in Table 3.2. In general, the elastic modulus for both unheated 
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and heated emulsions increased with the amount of protein present in the unadsorbed phase as a 

result of increased number of bonds. At pH 5.4, the elastic modulus for 2% and 4% unheated 

emulsion were not significantly different with 2% heated emulsion, as these emulsions had a low 

extent of protein-protein interactions.  

Unheated emulsions containing 6% protein showed higher G’ values compared to heated 

emulsions containing 2% protein, but showed similar values to those of 4% heated emulsions 

(Table 3.2).  Both heated and unheated emulsions showed an increase of the elastic modulus as a 

function of protein concentration, with a much higher modulus for the 6% heated emulsion than 

the corresponding unheated samples. This behaviour is explained by the increase in protein 

protein interactions and the increase in the number of linkages in the gel network.   

It is also important to note that even at low protein concentration (2%), emulsion gels were 

obtained, albeit of low stiffness, and heated emulsions showed a higher value compared to 

unheated emulsions even when most of the protein is adsorbed at the interface.  This result 

confirmed that rearrangements and aggregation occurred at the oil/water interface, and these 

rearrangements also contributed to an increase in the gel stiffness upon acidification. All 

emulsions had similar particle size distributions (Table 2.1).   

As shown in Figure 3.2, the value of Tan δ showed a continuous decrease after gelation, reaching 

values of about 0.3 for unheated emulsions and 0.2 for heated emulsions (Figure 3.2 and Table 

3.2). The values of tan δ measured at pH 5.4 for unheated emulsions were significantly different 

with heated emulsions. While 2% unheated emulsion gel had a value statistically similar to that 

of heated emulsions (regardless of concentration), the tan δ value increased with protein 

concentration in unheated emulsions. These results suggested that a different gel, with a larger 

extent of rearrangements was formed in unheated emulsions after acidification, while in the 
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heated samples, as well as unheated emulsion with 2% protein, less rearrangements occurred. 

This was caused by the low concentration of protein in the soluble phase in heated emulsions.  

 

3.4.3 Confocal laser scanning microscopy  

The microstructure of heated and unheated soy protein stabilized emulsion gel with added soy 

protein were observed at pH 5.4 using confocal laser scanning microscopy (Figure 3.4). The 

images, from top to bottom represent emulsions with increasing SPI concentration, and heated 

and unheated samples are compared from left to right. Emulsion droplets showed bright areas 

due to the nile red staining. No major changes were observed between unheated emulsions gels 

(A, C, E) and heated emulsion gels (B, D, F) and with varying protein concentration. The oil 

droplets for both heated and unheated emulsion gels are well dispersed and maintained their 

identity with no signs of coalescence. The microstructure was in full agreement with the particle 

size distribution for heated and unheated emulsions.   
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Figure 3.3:Confocal Laser Scanning Microscopy of unheated and heated acid-induced soy 

protein stablized gels. Heat treatment was carried out after homogenization at 90°C for 10 min 

(a) 2% unheated (b) 2% heated (c) 4% unheated (d)  4% heated (e) 6% unheated (f) 6% heated. 

Scale bar is 20 µm. The pH of the gels was 5.4 
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3.5 Conclusions 

This study clearly demonstrates that emulsions stabilized with added soy protein are stable with 

heating at 90 °C for 10 min after emulsification at concentration of 2%, 4% and 6% total protein.  

The presence of an increasing concentration of unadsorbed protein did not change the average 

size of the oil droplets, but changed the rheological properties of the emulsion gels after acid 

gelation. Soy protein stabilized emulsions can form cold set gels upon acidification even at low 

concentration of 2%, and the structure and stiffness of the gels can be manipulated by changing 

the protein concentration in the unadsorbed phase. All emulsions, regardless of protein 

concentration or heating showed a similar pH of gelation. The stiffness of the gel network 

increased with protein concentration in heated emulsions, while the effect of protein 

concentration was significant only at 6% protein in the case of unheated emulsions.   In addition, 

this work clearly demonstrated that by heating the emulsions after homogenization, the increase 

of the protein-protein interactions at the interface caused the formation of stiffer gels, but with 

Tan values similar to those of 2% soy protein stabilized emulsions.  On the other hand, higher 

Tan  values were noted at pH 5.4 for unheated emulsions containing unadsorbed protein.  The 

results obtained clearly show that it is possible to obtain optimal gel structure by modulating 

protein concentration of unadsorbed protein in aqueous phase, as well as changing the order of 

addition of the soy protein, and these differences may have important consequences to the 

sensory attributes of the final product. 
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CHAPTER 4 

ACID INDUCED GELATION BEHAVIOUR OF OIL-IN-WATER EMULSIONS 

STABILIZED BY SOY PROTEINS AND WHEY PROTEINS MIXTURES, EFFECT OF 

INTERFACIAL COMPOSITION. 

