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ABSTRACT 
 

 

Structuring Properties of Beta Glucan in Dairy Gels:   

Control of Phase Separation 
 

 

Negin Sharafbafi   Adviso: Professor Milena Corredig  

University of Guelph, 2012  Co advisor: Dr. Susan M. Tosh 

 

In this thesis, the macroscopic phase separation of milk proteins and high 

molecular weight oat beta-glucan was investigated. A better knowledge of this 

model system will improve our ability to control structure in dairy gels containing 

nutritionally significant concentrations of dietary fiber. A phase behaviour 

diagram was obtained experimentally, and the results were then modelled using 

theoretical models based on thermodynamic incompatibility between casein 

micelles and beta-glucan and demonstrated that casein micelles are the main 

contributors to the instability of these mixtures. Water in water emulsion systems 

formed at high concentrations of protein and beta-glucan upon mixing, and were 

visualized using confocal scanning laser microscopy. For the first time, the 

dynamics of phase separation of these mixtures were followed using diffusing 

wave and ultrasonic spectroscopy, as well as with rheological methods. The work 

explored the formation of different bi-continuous networks by controlling the 

gelation of the protein phase using chymosin. This enzymatic reaction 

specifically destabilizes the casein micelles, allowing for a kinetic control of 

protein gelation within or between phase separated domains. The addition of -

carrageenan and the effect of shear on the mixtures were evaluated as possible 

strategies for controlling the growth of the phase separated domains in dairy gels 

containing concentrations of beta-glucan high enough to be nutritionally 

significant. Results indicated that different structures could be obtained 

depending on the processing conditions, for example, the mode of addition of the 

polysaccharides or the pre-shearing conditions. This work represents a novel 

approach for incorporating nutritionally significant concentrations of beta-glucan 

in dairy foods, and serves as proof of concept for further development of an 

important application area linked to the development of reduced fat dairy 

products with additional health benefits. 
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Chapter 1. General Introduction 

 

Protein and polysaccharides are widely used in food systems. Their interactions can naturally 

result in three equilibrium states in aqueous solutions, co-solubility/miscibility, association, or 

segregation. A separation of aggregates and co-precipitation may occur when the biopolymers 

associate in large structures. On the other hand, Segregative phase separation occurs in mixtures 

of proteins and polysaccharides, when thermodynamic incompatibility drives the polymers to 

separate into two distinct phases.  The two phases, immiscible upon mixing, will disperse as 

droplets (dispersed phase) in a continuous phase, depending on the volume fraction of the phases, 

and this type of mixture is also often referred to as a water-in-water emulsion (Syrbe et al., 1998).  

In spite of the numerous studies carried out on phase separation of protein polysaccharide 

mixtures (Tolstoguzov, 2006), it is still a challenge to control the structures formed upon mixing 

during processing of foods. Indeed, no reports are available on arrested phase separating domains 

in food systems (Turgeon et al., 2003), in spite of the fact that this approach may give us the 

opportunity to create novel structures and textures that can be used as delivery systems in food 

products. The main objective of this research was to study the phase behaviour of milk containing 

beta-glucan, understand the structure-function relationships, and develop new structures in the 

favour of incorporating high concentrations of non interacting polysaccharides in dairy food 

products.  

In this research, mixed linkage beta-glucan has been chosen because it has been shown not to 

associate with proteins, and its consumption has been associated with health benefits (Behall et 

al., 2006; Kontogiorgos et al., 2009a); therefore it is a great model system for the studies related 

to formation of new structures in dairy food products containing nutritionally significant 

concentrations of soluble fiber. Its incompatibility upon mixing with milk proteins (whey protein 

isolate, sodium caseinate) in aqueous solutions has been demonstrated (Kontogiorgos et al., 2006; 
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Kontogiorgos et al., 2009b). Similar effects have been reported by Konuklar et al. (2004), 

Volikakis et al. (2004), and Lazaridou et al. (2008) in cheese products. The purpose of adding 

beta-glucan to food products has always been to use its health promoting properties such as 

regulating blood glucose and reducing serum cholesterol levels; however, some reports of fat 

replacing properties are also available (Konuklar et al., 2004a; 2004b; Tudorica et al., 2004). The 

health enhancing properties of beta-glucan have been attributed to the high viscosity generated by 

the polysaccharide in the gastrointestinal tract (Wood, 2007). In spite of the great market 

opportunities to create cholesterol lowering dairy products, because of the incompatibility of beta-

glucan with milk proteins, the high concentration required by US Food and Drug Administration 

(FDA, 1997) (0.75 g/serving) for the claimed health benefits is not attained without compromises 

of texture and taste.  

In this research, the general hypothesis was that novel structures created through careful control 

of the growth of phase separating domains of beta-glucan and milk proteins can be used as a 

platform for incorporation of nutritionally significant concentrations of oat beta-glucan in dairy 

food products.  

The main objectives of this research were to  

 examine the physicochemical characteristics of phase separated mixtures of beta-glucan 

and milk proteins in milk at different protein and polysaccharide concentrations,  

 evaluate the type of structures formed,  

 follow the dynamics of growth of micro-domains and probe the macroscopic phase 

separation events,  

  inhibit macroscopic phase separation and thereby develop stable structures either by  

o employing -carrageenan, or  

o shearing during the preceding stages of gelation.  
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This approach could result in products containing nutritionally significant concentrations of beta-

glucan, low fat or reduced fat dairy products with cholesterol lowering effect, and stable phase 

separating structures with increased functionality. The formation of different structures may be of 

particular relevance, as more evidence is brought forth on the effect of phase separating structures 

on gastric emptying, satiety and digestion rates (Friedman et al., 1996; Golding and Wooster, 

2010).  

The second chapter in this thesis provides information about milk proteins as dispersed colloidal 

particles, beta-glucan as a phase separating biopolymer, and a general overview of strategies 

employed by the food industry to control or inhibit macroscopic phase separation between non-

interacting biopolymers. 

Although there have been many studies on phase separating systems, and in particular, on the 

interactions between milk proteins and beta-glucan, the previous studies often did not maintain 

the original ionic conditions of milk, for example, by employing reconstituted powders with 

increasing concentrations of lactose and minerals. This may affect protein stability and structure-

function relations, and for this reason, in the present work, mixtures were prepared using milk 

concentrates. This allowed maintaining constant the serum environment.   

The third chapter of this thesis aims at better understanding the principles behind the instability 

of milk proteins and beta-glucan mixtures under the conditions where only the concentration of 

protein and beta-glucan change. A phase behaviour diagram was developed to determine the 

limit of concentrations where milk proteins and beta-glucan show macroscopic phase separation. 

The role of casein micelles and whey proteins in driving phase separation was also elucidated. 

The microstructure formed upon mixing, and the bulk rheological properties of the mixtures were 

investigated. Considering milk as a colloidal dispersion of casein micelle particles, it was also 

possible to theoretically calculate the phase separation boundary and prove that depletion 

induced interactions cause phase separation of beta-glucan and milk proteins.  
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Since phase separation is a dynamic process, in the forth chapter the dynamics of phase 

separation upon mixing and over time were followed using diffusing wave and ultrasonic 

spectroscopies. These techniques are unique as they allow the study of phase separation, in situ, 

without dilution. All the results showed that phase separation is an instantaneous phenomenon 

and the dynamics of phase separation depend on the initial composition of the mixtures, structures 

formed upon mixing and background viscosity.  

The last chapters test the hypothesis that by fine tuning mixing and gelling milk proteins may 

allow controlling of the growth of microscopic phase separated domains and ultimately result in 

the inhibition of macroscopic phase separation. Rennet gelation was the method of choice to form 

casein gels, as the kinetics can be controlled and no environmental changes occur during gelation, 

as opposed to acid induced gelation, where pH and serum calcium concentration vary during 

gelation, and may affect the supramolecular structure of the casein micelles and their function. 

Two different approaches were employed to control the formation of the microscopic phase 

separated domains.  

In a first study, reported in the fifth chapter, spherical droplets rich in proteins were gelled in a 

matrix of beta-glucan. Milk containing a constant protein concentration (2.9% w/w) was mixed 

with varying concentrations of beta-glucan, and gelled in the presence of -carrageenan. In a 

second study, reported in the sixth chapter, phase separating mixtures were evaluated at two beta-

glucan concentrations (0.2 and 0.4% w/w) and different casein micelles volume fractions. In this 

case, the mixtures were sheared during the preceding stages of rennet induced aggregation to 

control the growth of the phase separated domains.  

This thesis sets the foundations for a better understanding of these complex phase separated 

structures in dairy products.  Future work will need to examine the shelf life stability of structures 

formed after gelation, the effect of beta-glucan addition and different structures formation on 

sensory properties, and determine the effect of formation of these structures at high 
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concentrations of beta-glucan on reducing serum cholesterol and blood glucose in patients with 

hypercholesterolemia and hyperglycemia.   
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Chapter 2. Literature review 

Part of this chapter has been published, in a slightly edited form as “Polysaccharide–

protein interactions in dairy matrices, control and design of structures, by M. Corredig, 

N. Sharafbafi, E. Kristo, in Food Hydrocolloids, 25:1833-1841, 2011”. 

 

2.1 Milk proteins and rennet induced gelation  

Caseins comprise 80% of the total protein in bovine milk, the rest being whey proteins (mainly, 

-lactoglobulin, -lactalbumin and bovine serum albumin). In bovine milk, the four main caseins, 

αs1-, αs2-, β- and κ-casein, are assembled together in an aggregated structure, called the casein 

micelle. These proteins do not possess well defined tertiary structures, and they, with the 

exception of -casein, have phosphoseryl residues that bind to calcium ions. The casein micelles 

are highly hydrated (about 4:1 ratio of water to protein), polydisperse in size, with an average 

diameter of 200 nm. The caseins are assembled in the micelles via calcium phosphate 

nanoclusters, hydrophobic interactions, hydrogen bonding and van der Waals interactions (Holt et 

al., 1998; Horne, 2002; Dalgleish, 2011).  

A large proportion of -casein is located on the surface of the casein micelle, where it imparts 

steric stability to the protein particles, by protruding into the serum phase with its hydrophilic 

glycosylated portion. The uneven, rough surface of the casein micelles (Dalgleish et al., 2004) is 

of particular relevance in the study of the interactions with other bio-molecules, such as 

polysaccharides. To large molecules the interior of the micelles will not be accessible, and the 

polyelectrolyte layer of -casein is what drives the polysaccharide molecules to attraction or 

repulsion at close distance. On the other hand, for relatively small molecules (such as rennet or 

transglutaminase enzymes, polyphenols, -casein, -lactoglobulin), the casein micelle structure is 

porous enough to provide some access to the internal structure of the micelles. 

The destabilization of the casein micelle in milk is at the basis of the formation of structure and 

http://www.sciencedirect.com/science/article/pii/S0268005X1100172X
http://www.sciencedirect.com/science/article/pii/S0268005X1100172X
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texture in dairy products. Gels can be formed by enzymatic hydrolysis (usually using chymosin, 

also called rennet). Rennet coagulation can be described as a two stages process. In the primary 

enzymatic phase, the hydrophilic portion of -casein (the C terminal caseinomacropeptide 

(CMP)) is released from the surface of the casein micelles, as a consequence of the specific 

hydrolysis of the protein at the Phenylalanine105-Methionine106 bond. The release of CMP 

decreases steric repulsion of the casein micelles, enhancing the interactions and leading to 

aggregation. When > 85% of -casein is hydrolyzed (Dalgleish, 1980), the caseins form a gel 

network. 

The aggregation time of casein micelles by rennet is mainly dependent on temperature, pH, ionic 

conditions, concentration of rennet and its substrate (protein).  At a constant rennet concentration, 

natural pH and temperature (37 C), the rate of CMP release and gelation time does not change by 

increase in protein concentration (> 1x milk) in ultra-filtrated milk, however, a higher gel 

modulus is achieved due to higher density of connections between the casein micelles  (Dalgleish, 

1980; Sandra, et al., 2007; Waungana et al., 1998).  

 

2.2 Milk proteins interactions with polysaccharides 

When mixing proteins with polysaccharides, the interactions can be segregative or associative in 

nature. A homogeneous mixture of co-soluble polymers can be obtained only under very specific 

conditions of concentration and polymer ratios (and usually at very low volume fractions). 

Depending on the type of the polymer, concentration of the polysaccharide present, and the 

environmental conditions of the solution (i.e. temperature, pH, and ionic strength) the protein-

polysaccharide interactions can improve the stability or lead to macroscopic destabilization. 

These effects can be welcome, for example, when the complex formed improves colloidal 

stability, or must be avoided, when the result is a bulk of two separated phases. A number of 

reviews have described how polysaccharide molecules may interact with proteins and adsorb to 
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more than one colloidal particle forming bridges or aggregated structures, or may show 

incompatibility, forming regions depleted of polymer and drawing protein particles closer to one 

another (Doublier et al., 2000; Grinberg and Tolstoguzov, 1997).  

2.2.1 Segregative interactions 

 
A large number of polysaccharides have been described to be thermodynamically incompatible 

with food proteins (see for example, Grinberg and Tolstoguzov, 1997). This is often the case 

when non interacting polysaccharides are added to milk proteins.  

Thermodynamic incompatibility is observed when the solvent-biopolymer interactions are 

preferred compared to biopolymer-biopolymer interactions. This is also called segregative phase 

separation, as each biopolymer concentrates in a separate phase (Tolstoguzov, 1988). In the case 

of casein micelles, the phase separation is drawn by a depletion mechanism (Doublier et al., 2000; 

Tuinier et al., 2003), and it has been described for casein-high methoxyl pectin mixtures at pH 6.7 

(Acero-Lopez et al., 2009), casein-exopolysaccharides from lactic acid bacteria at pH near neutral 

(Tuinier et al., 1999; Tuinier and de Kruif, 1999), casein and galactomannans (Bourriot et al., 

1999a), amongst others. 

The incompatibility between the biopolymers causes the formation of a depleted layer around the 

casein micelles, with an osmotic pressure gradient, which drives the casein micelles to attract one 

another. These types of interactions result in the separation of the mixture in two liquid layers, 

one rich in protein (caseins), and the other in polysaccharide. This mechanism has been described 

theoretically and compared to experimental data (see for example, Bhat et al., 2006; Tuinier et al., 

2003). In a study of guar gums with different degrees of hydrolysis, it has been demonstrated that 

phase separation is affected by the molecular mass of the biopolymer: the critical concentration of 

guar gum to cause phase separation increases with decreasing the molecular weight of the gum 

(Tuinier et al., 2003).  

The phase behaviour of mixtures of polysaccharides and milk proteins has been described in 
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detail with phase diagrams for a number of polysaccharides (see for example, Bourriot et al., 

1999a; de Bont et al., 2002; Schorsch et al., 2000; Tuinier and de Kruif, 1999). It is important to 

note that in most cases, the volume fraction of casein micelles is obtained by reconstituting skim 

milk or protein concentrates. This would result in differences in the ionic composition as well as 

lactose concentration of the mixture.  

2.2.2 Associative interactions 

 

On the other hand, associative interactions usually occur because of electrostatic attraction 

between oppositely charged portions of proteins and polysaccharides. Hydrogen bridging and 

hydrophobic interactions also play a part in the stabilization of the complexes (coacervates) 

formed (Doublier et al., 2000; Turgeon et al., 2007). Soluble complexes can form at specific pH 

values, when the electrostatic repulsion forces are minimized (Turgeon et al., 2007) and 

interactions occur between charged patches of the molecules (de Kruif et al., 2004; de Vries, 

2004). Since the main forces involved in associative complexation of proteins and 

polysaccharides are electrostatic in nature, the extent of the interactions depends on 

environmental conditions such as pH and ionic strength. Furthermore, stiffness and charge 

density of polysaccharide may influence the type of aggregates formed (see for example, 

Weinbreck et al., 2003). While a number of studies have focused on the associative interactions 

of various protein-polysaccharide binary systems taken in isolation, less is known on the changes 

of the complexes in mixed systems, or during processing, when the conditions which are critical 

to the formation and stability of the aggregates can change over time.  

Only recently the study of the potential for creating different functional structures and of their 

stability during processing (Flett et al., 2010), storage (Dickinson, 2008, Nigen et al., 2007) or 

digestion (Vanderberg et al., 2001) has become a focus of research. 

Considering the complexity of protein-polysaccharide interactions, gathering complementary 

information by using several techniques is critical to describe the molecular details occurring 
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during changes in processing, storage or digestion. The nature of the biopolymers (molecular 

weight, charge, distribution of charges), the ratio between the polymers and their concentration, 

as well as the environmental conditions are all important parameters affecting the formation of 

the structure of a dairy matrix. A number of techniques have proved useful in providing 

information on the overall mechanisms involved during structuring of dairy products containing 

polysaccharides. Besides rheological techniques, spectroscopic, light scattering, and microscopic 

methods have been employed to better describe the nature of the interactions and the dynamics of 

structuring during processing of dairy products (Acero-Lopez et al., 2010, Alexander and 

Dalgleish, 2004).  

 

2.3 Structuring of polysaccharides in casein gels  

Gelation of milk is usually triggered by either the release of the caseinomacropeptide (renneting) 

or acidification, or a combination of the two mechanisms. Polysaccharides present in the mixture 

have a profound effect on the formation of the building blocks of the gel structure and the 

dynamics of the system. 

Agar-milk protein gels have been studied as model systems for structuring (Alexander and 

Dalgleish, 2007). Agar, an algal polysaccharide comprised of repeating units of D-galactose and 

3-6 anhydro-L-galactose, forms fully reversible gels with an open structure with pore sizes that 

depend on the concentration of polysaccharide. The gels hold a substantial amount of unbound 

water. In agar-milk gels the polysaccharide is homogeneously distributed, and the elastic modulus 

(G`) of the gel is dominated by the polysaccharide network. In these structures the casein micelles 

are still free diffusing in the void spaces (Alexander and Dalgleish, 2007). So, albeit there is a 

high G’ in these gels, the casein micelles could still be destabilized in clusters. Similar, but 

reverse dynamics have been shown for non-interacting polyethylene glycol (PEG) molecules in 

casein gels (rennet or acid) where these biopolymers are employed as diffusivity probes, which 

have been reported to travel undisturbed through the gel with a diffusion rate dependent on the 
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size of PEG molecules (Le Feunteun and Mariette, 2007). These types of gels will not be 

discussed further, as they represent bi-continuous homogeneous systems.   

When normal starch pasted at temperatures lower than the temperature of granule disruption, or 

when modified starch granules (resistant to disruption) are added in milk, the starch granules act 

as inert fillers that absorb water increasing the local concentration of casein micelles. These are 

also protein gels, where the strength of the continuous network is increased because of the 

increase in the local concentration of caseins (Azim et al., 2010; Zuo et al., 2008).  In the case of 

modified waxy maize starch, although when added at a 1% concentration it does not affect the 

gelation pH during milk acidification, increasing the concentration to 2.5% results in a higher pH 

of gelation and a shorter time of gelation, most probably due to the volume fraction effect of 

starch granules distributed in the continuous phase (Azim et al., 2010). It has been shown 

previously (Azim et al., 2010) that the density of the gel network increases with increasing starch 

concentration and that casein and starch domains can be distinguished by microscopy. The 

presence of 2.5% modified waxy maize starch granules results in the reorganization of the 

aggregates in larger clusters. Even after stirring the starch granules are distributed in the void 

spaces and the rearrangement of the casein aggregates in bigger, denser structures in the presence 

of swollen starch granules, is one more indication of the lack of interaction between starch 

granules and caseins.  

Gels prepared with native starch granules can be quite different than those described above for 

cross-linked starch. When milk is heat-treated and homogenized, the native starch granules are 

disrupted and amylose and amylopectin leach into the continuous phase, and will cause phase 

separation in milk. It has been reported that acidified milk gels containing native rice starch show 

a significantly lower complex modulus compared to the gels that contained rice starch pasted at 

low temperatures (where granules are not disrupted) (Zuo et al., 2008).  

Increasing the amount of non-interacting polysaccharides affects the rheological properties of the 

gels, as well as their microstructure (Acero-Lopez et al., 2010; Lazaridou et al., 2008). Recently, 
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it has been clearly demonstrated that renneting of milk in the presence of pectin causes the 

formation of different structures (Acero Lopez et al., 2010). At concentrations of pectin leading to 

macroscopic phase separation, the phase separated domains may be controlled by addition of -

carrageenan, so that while renneting occurs, the casein micelles gel within and between the 

domains. By understanding these systems and their phase separation dynamics, it will be possible 

to design improved functional dairy matrices. 

  

2.4 Interactions between casein micelles and -carrageenan 

Carrageenans are polysaccharides extracted from red seaweed, composed of galactose and 3,6 

anhydro-galactose repeating units. The three main forms of carrageenan differ in the number of 

sulphate groups per disaccharide unit (1 for -, 2 for -, 3 for -carrageenan).  This charge 

difference affects their function, as  and carrageenan undergo a coil-helix transition with 

cooling, at a temperature that depends on the ionic environment, while the most charged of the 

carrageenans, -carrageenan, does not show a transition from coil to helix, and does not gel 

(Nilsson and Piculell, 1991). This molecule, with a distance between the sulphate groups of 0.3 

nm, uniquely associates with the casein micelles at temperatures >60ºC (Langendorff et al., 

2000). On the other hand, the association of  and carrageenan with the casein micelles 

occurs only at temperatures below the coil-helix transition, when the polysaccharides are in their 

ordered conformation and the mean distances between the sulphate groups decreases from 1 and 

0.5 nm (coil) to 0.4 and 0.2 nm (helix) for  and carrageenan, respectively (Nilsson and 

Piculell, 1991). At temperatures above the coil-helix transition,  and carrageenan molecules 

will cause phase separation because of depletion flocculation of casein micelles (Langendorff et 

al., 2000).   