   

4.1 ABSTRACT 

The gelation behavior of protein stabilized emulsions depends on the composition of the 

interface, and on the ability of the oil droplets to interact with the polymer network, for example, 

the protein present in the continuous phase. This research focused on the interactions between 

whey proteins and soy proteins in a mixed matrix, containing oil droplets and unadsorbed 

protein. The effect of the interfacial composition on the acid induced behavior of the mixture was 

studied, before and after heating the mixture at 90°C for 10 min. Emulsions were prepared either 

using whey protein isolate or soy protein isolate, and then mixed with a protein solution 

containing either soy protein or whey protein, to obtain a final concentration of 6% protein and 

5% soy oil. Heating and interfacial composition affected the particle size distribution, the 

rheological properties of the emulsions before gelation, as well as their gelation behavior. Whey 

protein stabilized emulsions were less stable to heating than soy protein stabilized emulsion. 

SDS-PAGE analysis revealed interactions between the proteins at the interface, both before and 

after heating. The type of protein present in the continuous phase played a major role in 

influencing the rheological properties of the mixed protein emulsion gels. The pH of gelation 

was 5.8 for all emulsions, regardless of order of protein addition. The values of storage modulus 

(G’) were higher for heated emulsions compared to unheated emulsions. These results improved 
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our understanding of mixed protein emulsion system and demonstrated how gel stiffness can be 

modulated by heating and changing the order of protein addition.    

 4.2 INTRODUCTION 

Protein rich foods have unique functional and nutritional advantages. The increased customer 

demand for such foods has led to research looking into products containing soy and whey 

proteins to yield products with enhanced nutritional and processing functionality. The presence 

of fat may also be important, as a carrier of beneficial lipophilic components, as well as to impart 

desirable texture to food products. In protein based foods, the fat droplets are stabilized by a thin 

layer of protein adsorbed at the oil-water interface (Dickinson 1994). Food emulsion stability and 

other physicochemical properties such as texture, sensory properties, flavor and appearance are 

influenced strongly by the characteristics of the oil droplets contained in the emulsion such as 

size, concentration, charge and interaction with other food components (McClements, 2005; 

Xiong et al., 1991).  

There have been numerous studies on gelation of whey protein and soy protein  in isolation, as 

well as with emulsion droplets  (van Vliet, 1988; Lucey et al., 1997; Lucey et al.,1999; Chen and 

Dickinson, 1998; Kim et al., 2001; Rosa et al, 2006).  There are two ways emulsion gels can be 

obtained: by heating and by lowering the pH, for example using bacteria or glucono delta lactone 

(GDL) or salts such as calcium chloride.  Both whey and soy protein gels can be obtained with 

cold gelation, whereby  in  a first step the protein is heat denatured, and the gel is subsequently 

formed by either using acid or salt addition (Ju & Kilara, 1998; Alting et al., 2004; Maltais et al., 

2005; Maltais et al., 2008). Acid induced gelation is often employed to form such gels, as by a  

gradual reduction of pH there is a gradual decrease of electrostatic repulsion between proteins, 
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leading to increased protein-protein interactions at a pH close to the isoelectric point of the 

proteins (Koyama et al., 1995; Alting et al., 2004).  

The rheological properties of emulsion gels depend largely on the stabilizing layer surrounding 

the oil droplet, the ability of the oil droplets to interact with the protein matrix, the protein 

concentration and the oil volume fraction (Rosa et al., 2006; Campbell et al, 2009; Ye and 

Taylor, 2009; Li et al., 2011). For example, heating of emulsion gels increases gel hardness as a 

result of  higher extent of protein-protein interactions (Campbell et al, 2009). Protein 

denaturation leads to increased hydrophobicity, exposure of sulfhydryl groups and increase in 

disulphide bridging, increasing the stiffness of the gel.  In soy or whey protein emulsions, gel 

hardness increases proportionally with protein concentration (Ye and Taylor, 2009; Li et al., 

2011). Studies on whey protein isolate emulsions have demonstrated that gel strength can be 

modulated depending on the type of adsorbed layer formed as well as the volume fraction of the 

oil, with the adsorbed whey protein aggregates providing the structural unit for the formation of 

the gel network (Ye and Taylor, 2009). The type of protein, for example the ratio of α-La and β-

Lg in the emulsion results in gels with different physicochemical properties; with a higher 

proportion of β-Lg forming more elastic gels due to the presence of more thiol-disulphide 

interchanges (Rabiey & Britten, 2009).  

Despite studies on whey and soy proteins in isolation, as well as their emulsion gels, limited 

research is available on mixed soy and whey protein mixed systems. Some work is available on 

mixed proteins, acidified and heat induced soy – dairy mixes (Shirai et al., 1992a; Shirai et al., 

1992b; Chronakis and Kasapis, 1993; Comfort and Howell, 2002, Roesch and Corredig, 2005). 