The unique interacting behavior of -carrageenan with the casein micelles at neutral pH has been 

attributed to a specific charge interaction with the positively charged patch of -casein between 
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residues 97 and 112 (Snoeren et al., 1976). This associative interaction is widely exploited in 

dairy systems, as it prevents macroscopic phase separation and destabilization of mixtures 

containing non-interacting polysaccharides such as guar gum, locust bean gum or flaxseed gum 

(Chappelaz et al., 2010; Thaiudom and Goff, 2003). At concentrations below gelling (<0.03%) 

(Schorsch et al., 2000), -carrageenan adsorbs on the surface of the casein micelles, and helix-

helix associations between the chains cause the molecules to bridge with each other, resulting in 

the formation of a weak three-dimensional network, which is very important for stabilization of 

the structures (Bourriot et al., 1999b). Indeed, it has been demonstrated that both adsorption to the 

micelles and helix-helix associations are required to prevent macroscopic phase separation. 

Although bulk phase separation is prevented, the mixtures are microscopically phase separated 

with micro-domains rich in casein micelles (Spagnuolo et al., 2005; Thaiudom and Goff, 2003).  

At the stabilizing concentration of -carrageenan, below gelling, the casein micelles still show 

considerable diffusivity (Alexander and Dalgleish, 2007). In spite of the presence of these loose 

networks of -carrageenan (present at concentrations of 0.015%) in milk there is no effect on the 

development or the timing of the sol-gel transition during renneting, compared to that of a milk 

system without polysaccharide (Acero-Lopez et al., 2010).  It is worth noting that the specific site 

for the interactions seems to be in proximity of the same region of -casein where the enzymatic 

cleavage would occur. As the functionality of the casein micelles is then preserved, it is possible 

to use this associative behaviour of -carrageenan to control the formation and development of 

phase separated micro-domains within casein networks. 

   

2.5 Beta-glucan  

Beta-glucan is a soluble fibre extracted from the cell walls of cereal grains such as oat and barley. 

It is a linear unbranched polysaccharide composed of 4-0-linked β-D-glucopyranosyl units (70%) 

and 3-0-linked β-D-glucopyranosyl units (30%), where the (1-3) linkages occur singly, whereas, 
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the (1-4) linkages occur in groups of two or three (Wood et al., 1989). As in cellulose, adjacent β-

(1-4) linkages on the cellodextrin parts of beta-glucan may exhibit a tendency for interchain 

aggregation through hydrogen bonds, thereby lowering its solubility. However, the β-(1-3) 

linkages break up the regularity of these β-(1-4) linkage sequences and make the molecule more 

soluble and flexible in aqueous solutions (Buliga et al., 1986; Lazaridou and Biliaderis, 2007). 

Aqueous solutions of beta-glucans exhibit high intrinsic viscosity at high molecular weights 

(HMW) and tend to gel at low molecular weights (LMW), at high enough concentrations. The 

rheological properties of beta-glucan along with the physiological effect of short chain fatty acids, 

produced by its bacterial fermentation in the colon, may be the key factors in providing the 

claimed health benefits, such as regulating blood glucose and reducing serum cholesterol levels 

(Woodward et al., 1988). The structures formed during digestion because of the presence of phase 

separating beta-glucan should not be ignored, as more and more data is becoming available on the 

functionality of the physical structures in foods during digestion on satiety and gastric emptying 

(Friedman et al., 1996).  

Dynamic and steady shear rheological tests on freshly prepared solutions of cereal beta-glucan 

reveal behaviour typical of non-interacting polysaccharides in diluted conditions, with chain 

entanglements at high concentrations. The viscosity of HMW-beta-glucan solutions is constant 

over a wide range of pH (2-10) and decreases with increasing temperature (Lazaridou and 

Biliaderis, 2007; Tosh et al., 2008). For LMW-beta-glucan, where the solubility of the 

polysaccharide is increased, the molecules are able to create gels whose three-dimensional 

structure is stabilized through multiple inter- and intra-chain hydrogen bonds in the junction 

zones of the polymeric network at room temperature (Wood, 2007). The mechanism of formation 

of stable junction zones involves sequences of consecutive cellotriosyl units in the polymer chain 

(Figure 2.1). The elasticity of beta-glucan gels and their melting temperature increases linearly 

with cellotriosyl content in addition to increase in beta-glucan concentration (Tosh et al., 2004). 

LMW-beta-glucan with high cellotriosyl (DP3) to cellotetraosyl (DP4) ratios has shown to gel 
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faster than their HMW counterparts of lower DP3 to DP4 ratios (Johansson et al., 2008; Vaikousi 

et al., 2004).  

 

 

 

 

 

 

 

 

 

Figure 2.1 Consecutive cellotriosyl (1-3) linked β (1-4) -D- Glucopyranosyl units (adapted from 

Tosh et al., 2004) 
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The behaviour of beta-glucan molecules in aqueous solution can then be predicted by their 

molecular weight, the ratio of DP3:DP4 units linked by β-(1-3) linkages, and their concentration 

in solution. However, its behaviour in the presence of other molecules has received less attention, 

and it is not possible to predict how the molecular differences in beta-glucan will affect the phase 

separation and gelation behaviour in milk. 
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Chapter 3. Phase Behaviour, Rheological Properties, and 

Microstructure of Oat Beta- glucan-Milk Mixtures 

 

3.1 Abstract 

Incorporation of high molecular weight oat beta-glucan into milk to obtain calorie-reduced and 

cholesterol-lowering dairy products is challenged by the thermodynamic incompatibility and 

phase separation of milk proteins and beta-glucan. Fine tuning the concentrations of the 

biopolymers in the mixture may result in dairy matrices with unique structures and textures.  The 

phase separation is typical of colloid liquid-gas type and thermodynamic incompatibility follows 

Asakura & Oosawa (1958)
 

theory for depletion interactions between non-interacting 

polysaccharides and colloidal hard spheres. A phase behaviour diagram was developed to describe 

the separation of the mixtures into a protein-rich (lower) and a beta-glucan-rich (upper) phase. 

Analysis of the protein composition in the lower phase demonstrated that whey proteins did not 

play a role in phase separation. The experimental phase boundary agreed well with the phase 

boundary calculated using Vrij’s theory (Vrij, 1976) for mixtures of beta-glucan and casein 

micelles demonstrating that phase separation was driven by depletion interactions. Confocal 

images showed the formation of different structures (droplet-like or bi-continuous) at different 

points of the phase behaviour diagram. The flow behaviour of the mixtures with concentrations 

higher than the binodal curve was not only governed by the presence of beta-glucan chains, but 

also by the formation of these structures.  

 

 3.2 Introduction 

The current high demand for carefully designed diets able to reduce blood glucose and serum 

cholesterol has resulted in an increased request for foods containing soluble dietary fiber. Oat 

beta-glucans are of particular interest, as they have been shown to modulate postprandial 
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glycemic response and attenuate serum cholesterol levels in patients with hypercholesterolemia 

(Behall et al., 2006; Wood, 2007). The consumption of beta-glucan has been associated with a 

reduction in glucose absorption rate and increase in excretion of cholesterol and cholesterol 

metabolites (predominantly bile acids) (Kristensen and Jensen, 2010; Theuwissen and Mensink, 

2007). These beneficial effects are caused by the ability of beta-glucan to develop high viscosity 

in the gastrointestinal tract (Lazaridou and Biliaderis, 2007; Tosh et al., 2008; Wolever et al., 

2010).
 

The use of beta-glucan in dairy matrices as a health promoting ingredient has been under 

investigation for more than a decade (Lazaridou et al., 2008; Konuklar et al., 2004; Schmidt, 

2007; Tudorica et al., 2004).
 
The thermodynamic incompatibility between milk proteins and 

beta-glucan (Volikakis et al., 2004; Lazaridou et al., 2008) influences stability, texture and 

quality of the dairy products containing this polysaccharide. Indeed, mixtures containing a 

sufficient amount of beta-glucan required for the health claim (FDA 1997, Health Canada 2010) 

would show undesirable appearance and texture because of the incompatibility between the 

polymers. In Canada and the USA, the concentration required for the health claim is 0.75 g per 

serving. To date, despite its consumption being associated to many health benefits, beta-glucan is 

only used as a fat replacer and prebiotic agent in calorie-reduced yoghurt and cheese products, 

but not in concentrations sufficient to be nutritionally significant (Bekers et al., 2001; Konuklar 

et al., 2004).
 

Studies on the phase behaviour of whey protein isolate or sodium-caseinate with beta-glucan 

have demonstrated limited compatibility between these biopolymers (Kontogiorgos et al., 2006; 

2009b). However, no research is available on the effect of beta-glucan addition to milk systems, 

where the original ionic conditions are maintained. Such studies would lead to a better 

understanding of the principles behind the instability of the mixture under conditions relevant to 

the development of dairy products.  

The present research was aimed at developing a phase behaviour diagram of beta-glucan and 
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milk proteins in unheated skim milk. In addition, the microstructures formed with mixing, and 

their effect on the rheological properties of the mixtures with varying concentration of the two 

polymers, were investigated.  

Previous studies have proven that the phase separation in mixtures of colloidal casein micelles 

and non-interacting polysaccharides are driven by depletion interactions, correlating the 

theoretical phase boundaries at the spinodal region to the experimental phase boundary obtained 

after complete separation of protein and polysaccharide into two phases (de Bont et al., 2002; 

Tuinier and de Kruif, 1999).
 
The spinodal region is located in the range of protein and 

polysaccharide where the change in osmotic compressibility (ratio of the change in osmotic 

pressure to the change in volume fraction of particles) is equal to zero.
 
The applicability of this 

model to beta-glucan-milk systems was tested in this work. Vrij’s thermodynamic theory (Vrij, 

1976) was used to measure the changes in osmotic pressure close the surface of colloidal casein 

micelles in the presence of non interacting polymers. In the colloid limit, where the radius of the 

particles is much larger than the radius of the polymer, the concentration of polymer in the 

binodal region (the limit where protein and polysaccharide phase separate) is below the coil 

overlap concentration and the depletion thickness is close to the radius of gyration of the polymer 

(polymer overlap results in a larger depletion thickness around particles) (Fleer et al., 1984). 

Assuming that at the spinodal region, which is located quite closely to the binodal region, the 

change in osmotic compressibility is equal to zero, it is possible to calculate the volume fraction 

of colloidal particles after phase separation. This allows development of a theoretical phase 

boundary and determining the critical concentration of beta-glucan that causes macroscopic 

phase separation. The expressions of Vrij’s theory (Vrij, 1976) for depletion interactions can be 

employed to obtain the theoretical phase separation boundaries (de Bont et al., 2002; Tuinier and 

de Kruif, 1999). The agreement with theoretical prediction and experimental data identifies 

depletion interactions as the driving force for phase separation (de Bont et al., 2002; Tuinier and 

de Kruif, 1999).
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Unlike previous reports, where the interactions between milk proteins and beta-glucan were 

studied using isolated proteins or reconstituted skim milk (see for example, Lazaridou and 

Biliaderis, 2009);
 
in the current study phase separation behaviour was observed under conditions 

as close as possible to those present in untreated skim milk. It is well established that the ionic 

environment of the casein micelles has to be maintained to obtain true information on their 

structure function behaviour (Dalgleish et al., 1989).
 
To preserve the integrity of the casein 

micelles and maintaining the serum composition constant, the protein concentration was adjusted 

by diluting concentrated skim milk (by membrane filtration) in milk permeate (serum phase). 

 

3.3 Material and Methods 

3.3.1 Milk, permeate and beta-glucan stock preparation 

Fresh milk was collected from the research station at the University of Guelph (Ponsonby 

Research Station, Ontario, CA), and after addition of sodium azide (0.02% w/v) (Fisher 

Scientific, Mississauga, ON, Canada) it was skimmed by centrifugation at 6000 g for 25 min at 

4°C (model J2-21, Beckman Coulter, Mississauga, ON, Canada). The residual fat globules were 

then removed by filtering four times through glass fibre filters (Whatman, Fisher Sci.). A 

working batch of fresh, four times concentrated milk (4×, based on volume reduction) was 

prepared, using a laboratory scale (0.1 m
2
) ultrafiltration unit equipped with regenerated cellulose 

cartridge (PLGC, 10 kDa nominal cut-off, Millipore Corp., Bedford, MA, USA). Permeate (the 

serum transmitted through the ultrafiltration membrane) was used to prepare the beta-glucan 

stock solution and to adjust milk protein concentrations. By using a batch of concentrated milk 

and re-diluting it with its own serum, it was possible to effectively maintain the ionic 

composition amongst all the mixtures at the various casein micelle volume fractions.  

High molecular weight beta-glucan was isolated from oat bran produced at the POS Pilot Plant 

(Saskatoon, SK, Canada). The method of isolation is described by Wood et al. (1989). In brief 

beta-glucan was extracted from dehulled oat bran at pH 10 following two precipitation steps with 
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20% w/v ammonium sulphate and two precipitation steps with 50% w/v, 2- propanol. The isolate 

contained about 80% (dry matter) beta-glucan, about 4% w/w protein, 10% w/w moisture, and 

the residual was mainly composed of starch and pentosans (Wood et al., 1989). A stock solution 

of the high molecular weight beta-glucan (1.2%w/v) was prepared by dispersing it at 90°C for 3 

h in permeate (higher concentrations would result in non homogeneous dispersions). To ensure 

the complete solubilisation of beta-glucan in permeate, the beta-glucan concentration was 

measured using a flow injection analysis unit (FIAstar 5010 Analyzer, Foss Analytical, Hillerod, 

Denmark) equipped with a fluorescent detector (calcoflour white M2R New, C.I., 40622 

fluorescent brightener 28, American Cyanamide Co., Bound Brook, NJ, USA), as previously 

reported (Tosh et al., 2010). The samples were diluted 1:100 with 0.1M Tris (hydroxymethy 

aminomethane) buffer pH 8.0 and passed through the flow injection unit initially preloaded with 

Tris buffer and 0.005% calcofluor reagent. The concentrations of beta-glucan in the samples 

were determined from increases in the fluorescent intensity of calcofluor bound to beta-glucan, 

on a standard curve built with pure beta-glucan. The pure beta-glucan was purchased from 

Megazyme (Bray Co. Wicklow, Ireland). 

To be able to predict and compare experimental and theoretical phase boundaries, the radius of 

gyration of beta-glucan and its molecular weight were determined by high performance size 

exclusion chromatography (Shimadzu SCL-10A vp, Shimadzu Scientific Instruments Inc, 

Columbia, MD, USA), equipped with light scattering, refractive index, and viscometric detectors 

in series (Viscotek, Houston, TX, USA) as previously reported (Tosh et al., 2004). Pullulan 

(Shodex Std. P-82, Showa Denko K.K. Kawasaki, Japan) was used as control to calibrate the 

instrument. 

Aliquots of beta-glucan (2-4 mg) were solubilised in water at 90°C at a concentration of 0.1 

mg/mL. The samples were passed through a Shodex Ohpak Kb 806M column (Showa Denko 

K.K., Tokyo, Japan), followed by an Ultrahydrogel linear column (Waters, Milford, CT, USA) in 

100 mM NaNO3 buffer containing 5 mM NaN3, and the flow rate of 0.6 mL/min at 40 °C. 
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Molecular weight and intrinsic viscosity were determined using the TriSEC3.0 software 

(Viscotek). A refractive index increment of 0.146 mL/g was used for the calculations (Tosh et al., 

2004). 

  

3.3.2 Construction of the phase diagram  

A phase behaviour diagram was constructed to determine the critical concentration of 

biopolymers in the mixtures that would show two separate phases. Samples were prepared in 15 

mL polypropylene centrifuge tubes by mixing appropriate volume ratios of 4× concentrated skim 

milk and 1.2% beta-glucan dispersed in permeate. The weight of each added component was 

recorded. The pH of milk and permeate were not affected by addition of beta-glucan. After 18 h 

under quiescent storage at room temperature (25°C), the mixtures were either stable or showed a 

clear separation into two phases with the beta-glucan concentrated in the upper phase. The 

volume of each separated phase was recorded, and the content of protein and beta-glucan were 

analysed to determine the distribution of protein and polysaccharide in the two phases. Protein 

content was determined using a protein analyser (Leco, FP528, St. Joseph, MI, USA). The 

conversion factor used for protein content was 6.38. The beta-glucan concentration was 

measured using the specific fluorescence reaction with calcofluor as described above. 

 

3.3.3 Confocal scanning microscopy  

A multi-photon confocal scanning laser microscope was used to observe the microstructure of 

beta-glucan and milk mixtures immediately after mixing at different volume ratios. Calcofluor 

(American Cyanamide Co.) was used to stain beta-glucan (Wood et al., 1991), and visualized 

with a UV excitation filter λ= 343 and emission filter λ=420 nm. The amount of calcofluor was 

added as previously reported (0.01% (w/v)) (Kontogiorgos et al., 2009b). The protein was stained 

using rhodamine B (Sigma-Aldrich Co, St Louis, Missouri, USA) at 0.01% (w/v milk) 

concentration, and visualized using an excitation filter at λ=543 nm and emission filter at λ=580 
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nm (Heilig et al., 2009). Preliminary data showed that calcofluor and rhodamine B (at the 

concentrations used in this study) have no effect on the rheological properties of milk and beta-

glucan mixtures. After mixing, the samples were immediately placed on a slide, sealed, and 

visualized under the microscope, with a 63X oil immersion (glycerol) objective. The images 

obtained are the overlay of the two signals (calcofluor and rhodamine B). 

  

3.3.4 Rheological measurements 

The flow behaviour of the beta-glucan–milk mixes was analysed using a controlled-stress 

rheometer (Physica, MCR301, Anton Paar GmbH, Gentbrugge, Belgium). Rheological 

measurements were conducted using a cone and plate measuring tool, where the cone diameter 

was 24.98 mm with an angle of 1.007°. Control samples of milk and beta-glucan solutions were 

analyzed at different concentrations. The flow behaviour analysis was carried out at 25 °C with a 

shear rate ramp from 0.01 to 1000 s
-1 

(Kontogiorgos et al., 2009b) after pre-mixing at 100 s
-1

 for 

10 s.  

 

3.3.5 Distribution of whey proteins and casein micelles between two phases 

The distribution of whey proteins and caseins between the two phases was analysed using ion 

exchange chromatography (Holland et al., 2010). This test was conducted only on phase-

separated samples containing low beta-glucan concentrations, as higher concentrations 

significantly reduced the flow rates through the column. In brief, 5 mL of sample were added to 5 

mL of 0.2 M sodium acetate solution and 6 M urea buffer. Solid urea (3.599 g) and sodium 

acetate (0.013 g) were added and mixed for about 1 h. After adjusting the pH to 7.0, 150 l of -

mercaptoethanol were added and mixed for 1 h. Before injection, the pH was adjusted to 3.5 with 

1M HCl, stirred for 5 min, and filtered through 0.45 m syringe filter (Millex GV, Millipore, 

Fisher Scientific, Ottawa, Canada.). The proteins were separated on a cation exchange column 
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(HP-SP Column, GE Biosciences, Baie d’Urfe, QC, Canada), eluted at 1 mL/min using an 

AKTA purifier (900 series, GE Biosciences), equipped with a UV-900 detector (set at 280 nm). 

The mobile phase was 0.2 M sodium acetate and 6 M urea at pH 3.5. To determine the effect of 

phase separation on the distribution of whey proteins in the upper or lower phase, the peak area 

of the upper phase in the phase-separated systems (1× milk and 0.5× milk with 0.3% beta-glucan) 

was compared with the peak area of untreated 1× milk and 0.5× milk control, containing 2.78% 

and 1.39% (w/w) protein, respectively.  

 

3.3.6 Construction of phase boundary based on Vrji’s depletion theory 

If a polymer is added to a stable colloidal system, it will increase the interaction potential between 

the colloidal particles. According to Vrij’s theory (Vrij, 1976), the attractive inter-particle 

potential between two spherical colloidal particles acting as hard spheres in a phase separating 

system is proportional to the overlap volume between the particles and the osmotic pressure 

caused by the non-interacting polymer chains. The overlap volume is the volume between two 

colloids caused by the overlap of the two approaching depletion layers and can be obtained by 

calculating the average distance between particles at a given particle concentration. When the 

osmotic pressure is high enough (depending on the size, concentration, and density ratio of 

polymer-to-particle), the interaction potential increases, the overlap volume decreases (to increase 

the free volume available for the polymer), causing an increase in the free energy of the system. 

To reduce the free energy of the mixture, entropy will drive the particles to separate from the 

biopolymer (to reduce the osmotic pressure). This results in a distinct region containing a higher 

polymer concentration in one phase and colloidal particles in another phase. To determine 

changes in interaction potential, the values of osmotic pressure at different concentrations of 

polymer must be calculated. The theory and method of calculation is mentioned in the results 

section 3.4.5.  

The theoretical phase boundary for mixtures of beta-glucan and milk was obtained by connecting 
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the volume fraction of casein particles at the spinodal point to initial beta-glucan concentration. 

At the polymer concentration corresponding to the spinodal point, the change in osmotic 

compressibility is assumed equal to zero, meaning changes in volume fraction of casein micelles 

do not modify the osmotic pressure of the solution containing polymers (de Bont et al., 2002; 

Vrij, 1976). To be able to compare this phase boundary with experimental data, the volume 

fraction of casein micelles in the upper and lower phases of mixed samples was determined and 

paired with the initial beta-glucan concentration in the sample.  

 

3.3.7 Statistical analysis 

All measurements were performed in triplicate and significant differences were determined 

using t test in SPSS software (Paws statistics 18, IBM Corp, NY, USA) where required.  

 

3.4 Results and Discussion 

3.4.1 Phase behaviour diagram 

Figure 3.1 illustrates the phase behaviour diagram constructed with the initial composition of 

the mixtures (diamonds), and the corresponding concentrations in the upper and lower phases 

(circles) as a function of protein and polysaccharide concentration (% w/w). A binodal curve 

determining the milk and beta-glucan concentrations at which phase separation occurs was 

obtained by fitting the experimental points to a hyperbolic decay equation. The binodal curve 

(solid line) of the phase separation diagram for beta-glucan and milk proteins clearly identifies 

the critical concentrations of the polymers that would show macroscopic phase separation. Any 

mixture above the curve would show macroscopic phase separation, while any mixture lower 

than this curve would appear stable. An in-depth description of the phase diagram can be found 

elsewhere (Tolstoguzov, 1997). The close proximity of the binodal curve to the axes clearly 

demonstrates the extent of the incompatibility between beta-glucan and milk proteins. Hence, 
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this system is a very good model system for incompatibility studies between casein micelles 

and polysaccharides.The minimum concentration of beta-glucan in the mixture resulting in 

macroscopic phase separation was <0.2% (w/w) (Figure 3.1). 