However, very little has been reported on mixed protein emulsion systems.  One study is 

available on the dynamics occurring at the interface between whey proteins and soy proteins 
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when present in an emulsion system (Manion and Corredig, 2006). This study demonstrated that 

proteins at the interface interact with proteins in the aqueous phase and suggested that the 

physico chemical properties of the emulsion droplets can be modified by controlling the proteins 

order of addition, heating temperature, type and concentration of protein at interface. However, 

this work did not look at gelation properties of the emulsions.   

Whey protein and soy protein in a mixed system is likely to result in enhanced physico-chemical 

abilities than that of soy and whey protein in isolation. It has been previously demonstrated that 

during heating, different types of complexes form with heating soy proteins in the presence of 

whey proteins (Roesch & Corredig, 2005). It was demonstrated that soy/whey ratio affects the 

type of gel network formed. The objective of this work was to study the effect of order of 

addition and composition of the interface on the acid gelation behavior of soy – whey protein 

emulsions. It was hypothesized that the presence of either whey protein or soy protein at the 

interface may cause profound changes in the rheological properties of the gels. To test this 

hypothesis, emulsions were stabilized by either soy or whey protein isolates, and then protein 

was added in the continuous phase.  The acid gelation behaviour was then studied, in both 

unheated and heated emulsions, using GDL.  

                               

4.3 MATERIALS AND METHODS 

4.3.1   Preparation of Soy Protein Isolate (SPI) 

Soy Protein Isolate (SPI) was obtained from defatted soy flakes extraction (Solae Company, St. 

Loius MO USA) (Keerati-u-rai & Corredig, 2009). In brief, defatted soy flakes were dispersed in 

100 mM Tris-HCl buffer of pH 8.0 at a ratio of 1:10 (w/v) and stirred for 1.5 h at room 

temperature 25°C. After centrifugation (Beckman Coulter, Model J2-21, USA) at 12,000 g for 30 
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min at 10°C to remove the insoluble fraction, the supernatant was filtered using a cheese cloth 

(Fisher Scientific, Mississauga, ON, Canada), and the pH adjusted to 4.8 with 2M HCl to induce 

protein precipitation. The protein suspension was refrigerated at 4°C for 2 h and subsequently 

centrifuged at 12,000 g for 30 min at 10°C. The precipitate was washed with 10 mM Sodium 

Acetate, pH 4.8 at 1:8 ratio (w/v) and further centrifuged at 12,000 g for 30 min at 10°C. The 

precipitate was rewashed in 10 mM sodium Acetate, pH 4.8 and the pH adjusted to 7.5 with 2M 

NaOH. The slurry was dialyzed for 24 h at 4°C against deionized water and subsequently freeze 

dried (Virtis, Unitop 600SL. New York, USA).  

The protein concentration in the SPI was measured using Dumas Combustion method for 

nitrogen (Leco FP-528 Mississauga, ON, Canada), using 6.25 as conversion factor (approved 

method 46-30, American Association of Cereal Chemistry, 2000). Protein content of SPI 

obtained was 93%.The freeze-dried soy protein isolate was stored at -20°C until use.  

 

4.3.2 Preparation of oil-in-water emulsions. 

Emulsions were obtained using either SPI (prepared in the laboratory, see above) or WPI with 

93.9% protein content (Fonterra, New Zealand), and additional protein was added after 

homogenization in the continuous phase, to obtain a final concentration of 6% total protein.  All 

samples contained 0.02% sodium azide as bacteriostatic. In the case of SPI emulsions, freeze-

dried SPI was resuspended in 20 mM Tris buffer, pH 7.2 overnight to obtain 2% SPI 

concentration (w/v).  In the case of WPI emulsions, 2% WPI solution was stirred in 20mM Tris 

buffer, pH 7.2 overnight.  Emulsions were then prepared either with SPI or WPI by mixing the 

protein solution with 10% soy bean oil (w/w) , and the mixtures were pre-homogenized using 

high speed shear dispersing tool (Power Gen 125, Fisher Scientific, USA) at maximum speed for 
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1 min at room temperature 25°C. The prehomogenized mixture was immediately processed using 

high pressure homogenizer (Emulsiflex-C5, Avestin Inc., Ottawa Canada) at four passes with 

pressure of 4 MPa at room temperature 25°C.  

10% WPI or SPI solutions (w/v) were prepared by stirring the protein in 20 mM Tris buffer, pH 

7.2 overnight, and then SPI  solution was added in the oil-in-water WPI emulsion or  vice versa 

at appropriate dilution (1:1 ratio) to obtain a final concentration of 6% protein and 5% soy oil. 