Other polysaccharides such as guar gum and locust bean gum have shown even lower critical 

concentrations (Bourriot et al., 1999b; 199c). It should be noted that the amounts of beta-glucan 

required for health claims in a serving size of 250 mL would result in concentrations in milk > 

0.3% (w/w). These concentrations are found above the binodal curve (Figure 3.1). This is well 

in agreement with previous studies (Kontogiorgos et al., 2009b; Lazaridou et al., 2008).  

It is important to note that a number of phase separation diagrams are available in the literature 

for polysaccharides and casein micelles mixtures (de Bont et al., 2002; Tuinier and de Kruif, 

1999), but very few studies have maintained the ionic environment of the protein particles 

constant throughout the concentration range. In other words, when varying the volume fraction 

of the protein by using reconstituted skim milk powder, the amount of ions and lactose also 

varies. A novel aspect of the present study was the use of permeate (milk serum) to dissolve 

beta-glucan and milk concentrated by ultrafiltration; this practice allowed exposure of the 

casein micelles to the same environmental conditions throughout the entire concentration range.  
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Figure 3.1 Phase behaviour diagram of milk proteins with added beta-glucan. Protein/beta-

glucan concentration in initial mixtures (, unstable;  stable); Concentration in the upper and 

lower phases (); Tie line (dotted line) and binodal curve (solid line). Insets A, B and C show 

confocal micrographs of three specific mixtures taken upon mixing. Scale bar is 50 m. 
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3.4.2 Microstructure of mixtures  

Confocal microscopy images from different mixtures showed the development of different 

morphologies depending on the position of the mixture on the phase diagram. Examples of 

three mixtures are shown in Figure 3.1. Droplets filled with protein (image A, Figure 3.1, 

protein is lighter) formed at concentrations of beta-glucan > 0.3% (w/w) and droplets rich in 

beta-glucan (darker circles, image C, Figure 3.1) formed at concentrations of protein > 8% 

(w/w). In mixtures with similar volume fractions of protein and polysaccharide (image B, 

Figure 3.1), a bi-continuous or interconnected structure was observed. The change in the 

composition of the continuous and dispersed phase when mixing high beta-glucan and high 

protein containing mixtures is typical of dispersion systems containing incompatible phases 

(i.e. oil-in-water and water-in-oil emulsions) (de Bont et al., 2002). It is believed that these 

structures form spontaneously as a response to an initial instability (mixing beta-glucan and 

milk proteins in this case), and there is a direct relation between intermolecular forces and 

formation of these microstructures (Desai and Kapral, 2009).
 

 

3.4.3 Flow properties of mixtures 

The effects of beta-glucan concentration on the flow properties of milk are shown in Figures 

3.2 and 3.3. The flow behaviour of control samples (milk and  beta-glucan in isolation) (Figure 

3.2) and the mixtures (Figure 3.3) was analysed at shear rates from 0.01 to 300 s
-1

. Control milk 

samples showed Newtonian flow behaviour (results not shown) and a linear increase in 

viscosity with protein concentration (Figure 3.2). On the other hand, control beta-glucan 

samples showed pseudoplastic flow behaviour (results not shown) even at the very low 

concentrations used for this study. Figure 3.2 shows the values of zero-shear viscosity (0) of 

control beta-glucan samples derived from fitting the flow curves to the Ellis equation (Chhabra 

and Richardson, 2008; Ren et al., 2003). The values of 0 increased exponentially with beta-
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glucan concentration in control polysaccharide solutions (Figure 3.2). The addition of low 

concentrations of beta-glucan (i.e. below the bimodal curve) to milk caused a change from 

Newtonian behaviour to pseudoplastic flow behaviour in all the mixtures (results not shown). 

The values of 0 for beta-glucan and milk proteins samples, as derived from the Ellis equation 

are shown in Figure 3.3. The 0 of the mixtures containing beta-glucan and milk proteins 

increased exponentially with the presence of increasing concentrations of beta-glucan, for a 

given protein concentration. Comparing the zero-shear viscosity obtained from control beta-

glucan samples (Figure 3.2) to the mixtures of beta-glucan and milk (Figure 3.3) it was clearly 

demonstrated that there was a significant (P ≤0.05) increase in the values of the 0 in the 

presence of protein. 
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Figure 3.2 Changes in viscosity as a function of protein concentration () and zero shear 

viscosity (0) as a function of beta-glucan concentration () Data are the average of triplicate 

experiments. Error bars indicate standard deviation. Note the different x and y axes. 
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Figure 3.3 Changes in zero shear viscosity (0) as a function of beta-glucan concentration in 

mixtures containing 1.4% (□), 2.8% (∆), 5.6% (), 8.4 % (◊) milk protein. Data are the average 

of triplicate experiments. Error bars indicate standard deviation. 
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This difference should be attributed to the formation of phase separated domains upon mixing 

(Bourriot et al., 1999c). This finding is of importance when processing dairy matrices in the 

presence of phase separating polysaccharides. The creation of phase-separated domains 

increase the resistance to flow; by increasing the shear rate, domains break up and the viscosity 

is reduced resulting in a pseudoplastic flow behaviour. 

 

3.4.4 Distribution of milk proteins between the phases  

To better understand whether all the major protein components in milk were involved in the 

depletion interactions with beta-glucan, the distribution of the protein in the phase separated 

mixtures was determined using ion exchange chromatography. Figure 3.4 shows the 

chromatogram obtained for skim milk at two different concentrations with and without 0.2% 

(w/w) beta-glucan added. The solid line shows the typical profile of control skim milk, which is 

consistent with previously reported data (Holland et al., 2010). The proteins eluted at different 

times depending on their charge, and each peak was identified according to literature (Holland 

et al., 2010)
 
(see Figure 3.4).  As expected, the peak areas under the curve for all proteins in 

control 1× milk (2.78 % protein (w/w), black solid line) were double than those of control 0.5× 

milk (1.39% protein (w/w), grey solid line) samples. The composition of the upper phases of 1× 

or 0.5× milk mixtures with 0.2% beta-glucan added (dotted lines) were very different, and the 

chromatograms showed little recovery of the casein proteins (-casein, -casein, s1 and s2) in 

the upper phase (P < 0.05). On the other hand, the peak area under the curve for whey proteins 

was unchanged compared to control milk samples (P≥ 0.05). The same results were also 

obtained for the milk with 0.2% added beta-glucan. It was therefore concluded that while the 

casein micelles were partitioned to the lower phase of the final phase-separated sample, whey 

proteins, due to their low concentration compared to casein micelles (20% of total protein 

concentration in milk) and small size, were not affected by the presence of beta-glucan and 

were therefore evenly distributed throughout both phases. 
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Figure 3.4 Milk protein profiles eluted by ion exchange chromatography in 1x control milk 

(2.8% protein (w/w)) (black line), 0.5x control milk (1.4% protein (w/w)) (grey line), and the 

corresponding upper phases (dashed lines) contain 0.2% beta-glucan: 1x milk and 0.5x milk. The 

upper phases were measured after 18 h of storage under quiescent conditions at room 

temperature. 
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Hence, the driving force for phase separation of beta-glucan-milk mixtures was governed by 

casein micelles.  

 

3.4.5 Theoretical and experimental phase boundaries  

As casein micelles are the colloidal component in milk, which play an active role in phase-

separation, it was possible to calculate theoretically the phase boundary diagram of the 

mixtures. The change in the interaction potential between casein micelles as a function of beta-

glucan concentration in milk was obtained considering milk as a dispersion of colloidal 

particles with an average radius of 100 nm and a volume fraction of 0.13 (de Bont et al., 2002). 

The molecular mass of beta-glucan measured using size exclusion chromatography (see 

methods) was 983,000 (g/L) with a radius of gyration Rg of 63.4± 2.87 nm. Considering that 

Rg/Rc <1 (Rc is radius of colloidal particle) and a coil overlap concentration for beta-glucan 

>0.18% (w/w) (Van’t hoff, 1995), the interaction potential (U) was calculated using the 

equation below (Van’t hoff, 1995): 

                                     

                              U( )=Π  0(r)      when δc ≤ r ≤ (δc+  )         (Eq.  3.1) 

 

where  is the osmotic pressure and Vo is the volume of overlap between two spherical 

particles with depletion thickness equal to Rg. The values     and     represent the diameters of 

colloidal particle and the polymer respectively, and r is the distance between the two colloidal 

particles. The osmotic pressure can be calculated from van’t Hoff’s law (Bhat et al., 2006): 

    
    

 
                                           (Eq. 3.2) 

where Cp is polysaccharide concentration, R is the gas constant, T is absolute temperature (K), 

M is molar mass. The volume of overlap between two spherical particles with depletion 
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thickness equal to Rg of polymer is: 

        
 

 
        

 
   

  

        
 

  

        
   (Eq. 3.3) 

As mentioned in the introduction, in the colloidal limit where Rg/Rc<1, polymer concentration is 

below coil overlap at the binodal region, and therefore the depletion thickness is independent of 

polymer concentration and is approximately equal to Rg. 

Figure 3.5 illustrates the changes in interaction potential, U, of the system as a function of 

casein micelle volume fraction, for different concentrations of beta-glucan. The depletion 

interaction potential has a negative value due to the attractive nature between the particles. The 

absolute value of the interaction potential was reduced as the protein volume fraction increased, 

for all beta-glucan concentrations. This indicated that, to induce depletion and consequently 

phase separation, a higher osmotic pressure (higher polymer concentration) was required at 

lower volume fractions of casein micelles. Since osmotic pressure is a colligative parameter 

(dependent on number density of size or mass), the change in interaction potential was less 

dependent on beta-glucan concentration (Figure 3.5). 

It is then possible to calculate the volume fraction of particles at the spinodal (Φ
sp

) using a virial 

expression (Tuinier and de Kruif, 1999), as at the polymer concentration at the spinodal point, 

the changes in osmotic compressibility of particles are equal to zero (Vrij, 1976), 

    
  

  
 

                                          (Eq. 3.4) 

B2 is the second osmotic virial coefficient, which is related to interaction potential 

and can be calculated using the following equation 

        
  

  
   
 

 
        

    

   
               (Eq. 3.5) 
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Figure 3.5 Values of the interaction potential between casein micelles as a function of volume 

fraction of casein micelles. Symbols correspond to different beta-glucan concentration, 1 (), 

2(■), 4(▲) and 6 (▼) (g/L) of beta-glucan. Lines are drawn to guide the eye. 
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where Vc is the volume of colloidal spheres calculated by          
       , c is diameter of 

particle, r is the center to center distance between particles, U is the inter-particle interaction 

potential at c<r<c+P, KB is the Boltzmann constant and T is temperature. 