The emulsions and protein solutions were prepared in triplicate samples (unheated-control 

samples). 

A portion of the emulsions containing 6% protein and 5% soy oil was placed in screw-capped 

glass vials and heated in water bath at 90°C for 10 min. These emulsions were immediately 

cooled to room temperature 25°C in an ice bath. These heat-treated emulsions were prepared in 

triplicate (three separate emulsion batches). 

 

4.3.3 Particle size analysis 

The particle size analysis was conducted on freshly prepared heated and unheated emulsions of 

the different protein composition (i.e. SPI emulsion with WPI in aqueous phase and WPI 

emulsion with SPI in the aqueous phase) using static light scattering (Mastersizer 2000, Malvern 

Instruments Ltd Worchestershire, UK). The droplet size reported as Sauter-average diameter, D32 

was determined using refractive index of soy oil (1.474) and refractive index of water (1.33). 

 

4.3.4 Protein composition at the interface 

The protein composition at the interface was analyzed using SDS-PAGE.  The heated and 

unheated mixed protein emulsions were centrifuged at 12,000 g (Brinkmann Instruments, 
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Westbury, NY) for 15 min at 25°C to separate protein at the interface from unadsorbed fraction. 

Cream was carefully separated and dried on filter paper (Whatman no. 1, Fisher Scientific, 

Ottawa, ON Canada), after which it was resuspended in 20 mM Tris buffer, pH 7.2 to the initial 

volume of  oil. The serum phase was carefully separated using a syringe. 100 μl of emulsion, 

serum and resuspended cream were mixed with 200 μl of extraction buffer (50mM Tris, 5M 

Urea, 10% SDS, 2-mercaptoethanol, water), pH 8.0 and left to incubate for 1 h at room 

temperature 25°C. After which electrophoresis buffer (125 mM Tris, 5M Urea, 10% SDS, 100% 

glycerol, 1% bromophenol blue), pH 6.8 was added. Samples are heated at 95°C for 5min and 

subsequently centrifuged (Brinkmann Instruments, Westbury, NY) at 12,000g for 10 min. 

Aliquots (6μl) were loaded unto 15% polyacrylamide gel (30% acrylamide/bis solution, 1.5M 

Tris buffer (pH 8.9) containing 0.2% SDS 10% Ammonium persulfate, TEMED, water) and 4% 

stacking gel (30% acrylamide/bis solution, 0.1 M Tris buffer (pH 6.7) containing 0.2% SDS, 

10% ammonium persulfate, TEMED, water). SDS-PAGE was carried out at a constant current of 

175 volts for 1 hour using a Bio-Rad mini slab gel system (Bio Rad, Mississauga Ontario 

Canada) containing electrode buffer (0.025M Tris, glycine, SDS). Gel slabs were fixed and 

stained simultaneously using 45% methanol, 10% acetic and 0.1% Coomassie Blue R-250). Then 

destained using methanol, ultrapure water, acetic acid (45:10:45). The gels are scanned using 

scanner (Bio Rad Gel Doc
TM

 Ez Imager, ON Canada). 

4.3.5 Emulsion Viscosity 

The flow behavior of the freshly prepared emulsions was studied using a stress-controlled 

rheometer (AR 1000, TA Instruments, New Castle, DE USA). Shear rate, shear stress and 

apparent viscosity of the emulsions were monitored at 25°C using plate and cone geometry of 2 

degree and 40 mm diameter.  
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4.3.6 Emulsion gelation 

Glucono-δ-lactone (GDL) (0.5% (w/v)) was added to heated and unheated emulsions. The 

mixture was gently stirred to ensure even mixing and immediately placed in the rheometer, to 

follow the gelation behavior. The changes in the viscoelastic parameters after addition of GDL 

were measured using a controlled-stress rheometer (AR 1000, TA Instruments, New Castle, DE 

USA). Measurements were conducted at 30°C, 0.5 Hz and strain of 0.01. Simultaneously, sample 

was also placed in a circulating water bath, at 30°C and the pH values as a function of time were 

recorded. pH measurements as a function of time were automatically recorded every 10 s into an 

excel spreadsheet by AR15 pH recoder software(Mediavention Engineering) for 3 h. 

 

4.3.7 Statistical analysis 

All measurements were carried out in triplicate unless otherwise stated. Values given in figures 

and tables are averages. Significant differences were determined using univariate analysis of 

variance (ANOVA) and Tukey HSD at P<0.05. Statistical analysis was performed using SPSS 

version 21(IBM, Armonk, New York, United States). 

 

4.4 RESULTS AND DISCUSSION 

4.4.1 Particle size distribution 

The particle size distribution of the emulsions prepared using whey protein or soy proteins, and 

containing additional protein in the continuous phase, as measured by integrated light scattering 

is shown in Figure 4.1. The average droplet size of emulsions as a function of order of addition 

and heating is summarized in Table 4. 1 
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Figure 4.1: Droplet size distribution of emulsions containing 6% protein and 5% oil originally 

stabilized by soy protein isolate (2%) (A) or whey protein isolate  (B)  either unheated (filled 

symbols) or heated (empty symbols) at 90°C for 10 min. Samples are representative of three 

replicate experiments. 
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Table 4.1: Mean droplet diameter of soy protein emulsions prepared with 10% soy oil and 2% 

soy protein, with whey protein present in the continuous phase (SOW) or stabilized with 2% 

whey protein and containing whey protein in the continuous phase (WOS).  Emulsions were 

measured before and after heating at 90°C for 10 min. Results are mean values of triplicate 

analysis. Values with different letters indicate significant differences at p<0.05 

 
 

 

 D3,2 (µm) 

SOW unheated 0.41±0.04
b
 

SOW heated 0.38±0.05
b
 

WOS unheated 0.23±0.01
a
 

WOS heated 0.21±0.01
a
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In this research, SPI emulsions were prepared with 10% oil and 2% SPI, a concentration 

adequate to obtain a stable emulsion (Keerati-u-rai & Corredig, 2009). WPI was then added in 

the aqueous phase. And, WPI emulsions  prepared with 10% oil, 2% WPI was also sufficient to 

stabilize the emulsions (Ye and Taylor, 2009) and soy protein added to the continuous phase. 

Total protein concentration of the emulsions was 6%, after addition of protein in the continuous 

phase.  The droplet size distribution was measured before and after heating at 90°C for 10 min. 

Both soy protein stabilized and whey protein stabilized unheated emulsions showed monomodal 

distribution of oil droplets, with particle diameter for the whey protein being significantly 

smaller than that of soy protein emulsion. These results are in full agreement with data reported 

in Chapter 3, for soy protein stabilized emulsions containing 6% total protein.   

Heat treatment did not affect the average droplet diameter of the whey- and soy-stabilized 

emulsions, although whey stabilized emulsions showed a small shoulder in the average particle 

diameter after heating. This may suggest the presence of droplet-droplet interactions as 

previously shown by other authors in whey protein stabilized emulsions after heating 

(Demetiades et al., 1997). This heat-induced aggregation of emulsion droplets results from the 

denaturation of the whey proteins, and in particular, the exposure of free cysteine residues of β-

lactoglobulin leading to aggregation (Dalgleish et al., 1997). 

 

4.4.2 Protein Composition at Interface 

Electrophoresis analysis was conducted on the soy protein stabilized emulsions with added whey 

protein (SOW) and on whey protein stabilized emulsions with added soy protein (WOS) to 

determine the protein subunits that are present at the interface and how heat treatment and order 

of processing may affect the distribution of the subunits at the interface. Electrophoretic analysis 
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under reducing condition was carried out on unheated and heated emulsions, by comparing the 

proteins present in the cream and serum phases (Figures 4.2 and 4.3).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2  SDS-PAGE electrophoresis of unheated SOW and WOS, emulsions, cream and 

continuous phase. Lane 1-SPI standard; Lane 2- SOW cream; Lane 3-WOS cream; Lane 4-SOW 

serum; Lane 5-WOS serum; Lane 6-SOW emulsion; Lane 7-WOS emulsion; lane 8-WPI 

standard.   Highlighted are the proteins present in the adsorbed layer.   
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Figure 4.3 SDS-PAGE electrophoresis of heated SOW and WOS, emulsions, cream and 

continuous phase. Lane 1-SPI standard; Lane 2-WPI standard; Lane 3-SOW cream; Lane 4-

WOS cream; Lane 5-SOW serum; Lane 6-WOS serum; Lane 7-SOW emulsion; Lane 8-WOS 

emulsion.  Highlighted are the proteins present in the cream layer. 
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In unheated SOW, all the major subunits of soy proteins were present in the adsorbed phase 

(Lane 2, Figure 4.2), with a small amounts of -lactoglobulin and α-lactalbumin  present. On the 

other hand, after heating (Lane 3, Figure 4.3) a higher extent of -lactoglobulin was recovered, 

pointing out to the occurrence of protein aggregation and the adsorption of the whey proteins at 

the interface.  As expected, in SOW, the serum phase contained most of the whey proteins, both 

in the unheated and the heated emulsions. 