Assuming that the change in osmotic compressibility of the casein micelles is zero at the 

spinodal point, the volume fraction of casein micelles at the spinodal can be calculated using 

equation 3.4. By pairing the volume fraction at the spinodal point to the initial polymer 

concentration a phase boundary can be found which defines the critical concentration of 

polymer required to cause phase separation of colloidal hard spheres and non-interacting 

polymer. With these values, it is possible to define a theoretical phase boundary and compare it 

to that obtained experimentally in Figure 3.1. Figure 3.6 illustrates the theoretically-calculated 

phase boundary, plotted as beta-glucan concentration (g/L) versus volume fraction of casein 

micelles. Superimposed is the experimentally obtained phase boundary derived from Figure 

3.1. Assuming that the binodal curve is in close proximity to the spinodal curve (Tuinier and de 

Kruif, 1999), the theoretical and experimental results appear comparable to each other. Since 

the theory (Vrij, 1976) is only able to predict the phase boundary at very low volume fractions 

of casein micelles, obtaining an overlapping phase boundary with experimental values may 

indeed be difficult. However, similar to what was previously shown in literature (de Bont et al., 

2002; Tuinier and de Kruif, 1999)
 
it was possible to prove that the mechanism of phase 

separation in mixtures of beta-glucan and milk proteins also followed the rules for depletion-

induced interactions, and it is driven by casein micelles. The transition from a phase-separated 

state to a single phase occurred at lower beta-glucan concentrations in the theoretical phase 

boundary compared to the experimental one. This can be mainly attributed to the high 

polydispersity of both casein micelles in milk and the beta-glucan polymer. 
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Figure 3.6 Comparison of experimental (dotted line) and theoretical (dashed line, drawn using 

hyperbolic decay functions) phase boundaries for mixtures of casein micelles in milk and beta-

glucan. Filled and empty circles represent experimental and theoretical points on the respective 

tie lines. 
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While given that the experimental phase boundary is just observational and calculated after 

equilibration of protein and polysaccharide in different phases, the agreement is quite 

surprising, considering the deviation of the system from ideal conditions. It should also be 

noted that, at higher casein volume fractions (> 0.2), a higher interaction potential (absolute 

value) is required to induce depletion (Figure 3.5). This may explain the increase in the phase-

boundary limit as neither Vrij`s or Fleer’s (Vrij, 1976; Fleer et al., 1984) theory are able to 

predict the extent of phase boundaries at higher concentration of casein micelles (out of the 

range for bi- continuous structure formation) (Van’t hoff, 1995).  

3.5 Conclusions 

The interactions between high molecular weight oat beta-glucan and milk proteins in milk was 

investigated, while maintaining constant environmental conditions throughout the range of 

volume fractions for both biopolymers. It was clearly shown that beta-glucan caused 

macroscopic phase separation at less than 0.2% (w/w) concentration, a concentration which 

would be insufficient to be nutritionally significant in food products. At higher concentrations, 

different microstructures form upon mixing. These structures are responsible to the changes in 

the bulk rheological behaviour for the mixes, no longer only governed by beta-glucan. This 

work demonstrated that the casein micelles are responsible for the thermodynamic 

incompatibility as whey proteins partitioned equally in both separated phases. With this 

knowledge, it was possible to derive a theoretically-calculated phase boundary which agreed 

with the experimentally-obtained one, even for a complex system such as beta-glucan /milk 

mixtures. A better understanding of the mechanisms driving the formation of water in water 

phase separated systems is very important to be able to employ such structures in the creation 

of dairy matrices with novel textures. 
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Chapter 4. Dynamics of Phase Separation in Oat Beta-glucan/Milk 

Mixtures Studied with Ultrasonic and Diffusing Wave Spectroscopy 

 

4.1 Abstract 

When high molecular weight beta-glucan (>1000kg/mol) is added to milk, macroscopic phase 

separation occurs due to thermodynamic incompatibility between beta-glucan and milk proteins. 

In this research, the evolution and coarsening of microphase separated domains were investigated 

using ultrasonic and diffusing wave spectroscopy, allowing the observation of the dynamics of 

phase separation, in situ, without dilution. Immediately upon mixing, there was a significant 

decrease in initial turbidity of the mixtures, measured using diffusing wave spectroscopy even at 

concentrations below macroscopic phase separation. At intermediate concentrations of beta-

glucan (0.1-0.2 w/w) the turbidity parameter, 1/l*, showed further changes upon mixing, and 

these changes may be attributed to the rearrangements within the domains as well as growth of 

the smaller domains. At high concentrations of beta-glucan (0.6% w/w), after an immediate 

change in 1/l*, no further changes were observed, probably because of the high viscosity of the 

mobile phase and the low diffusivity of the micelles because of crowding within the phase 

separated domains.  Similar conclusions were drawn by observing the changes occurring in 

ultrasonic attenuation right after mixing, probing at larger length scales.  By using these two 

spectroscopic techniques it was possible to obtain complementary information on the dynamics of 

phase separation in beta-glucan milk mixtures, and determine which systems still show 

rearrangements within the domains after mixing.    

 

4.2 Introduction 

Segregative phase separation, driven by thermodynamic incompatibility between proteins and 

polysaccharides, results in polymers separation in two distinct phases. Since both polymers are 
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water soluble, but immiscible upon mixing, one phase will disperse as droplets (dispersed phase) 

in the other phase (continuous phase); these systems are also often referred to as water-in-water 

emulsion (Syrbe et al., 1998).  

Although phase separation in protein-polysaccharide mixtures has been widely studied 

(Tolstoguzov, 2006), there is limited information on the dynamics occurring immediately after 

mixing, while the microscopic phase separated domains form. Indeed, analyses in situ are very 

challenging as upon dilution these systems are disrupted, and changes in initial volume fraction 

change the dynamics of phase separation. Hence, a number of studies have reported phase 

separating diagrams and microstructural images of the phase separated mixtures (Kontogiorgos et 

al., 2009b; Bourriot et al., 1999b; 1999c), but the changes occurring upon addition of 

polysaccharide molecules to a protein system at the early stages after mixing have never been 

observed. The present work used two spectroscopic techniques (diffusing wave and ultrasonics) 

to probe the dynamics of phase separation in milk–beta glucan systems, without dilution.  

Recently, diffusing wave spectroscopy (DWS) and ultrasound spectroscopy (US) have shown the 

ability to follow dynamics of colloidal particles destabilization (i.e. sol gel transitions) in turbid 

mixtures (Alexander and, Corredig, 2007; Chappellaz et al., 2010; Gaygadzhiev et al., 2009). 

DWS measures fluctuations in the intensity of transmitted scattered light of moving particles; it 

does not require dilution in milk systems, and it is useful to follow changes in static and dynamic 

properties of the colloidal particles present in milk during formation of assemblies in microscopic 

domains and during their separation. Changes in turbidity of the system can be measured 

following the spatial correlation between the casein micelles via the turbidity parameter 1/l*, 

where l* is the length scale over which the direction of photon light is completely randomized. 

Changes in dynamics can be measured by diffusion coefficient (D) of particles over a very short 

length scale. Particles diffusivity was shown to decrease due to crowding or increase in serum 

viscosity in concentrated systems (Rojas et al., 2003). Since in phase separating systems the inter-
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particle interactions change over time, it is also important to determine changes in the particles’ 

degrees of freedom via the mean square displacement (MSD). This can help in understanding a 

change in particles motion from free diffusing to an arrested state. Details on the theory and 

application of DWS can be found elsewhere (Weitz et al., 1993; Alexander and Dalgleish, 2007). 

Ultrasonic spectroscopy, on the other hand, measures changes in the physicochemical properties 

of a colloidal mixture at wavelengths larger than light. The attenuation of sound is a frequency-

dependent parameter, which measures the decrease in amplitude of the wave during its travel 

through the sample. Attenuation is related to the sum of scattering, visco-inertial, thermal and 

intrinsic losses (Dukhin et al., 2005). In milk mixtures, changes in the attenuation of sound are 

not related to scattering of the particles, but to changes in viscoinertial and thermal losses 

occurring at the interface, because of the oscillations occurring to the molecules and particles and 

the density difference between particles and background. Changes in the ultrasonic spectroscopy 

parameters may help in better understanding bulk physico-chemical changes occurring during 

phase separation in the sample, and should provide complementary information to DWS data. 

In this research, beta-glucan was used as a model polysaccharide, as it is known to cause phase 

separation in milk mixtures (Konuklar et al., 2004, Lazaridou et al., 2008). Beta-glucan, extracted 

from cell wall of cereal grains, is a linear unbranched polysaccharide composed of (1-3) and (1-4) 

linkages of -D glucopyranosyl units. In Chapter 3, phase behaviour, rheological properties, and 

the microstructures formed in mixtures of milk and beta-glucan at different protein and 

polysaccharide concentrations were examined. The destabilization mechanism is depletion 

induced because of the thermodynamic incompatibility between casein micelles and beta-glucan. 

In this work, the effect of beta-glucan addition on DWS and US parameters were studied, upon 

mixing and over time (120 min) and results were compared to the microstructures formed as a 

result of mixing. The two techniques, by probing two different length scales, yield 

complementary results for a better estimation of the changes occurring in the phase separated 

mixtures during the stages immediately after mixing, depending on protein and polysaccharides 
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concentrations. 

 

4.3 Materials and Methods 

4.3.1 Milk, permeate and beta-glucan stock preparation 

Preparation of milk, permeate and beta-glucan have been described in 3.3.1.   

 

4.3.2 Microstructure of the phase separated domains 

An upright multi-photon confocal scanning laser microscope (DM 6000B) connected to Leica 

TCS SP5 system with 8 visible laser excitation, Chameleon Ultra infrared laser, equipped with an 

imaging software, the Leica LAS AF, were used to observe microstructures formed just after 

mixing beta-glucan and milk, as described in detail in 3.3.3. Calcofluor white (M2R New, C.I., 

40622 fluorescent brightener 28, American Cyanamide Co., Bound Brook, NJ) was used to stain 

beta-glucan (Wood et al., 1991).  This fluorescent dye visualized with a UV excitation filter λ= 

343 and emission filter λ=420 nm. The amount of calcofluor was added as previously reported 

(0.01% (w/v)) (Kontogiorgos et al., 2009b). Rhodamine  B (Sigma-Aldrich Co, Missouri, USA) 

at 0.01% (w/v milk) concentration was used to stain milk proteins and visualized using an 

excitation filter at λ=543 nm and emission filter at λ=580 nm (Heilig, Göggerle, & Hinrichs, 

2009). Rheological properties of the samples were not affected by addition of calcofluor and 

rhodamine B at the concentrations used in this study. A 63X oil immersion (glycerol) objective 

lens was used to visualize samples which were immediately placed on a slide and sealed after 

mixing. The obtained images (taken immediately after slides preparation) are the overlay of the 

two signals (calcofluor and rhodamine B).  