In the case of WOS emulsions, both unheated and heated emulsions showed adsorption of the 

soy proteins at the interface (Lanes 3, Figure 4.2 and lane 4, Figure 4.3). It is important to note 

however, that in both unheated and heated whey protein emulsion, α-lactalbumin and -

lactoglobulin were present, their band intensities was lower than for the case of soy protein at the 

interface (SOW).  These results would suggest a non-selective adsorption of soy and whey 

protein subunits in the emulsions regardless of the order of processing. Table 4.2 reports the 

results of laser scanning densitometry of the polypeptides present in the cream phases for the 

unheated and heated emulsions.  Results clearly confirmed that soy protein was recovered in a 

higher amount in WOS than in SOW and there were differences in composition depending on 

heating treatment. More of β-lactoglobulin was adsorbed on the cream phase when the whey 

protein was added after homogenization of a soy stabilized emulsion, and there was a higher 

amount of -lactoglobulin in the heated SOW compared to unheated. There were also 

statistically significant differences in the ratio of basic subunit present in the cream phase of 

WOS emulsions compared to SOW emulsions, with a preferential adsorption of this polypeptide 

in the presence of whey proteins at the interface. Furthermore, there was a higher amount present 

in heated than unheated WOS.  
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Table 4.2 Intensity ratio of the various polypeptide bands separated by SDS-PAGE  (as % of 

total band area) for SOW and WOS unheated and heated. Results are mean values of triplicates 

analysis. Values with different letters in a column indicate significant differences at p<0.05 

 

 

 

 

 

 

 

 

  

  α', α β A3 A124 B β-lg α-la 

SOW  
unheated 

13.25±3.79
a,b

 3.75±1.0
a
 3.1±1.07

a,b
 12.63±3.2

a,b
 9.75±1.11

a
 37.97±5.3

b
 19.54±11.5

a
 

SOW  
Heated 

7.69±1.35
a
 2.59±0.81

a
 1.49±0.30

a
 8.02±2.69

a
 5.93±0.23

a
 53.77±3.65

c
 20.52±7.0

a
 

WOS  
Unheated 

19.42±3.78
b
 6.88±1.24

b
 4.35±1.45

b
 16.91±5.31

a,b
 17.96±1.33

b
 16.98±3.16

a
 17.49±13.29

a
 

WOS  
Heated 

12.45±3.59
a,b

 8.04±0.84
b
 3.8±0.08

a,b
 18.64±3.45

b
 32.92±4.27

c
 13.59±1.63

a
 10.55±8.75

a
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For both unheated and heated emulsions, there were no statistical differences for the other 

protein present in the cream phase, albeit there was a higher amount of soy polypeptides in the 

WOS cream phase than in the SOW cream phase .  These results clearly show that even prior to 

heating all whey and soy protein subunits adsorb at the oil water interface, regardless of their 

presence during homogenization. In addition, heating affected the composition at the interface, 

with beta subunit and -lactoglobulin increasing in WOS and SOW  respectively.  Regardless of 

the treatment, the amount of -lactalbumin did not change.  

 

4.4.3 Emulsion viscosity 

The flow behavior of the unheated and heated protein emulsions was studied at 25°C to 

determine possible differences in the extent of droplet interactions.  All emulsions, regardless of 

treatment (heating, order of processing) demonstrated a shear thinning behavior as shown in 

Figure 4.4. The results are in full agreement with what (Manion & Corredig, 2006) reported on  

mixed soy and whey protein emulsion. All emulsions showed initial viscosity of about 0.2 Pa.s.  

The viscosity seemed to reach a near plateau value of viscosity around 10 s
-1

, whereby most of 

droplet-droplet interactions were disrupted.   Table 4.3 reports the values of viscosity measured 

at 100s
-1

.  Unheated SOW emulsions showed the lowest value of viscosity. WOS unheated and 

SOW heated showed similar, intermediate values, while WOS heated  had a significantly higher 

viscosity at 100s
-1

. This was in full agreement with the particle size distribution shown in Figure 

4.1, suggesting that in WOS, contained some aggregated droplets result of the heat induced 

interactions between the proteins.   
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Figure 4.4  Flow behaviour of emulsions containing 6% total protein, either prepared with soy 

and with whey added in the continuous phase (SOW, circles) or vice versa (WOS, triangles). 

Heated (filled symbols), unheated (empty symbols). Results are representative of triplicate runs. 
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Table 4.3 Apparent viscosity measured at 100 s
-1

 at 25°C, for all the emulsions before and after 

heating. Results are mean values of triplicates analysis. Different letters indicate significant 

differences (p<0.05) between results in a column. 
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s 

6% SOW unheated 0.0029 +/- 0.0003
a
 

6% WOS unheated 0.0056 +/- 0.0003
b
 

  

6% SOW heated 0.0054 +/- 0.0008
b
 

 

6% WOS heated  0.0074 +/- 0.0003
c
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4.4.4 Emulsion Gelation 

To determine how the protein composition at the interface affected the gel formation of the 

mixed protein emulsions (6% total protein), change in rheological parameters and elastic 

modulus as well as tan δ (where tan δ is the phase angle) were examined. Emulsions were 

incubated at 30°C after addition of 0.5% GDL, and the development of the rheological 

parameters was followed as a function of pH (Figure 4.5).  