 

4.3.3 Dynamic light scattering and diffusing wave spectroscopy 

Although interactions between beta-glucan and milk proteins were not expected, possible changes 
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in the micellar size due to concentration inside the domains upon mixing or after sedimentation 

were analyzed using dynamic light scattering (DLS) under extensively diluted conditions in milk 

serum (5 l in 3 ml permeate). DLS was carried out at 25 C and at 90 angle (Malvern 4700, 

Malvern Instruments Inc., Southborough, MA, USA) equipped with a LHRP-1202 He–Ne laser 

with a wavelength of 633 nm and a nominal output power of 12.0 mW (Research Electro-Optics 

Inc., CO, USA). The mixtures were diluted in permeate filtered through (0.45 m) glass fiber 

filters (Millex-GV, Millipore, Bedford, MA, USA). In samples presenting two phases, the bottom 

phase was diluted immediately before measurement. All experiments were run in triplicate.  

DWS measurements were carried out as described elsewhere (Alexander and Dalgleish, 2004; 

Gaygadzhiev et al., 2009). In brief, the laser light (ND:YAG type) with  a wavelength of 532 nm 

and power of 100 mW (Coherent, Santa Clara, CA, USA) was pumped from a solid diode and 

passed through a sample which was contained in a flat faced glass cuvette (Hellma Canada 

Limited, Concord, ON, Canada), immersed in a water bath maintained at 25 C. The path lengths 

(L) of the cuvette depended on opacity of sample (L= 5, 10, and 20 mm cuvette were used for the 

purpose of this study). The scattered light was collected by the detector (Photomultiplier HC120-

03, Hamamatsu, Loveland, OH, USA) amplified, and fed to correlator (FLEX2K-12x2, 

Bridgewater, NJ, USA) which gave a time correlation function. Light scattering was collected for 

3 min with an interval of 1s. Each measurement was run for 2 h from mixing milk and beta-

glucan in triplicate (replicates were from three different batches of milk and beta-glucan). The 

DWS software (Mediavention Inc., Guelph, ON, Canada) and Sigma Plot 10.0 (SPSS Inc., 

Chicago, IL, USA) were used for data analysis.  

The parameters obtained and used from DWS were 1/l*, MSD and D. The value of l* is the 

length scale that photons travel before being fully randomized, and 1/l* represents the change in 

turbidity of the mixture. This value was measured every 3 min for 120 min from the time of 

mixing in each sample and it is a function of the optical properties of the scattering particles (i.e. 
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size, refractive index contrast) as well as their spatial correlation. However in concentrated 

systems it is a function of particle-particle interactions as well as showing the physical properties 

of scatterers. MSD, on the other hand, represents the degree of freedom of particles in a system, 

in which particles diffusivity may change due to restricting interactions or aggregation, in this 

case caused by the addition of beta-glucan or phase separation (Alexander and Dalgleish, 2007). 

The changes in mobility of particles were also measured every 3 min, to determine their 

diffusivity and mean square displacement over short time scales. The effect of crowding on the 

diffusivity was calculated as previously described (Beenakker and Mazur, 1983):  

 

                D/D0 = 1 − 1.83φ + 0.88φ
2
                                  (Eq. 4.1) 

where D is diffusion coefficient of the sample and D0 is the experimentally obtained diffusion 

coefficient of skim milk (see also Alexander et al., 2002).  

 

4.3.4 Ultrasonic spectroscopy 

An HR-US 102 ultrasound spectrometer (Ultrasonic-Scientific, Dublin, Ireland) was used to 

measure the velocity and attenuation of sound at three different frequencies (3, 7, and,  11 MHz), 

as previously described (Smyth et al., 1999). The instrument was run after calibrating and tuning 

with water at selected frequencies, according to the manufacturer’s instructions. The degassed 

sample (1 mL) was placed into two separate controlled temperature cells at 25 C (Corredig et al., 

2004). Temperature was controlled by an external programmable water bath (Thermo-Haake 

Georgetown, ON, Canada). The ultrasound properties were measured every 40 s for about 2 h in 

triplicate. Results were analyzed using Excel (Microsoft 2007, Windows Microsoft Office, 

Redmond, WA).  The two parameters obtained by US were velocity and attenuation of sound 

each representing changes in phase and intensity of sound passing through the sample 

respectively. Values of attenuation will be discussed in this work.  
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4.3.5 Statistical measurements 

All measurements were performed in triplicate and significant differences were determined 

using t test in SPSS software (Paws statistics 18, IBM Corp, NY, USA) where required.  

 

4.4 Results and Discussion 

 

4.4.1 Microscopy 

Figure 4.1 illustrates microscopic images taken immediately after mixing (after 3 min) for 

mixtures of milk with beta-glucan. The overlap signal from rhodamine B and calcofluor stains 

resulted in lighter and darker areas in the micrographs. While calcofluor was not specific for beta-

glucan, as it interacts with free hydroxyl groups, rhodamine B stained milk proteins, hence, beta-

glucan rich areas appeared darker.  

Confocal microscopy clearly demonstrated that different structures formed depending on the 

initial composition of the mixtures. Water in water emulsion systems, with protein rich droplets 

formed at concentrations of beta-glucan >0.2% (w/w) and droplets rich in beta-glucan formed at 

concentrations of protein >8.4% (w/w) and  0.1% (w/w) beta-glucan. In mixtures with similar 

volume fractions of protein and polysaccharide a bi-continuous or interconnected structures 

formed. In visibly stable systems, microscopy images did not show any distinct structure.   

 

4.4.2 Light scattering 

The apparent diameter of the casein micelles was measured using DLS, after extensive re-dilution 

in milk serum, and there were no differences in particle size in all the samples with or without 

beta-glucan. The average particle size was about 171.6 ± 2. 4 nm. It was then confirmed that there  
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Figure 4.1 Micrographs of phase separating systems observed immediately after mixing (after 3 

min) milk and beta-glucan at different concentrations of protein (P), and beta-glucan (BG). 

Images are representative of the overlay of signals obtained from calcofluor and rhodamine B. 

Bar represents 50 m.  
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were no interactions between casein micelles as a result of association within the phase separated 

domains. However, due to the extensive dilution, no further information could be derived on the 

diffusivity of the casein micelles in the phase separating mixtures. Hence, light scattering was 

also carried out using transmission DWS, to follow changes, without dilution, after mixing. 

Changes in the turbidity parameter, 1/l*,  may be caused by changes in the scattering properties of 

the particles (i.e. size), refractive index contrast between the scattering particles and the serum 

phase, or changes in the particle spatial correlation. Changes in the diffusivity and the linearity of 

Brownian motion may be an indication of a decrease in the casein micelles mobility or caging 

within the phase separted domains.  

Transmission DWS measurements of control beta-glucan dispersions did not show enough 

scattering even at the highest concentrations in a 20 mm cuvette, and very low scattering values 

were measured for milk samples with 0.6% beta-glucan (results are not shown). All the changes 

in turbidity of the mixtures were then attributed to changes occurring to the casein micelles, either 

because of changes in spatial correlation of the protein particles, changes in the size, changes in 

refractive index contrast because of changes in the composition of the serum phase (i.e. 

concentration of polysaccharide) or crowding of casein particles inside the domains. To 

distinguish between the different effects may not always be possible. Hence, to further the 

understanding of such complex systems during phase separation, ultrasound spectroscopy was 

also carried out, a spectroscopic technique complementary to DWS. 

The changes in turbidity for mixtures with varying protein and beta-glucan concentrations are 

summarized in Figures 4.2 and 4.3. The turbidity parameter was constant over time in milk 

samples without beta-glucan, as shown in Figure 4.2A.  As expected, the value of 1/l* increased 

with an increase in the volume fraction of the casein micelles, as the number of scattering events 

increased. Figure 4.2B demonstrates that in the presence of beta-glucan (kept constant in this 

figure to 0.1% w/w), similarly to control samples, the turbidity of the system increased as a  
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Figure 4.2 Development of 1/l٭ in (A) control milk, and (B) milk containing 0.1% beta-glucan 

added milk samples, containing 1.4 % (), 2.8% (▼), 5.6% (▲), 8.4 % () milk proteins. 
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Figure 4.3 Development of 1/l٭ in samples with (A) 2.8 % (w/w) and (B) 5.6% (w/w) protein, 

containing 0% (□), 0.1% (), 0.2% (∆), 0.4% (◊) beta-glucan. 
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function of protein concentration. The 1/l* values were constant only for samples containing 

1.4% and 2.8% (w/w) protein. These mixtures were visibly stable and did not show any distinct 

microstructures upon mixing (Figure 4.1). It is important to note that spectroscopic experiments 

were carried out for two hours after mixing, while macroscopic phase separation was observed 

after a longer incubation time, and assessed after 18 h of storage.  

The initial value of 1/l* (Figure 4.2B) showed a statistically significant decrease compared to that 

measured in control samples,  in agreement with what previously observed in mixtures of milk 

containing high methoxyl pectin (Acero Lopez et al., 2010). The decrease in 1/l* in mixtures 

which do not show macroscopic phase separation is an indication of the formation of 

microscopically phase separated domains of casein micelles, in the presence of non interacting 

polysaccharide. The turbidity of mixtures containing 5.6% and 8.4% protein (w/w) with 0.1% 

beta-glucan changed over time, eventually leading to macroscopic or visible phase separation. 

These systems, unlike those with lower protein concentration, showed some rearrangements right 

after mixing, but a plateau was reached in both cases before the 2 h of measurement.  The change 

in the 1/l* can not be attributed to a change in the size of the casein micelles, as DLS data clearly 

demonstrated no irreversible aggregation occurred for these systems, and such change can then be 

attributed to either a change in the refractive index of the background (because of changes in the 

local concentration of polysaccharide) or an increase in scattering events within the domains 

(increase in interactions between the particles).  

Figure 4.3 illustrates the effect of varying the beta-glucan concentration in mixtures containing 

2.8% and 5.6% protein (w/w). The initial value of 1/l* decreased with increasing beta-glucan 

concentration (p<0.05), once again demonstrating that microscopically phase separated domains 

formed immediately after mixing. Similar results were obtained in mixtures of skim milk and 

high methoxyl pectin or flaxseed gum (Acero-lopez et al., 2010; Chappellaz et al., 2010). It is 

important to note that the change in beta-glucan concentration, per se, did not cause a large 

variation of 1/l* (Figure 4.3A), confirming the results on control beta-glucan solutions.  
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At low protein concentration (2.8%), the value of 1/l* did not change over time in spite of the 

presence of macroscopic phase separation after 18h (Figure 4.3A). This may indicate that the 

formation and structuring of the domains occurred immediately after mixing, with little 

rearrangements afterwards. On the other hand, at higher protein concentration (5.6% (w/w), 

Figure 4.3B), the value of 1/l* changed over time in samples with 0.1% and 0.2% beta-glucan. At 

high enough concentration of beta glucan (0.4% w/w), the turbidity remained once again constant 

after mixing, and the lack of further changes in 1/l* may be explained by the high viscosity of the 

continuous phase (protein), and the immediate formation, once again, as for the low concentration 

of protein,  of a water in water emulsion system. All the samples containing beta-glucan shown in 

Figure 4.3B showed macroscopic phase separation after storage at room temperature for 18 h.  