All emulsions indicated very low values of G’ at the initial  acidification stages, until a pH of 

about 6.0 for unheated emulsions and 5.8 for heated emulsions (see Table 4.4, for values of pH 

of gelation). At this pH, the emulsions showed a rapid increase in the G’, indicating the 

formation of linkages, leading to the formation of a gel network.  It was then concluded that, 

irrespective of the order of addition of the protein (SOW, WOS), both emulsions showed a 

similar pH of gelation,  and there was a lower pH of gelation for heated emulsions.  This may 

suggest that after heating, complexes between whey proteins and soy proteins caused some 

stability of the emulsions to pH, shifting the destabilization to a lower pH.  

After the gelation point, the increase in G’ differed both as a function of composition (SOW, 

WOS) as well as with heating. For unheated emulsions, whey protein stabilized emulsion with 

soy added in the continuous phase showed a higher increase in the value of G’ compared to soy 

stabilized emulsions containing whey proteins in the continuous phase.  The values of G’ 

measured at pH 5.6 were quite low for unheated SOW compared to WOS.  This result once again  

would suggest interactions between the soy proteins and the whey proteins adsorbed at the 

interface, and aggregation of the whey protein droplets in WOS systems. On the other hand, in 

the SOW systems, whey proteins were present in the continuous phase, contributing very little to 

the gelation of the system.   
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Figure 4.5 Gelation behavior of soy protein stabilized emulsion with whey protein added (SOW, 

circles) and whey protein stabilized emulsion with soy protein added (WOS, triangles). Storage 

modulus G’ (top), and tan δ (bottom) for unheated (left hand panel) and heated (right hand panel) 

emulsions. Results are representative of three replicates. For statistical analysis see Table 4.4  
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Table 4.4: Rheological parameters measured during gelation. Gelation pH, defined as the point 

when tan δ = 1, elastic modulus (G’) and tan δ, both measured at pH 5.6 for comparison. Values 

shown are the average and standard deviation of three independent experiments. Within a 

column, values with different letters show statistical significance for p<0.05.  

 

Mixed protein 

emulsion 

Gelation pH G’ at pH 5.6 (Pa) tan δ at pH 5.6  

Unheated    

SOW 6.02±0.06
b
 5±1.1

a
 0.24±0.00

b
 

WOS 6.05±0.01
b
                         227±7

b                       
 0.33±0.00

c
 

Heated    

SOW 5.79 ±0.04
a
            1309±150

d                         
 0.18±0.02

a
 

WOS 5.86±0.02
a
                  

                         
 443±20.5

c
 0.21±0.01

a,b
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In both cases, for the unheated emulsions, the tan  value continued to decrease after the point of 

gelation (defined at tan=1),  reaching values of tan at pH 5.6 of 0.24 and 0.33 for SOW and 

WOS, respectively.  Heated emulsions showed a sharper increase in G’ compared to unheated 

emulsions (Figure 4.5). However, in this case, SOW showed a higher stiffness than WOS 

emulsions. Heating unfolds and exposes the hydrophobic and thiol groups, thus enhancing 

formation of aggregates of adsorbed and unadsorbed protein leading to formation of gel network. 

(Twoney et al., 1997; Dalgleish et al., 1997). Heating of the emulsions caused the formation of 

protein aggregates in the continuous phase, in both SOW and WOS emulsions, however,  whey 

proteins, when present in the continuous phase, showed a stiffer gel, possibly because of the 

increased interactions between the droplets and the proteins forming the continuous network.  

Indeed, during heating,  -lactoglobulin was found in a higher amount present at the interface in 

these emulsions  (Table 4.2), thus leading to β-lactoglobulin playing a major role in gel 

formation and forming a stiffer gel as compared to whey protein stabilized emulsion with 

preferential adsorption of acidic and basic soy protein subunit at the interface. 

Figure 4.5 shows that there was a continuous decrease in tan δ after gelation also for the heated 

emulsions, reaching values of about 0.2 (Table 4.4). It is also important to note that tan δ values 

for unheated emulsions are statistically higher from heated emulsions. These results suggest 

difference in the protein–protein interactions between unheated and heated mixed protein 

emulsion gels with the heated emulsion having stiffer network, with less rearrangements.  
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4.5 Conclusions 

This study shows for the first time that the order of addition of the protein at the interface, as 

well as their composition, affects the gelation behaviour and the rheological properties of the 

acid induced gels. There was a difference in the composition of the proteins at the interface, with 

all whey and soy protein subunits present in all emulsions, regardless of heating treatment or 

order of addition. However, more whey protein was recovered in the heated emulsions 

containing whey protein in the continuous phase(SOW) while more soy, preferentially Beta 

subunit was recovered in the heated emulsions containing soy protein in the continuous phase 

WOS.  

It was demonstrated that heat treatment did not change the droplet size of the mixed protein 

emulsion. However, soy protein stabilized emulsion was more stable with heating at 90°C for 10 

min.  In addition, it was demonstrated that the structure and stiffness of emulsion gels can be 

manipulated by heating and order of protein addition with soy protein stabilized emulsion 

producing stiffer gel than whey protein stabilized emulsion, when whey protein was present in 

the continuous phase, and heated. These results clearly demonstrate the potential of obtaining 

different structures and textures depending on the order of protein addition of proteins in mixed 

protein emulsion system.   
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CHAPTER 5   

GENERAL CONCLUSIONS 

 

This research is aimed at better understanding the details of the interactions between droplets in a 

mixed protein emulsion system, during acid-induced gelation and how it affects the rheological 

properties of mixed protein system. This work, for the first time, investigated the protein 

composition at the interfacial layer of mixed protein system and how heating may affect the 

composition of the interface and ultimately how the physico-chemical properties of the emulsion 

affect the rheological properties of the mixed protein system. It was hypothesized that it would 

be possible to modify the physico-chemical and rheological properties of the mixed protein 

system by changing the order of protein addition in a protein mixed system. To test this 

hypothesis, the order of processing was varied by altering the order of protein addition to 

incorporate one protein in the emulsion and the other added in the aqueous phase and vice versa.   

However, prior to characterizing and studying the rheological properties of the mixed protein 

system, it was necessary to understand the gelation behavior (as a function of heat and protein 

concentration) of soy protein emulsion in isolation, despite the extensive use of soy proteins as 

emulsifiers in food products there is very little work published on soy protein stabilized 

emulsions and acid-induced gelation, and no work reported on mixed soy and whey protein gel 

systems. As processing history influences protein interfacial properties, soy proteins used in this 

study were carefully isolated, to know its processing history. The soy protein emulsions were 

prepared to simulate the model system of the mixed protein such that additional soy protein were 

added to continuous phase and heating conducted after homogenization. Gelation results clearly 
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showed that varying soy protein concentration and heat treatment influenced gel stiffness. Soy 

protein stabilized emulsions formed cold set gels upon acidification even at low concentration of 

2%, and the structure and stiffness of the gels can be manipulated by changing the protein 

concentration in the unadsorbed phase.  In addition, confocal microscopy indicated that oil 

droplets of soy proteins emulsion gels maintained their identity, were well dispersed without 

coalescence regardless of treatment.  

With better insight on gelation behavior of soy protein emulsion in isolation, the research 

focused on understanding interfacial protein composition of the mixed protein and changes 

occurring at the interface with SDS PAGE electrophoresis analysis. The results demonstrated 

that all whey and soy protein subunits were recovered at the cream phases irrespective of 

treatment, order of protein addition and heating. However, after heating in the case of whey 

protein added to the continuous phase -lactoglobulin was mostly found adsorbed with soy 

proteins. On the other hand, with soy protein added to the interface, beta subunit was 

preferentially adsorbed. In all emulsion systems, very little -lactalbumin was recovered at the 

interface. SDS PAGE electrophoresis, together with rheology results obtained demonstrated that 

the order of addition of the protein influenced interfacial protein composition and ultimately 

gelation. Higher gel stiffness was obtained with heating when whey protein was added to the 

continuous phase. Heated soy protein emulsion with added whey protein generated stiffer gel, 

indicating that -lactoglobulin played a major role in gel network formation.  All emulsions 

exhibited shear thinning behaviour irrespective of order of protein addition and heating. This 

research showed evidence for the first time that modifying the order of protein addition and with 

heat treatment, led to significant changes with protein composition at the interface generating 
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gels with different structures. Understanding these mechanisms can help develop products with 

different and desirable gel structures. 

Comparing reports from gelation behavior of soy protein emulsion (Chapter 3), with gelation of 

soy-whey mixed protein emulsion, it was shown that mixed protein emulsions generate gels with 

higher gel stiffness, improving the gel structure than soy protein emulsions in isolation with a 

shift in gelation pH for unheated mixed protein emulsion gel.  

This research has demonstrated the unique gelation behavior of mixed protein emulsion gel 

system and has advanced our understanding of changes occurring with interfacial protein 

composition; however it has led to questions and challenges that food industry might face on 

subjecting the mixed protein system to treatments such as varying protein composition, heating 

before and after homogenization. This research clearly shows influence of interfacial protein 

composition on gelation behavior of mixed protein matrix. A better understanding of the 

principles that determine the occurrences, changes and interactions at the interface will greatly 

assist in application of mixed protein in food products to generate improved and desirable gel 

structures and in predicting and controlling challenges that could be encountered in mixed 

protein food application during processing, manufacturing and storage. 
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