In spite of the clustering of casein micelles because of the formation of phase separated domains, 

dynamic light scattering measurements of casein micelles size after phase separation showed that 

there was no irreversible aggregation, even at the high concentrations of protein. To further 

understand the dynamics of the casein micelles during the stages immediately following mixing, 

the mean square displacement (MSD) of the particles was measured at different times. The MSD 

is the average distance a particle travels in a certain time interval and the slope of MSD 

determines if the particles are freely diffusing or are caged in an arrested state. 

Figure 4.4 illustrates the changes in 1/l* value for a sample containing 5.6% protein and 0.2% 

beta-glucan, and the corresponding MSD measured as a function of time, for three different time 

points after mixing (3 min, and after 57 and 93 min from mixing).   

It is clear that, although there were differences in the turbidity value, in this case, very few 

changes occurred to the casein micelles in terms of their diffusivity. The slope of the MSD did 

not change when measured immediately after mixing (3 min) or during further changes in the 

turbidity. The constant value of the MSD slope as well as its linear behaviour led to conclude that 

the casein micelles were free diffusing throughout the phase separation process, and that particles 

mobility was not affected over time.  
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Figure 4.4 Development of 1/l* as a function of time after mixing in sample with 5.6% protein 

and 0.2% beta-glucan (A) and the values of  mean square displacement at different time intervals 

(B) 3 min (□), 57 min (∆), 93 min (◊).  
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Changes in size of the micelles or of viscosity of the serum phase around the micelles can then be 

ruled out in this system. It was concluded that changes in 1/l* over time noted within the first 2 h 

after mixing are probably attributed to changes in the spatial rearrangements of the micelles, and 

possibly a change in the domain size. In all the systems analyzed, the MSD slopes  were linear 

over time, and did not change after mixing, indicating no changes in the mobility of the casein 

micelles over time.  

To determine if different concentrations of beta-glucan would affect differently the MSD of the 

casein micelles, the time dependence of the MSD for casein micelles in milk mixtures (2.8% 

protein) containing increasing concentrations of beta-glucan is shown in Figure 4.5. It has been 

previously shown that the bulk viscosity of the mixtures at constant protein concentration showed 

an exponential increase with beta-glucan concentration (Chapter 3, Figure 3.3). Similarly, the 

MSD slopes were affected by beta-glucan concentration (Figure 4.5). The reduction in MSD 

slope reflected the decrease in the mobility of the casein micelles. The MSD slope reached a 

value of about 0.8 ms
-1

 when milk contained 0.6 % beta-glucan, clearly demonstrating a reduction 

in the mobility of the casein micelles. 

As the linearity of the Brownian motion was maintained in the mixtures, showing free diffusive 

motion of the casein micelles even at high concentration of beta-glucan, the diffusion coefficient 

was calculated and the normalized diffusion coefficient of the samples (normalized against 

diffusion coefficient of casein micelles in skim milk), versus the volume fraction of casein 

micelles at different beta-glucan concentrations is illustrated in Figure 4.6. The filled symbols in 

the figure demonstrate the linearity of the dependence of diffusion coefficient with volume 

fraction for casein micelles, as calculated using the Beenakker and Mazur formalism (Beenakker 

et al., 1983). The experimentally obtained normalized diffusion coefficients for control milk 

samples were fully predicted by theory, indicating that the diffusion coefficient is reduced with 

crowding of casein micelles.  In the case of samples containing 0.1% beta-glucan, the diffusion 

coefficient is somewhat reduced, but the data still showed a nearly linear reduction of the  
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Figure 4.5 Time dependent behavior of mean square displacement of particles at the first stages 

after mixing (3min) in samples with 2.8% (w/w) protein and 0% (), 0.1% (▼), 0.2% (▲), 0.4% 

(), 0.6% () (w/w) beta-glucan. 
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Figure 4.6 Comparison of normalized diffusion coefficient of casein micelles as a function of the 

volume fraction at different concentrations of beta-glucan. Theoretically obtained values (filled 

symbols), experimental values: 0% (□), 0.1% (∆), 0.2 (◊), 0.4% (), 0.6% () beta-glucan.  Data 

are the average of three independent experiments. Error bars indicate the standard deviation.   
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normalized diffusion coefficient with volume fraction. 

However, the reduction of the normalized diffusion coefficient of the casein particles was no 

longer linear for samples containing >0.1% beta-glucan. It is important to note that this reduction 

in the diffusion coefficient could be well predicted in all cases by calculating the reduction in the 

diffusivity due to crowding of the casein micelles, by using the volume fraction in the phase 

separated system after 18 h. The changes in the diffusivity were due to the crowding of the casein 

micelles within the domains, reaching concentrations close to those of close packing in hard 

sphere systems (Bouchoux et al., 2009). 

 

4.4.3 Ultrasonic spectroscopy of phase separating mixtures  

The physical changes occurring in the mixtures immediately after mixing were also observed 

using ultrasonic spectroscopy (US). The values of attenuation were measured at three different 

frequencies (3, 7 and 11 MHz), and the results obtained were very consistent amongst all 

frequencies, and for simplicity, only the results obtained at 3 MHz are shown. Earlier work has 

demonstrated that ultrasonic attenuation can clearly identify changes occurring due to the 

formation of phase separated protein clusters (see for example, Chappelaz et al., 2010). It is 

important to point out that with this spectroscopic technique, the measurements are in the large 

wavelength regime, where the particles probed are much smaller than the size of the ultrasound 

wave. At this wave length regime and in colloidal systems, a change in attenuation is attributed to 

the sum of thermal, intrinsic and, viscoinertial losses (Acero-Lopez et al., 2009). 

Beta-glucan dispersions did not show any appreciable changes in the ultrasonic attenuation as a 

function of concentration. Therefore, similarly to what discussed in the case of DWS data, the 

changes in attenuation could be attributed to the changes occurring to the protein fraction present 

in the mixtures.  
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Figure 4.7 Development of attenuation in (A) control milk, and (B) 0.1% beta-glucan containing 

samples, symbols represent 1.4 % (), 2.8% (▼), 5.6% (▲), 8.4 % () milk proteins. Results 

are representative of three replicates with 0.01% error. 
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Figure 4.7A illustrates the values of attenuation as a function of time for control milk at different 

protein concentrations, from 1.4% to 8.4% (corresponding approximately to 0.5 and 3x 

concentrated milk).  

The corresponding mixtures containing 0.1% (w/w) beta-glucan are also shown in Figure 4.7B. 

Attenuation increased with protein concentration, because of the increased number of attenuating 

casein micelles (Figure 4.7A). In control samples, with no beta-glucan, over time, similarly to 

what observed for the changes in 1/l* (Figure 4.2), the attenuation of sound did not change. This 

was also the case for milk (2.8% protein) containing 0.1% beta-glucan. This mixture did not show 

visible phase separation. On the other hand, at higher concentration of protein (5.6 and 8.4% 

(w/w)), the ultrasonic attenuation increased over time. At 5.6% concentration, an increase was 

noted after 60 min from mixing. When comparing to the 1/l* changes shown in Figure 4.2, the 

complementarities between the two techniques becomes clear. The value of 1/l* for these 

mixtures showed a change immediately after mixing, reaching a plateau at about 60-80 min. This 

increase in 1/l* was attributed to a rearrangement of the casein micelles causing a change in the 

particles spatial correlation within the droplets, as the diffusivity, size and refractive index did not 

seem to substantially change after mixing. On the other hand, in the case of ultrasonic attenuation, 

the same system showed a nearly constant value of attenuation up to about 60 min, and then an 

increase. It may be possible to hypothesize that this increase is due to an increase of the 

interactions occurring within the clusters, causing an increase in the visco-inertial losses of the 

domains in the mixtures. In the mixture containing 8.4% (w/w) protein, the values of attenuation 

reached a peak around 20 min, with a subsequent decrease, reaching a lower attenuation level 

after about 40 min. In this sample, due to formation of droplets rich in beta-glucan upon mixing, 

the difference in density of particles and background is high, and it is increasing due to gradual 

creaming of these domains. The size of domains increase up to about 20 min, when the 

interactions of the protein within the domains become important and attenuation decreases 

because particles dissipate energy no longer as individual entities. In the case of the high 
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concentration of protein (8.4%, with 0.1% beta-glucan), the changes  measured with light or 

sound seem to occur on a similar time scale, indicating that the rearrangements occur faster, 

within 20 min, with a limited growth of the clusters at the later stage.  

Figure 4.8 shows the changes in ultrasonic attenuation after mixing 0.2% and 0.4% (w/w) beta-

glucan, in milk with varying protein concentrations. The initial value of attenuation increased 

with protein concentration. As previously shown with light scattering experiments, at 

intermediate concentrations of beta-glucan (0.2%) changes occurred upon mixing of the 

polysaccharide in milk.   

Attenuation did not change over time in samples containing 1.4% (w/w) protein over time.  This 

was also the case with a higher amount of beta-glucan. At this low protein concentration, domains 

rich in protein are dispersed in a continuous phase of polysaccharide, and more polysaccharide 

does not contribute to a growth of the domains.  On the other hand, at a 1x milk concentration, 

differences could be noted in the attenuation behavior of the mixtures.  At 0.2% beta-glucan, 

changes still occurred upon mixing (Figure 4.7A), while at a higher concentration of 

polysaccharide (Figure 4.7B) no further changes could be noted after mixing.   

At higher protein concentrations (>1.4%), the attenuation increased over time in all samples. This 

could be attributed to the formation of larger domains upon mixing, which result in increased 

difference in the density of particles inside the domains and in the background. It is important to 

note that the increase in attenuation seems to be much slower in 0.4% beta-glucan containing 

samples (Figure 4.7B), and the low extent of change is due to the high viscosity of the mixtures. 

Overall, the behaviour of attenuation measured by ultrasonic spectroscopy seemed to be in full 

agreement with the behaviour observed using DWS. 
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Figure 4.8 Development of attenuation in (A) 0.2 %, and (B) 0.4% beta-glucan containing 

sample, symbols represent 1.4 % (), 2.8% (▼), 5.6% (▲), 8.4 % () milk proteins. Results are 

representative of three replicates with 0.01% error. 
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4.5 Conclusions  

In this study the dynamics of phase separation upon mixing milk proteins and high molecular 

weight oat beta-glucan were investigated using diffusing wave and ultrasound spectroscopy. Both 

techniques were able to follow the changes occurring upon mixing the biopolymers over time at 

different length scales. Changes in protein concentration and polymer concentration caused 

differences in the growth of the domains formed by depletion induced phase separation. There 

was no irreversible aggregation of the casein micelles with phase separation, not even at the high 

concentration of proteins tested. It was possible to conclude that upon mixing, microscopic phase 

separation was immediate, with little changes with time, at low and high concentration of protein 

or polysaccharide. On the other hand, at intermediate concentration of polysaccharide and 

proteins, changes could be observed within 2 h after mixing, and these changes were attributed to 

a re-distribution of the beta-glucan, and concentration of the casein micelles within the phase 

separated domains. While at low concentration of beta-glucan the casein micelles are free 

diffusing, at the higher concentration of polysaccharide their mean square displacement slope was 

< 1, signifying restricted motion of particles in the domains. The dynamics of phase separation 

are retarded at very high concentrations of beta-glucan observed by constant 1/l* and attenuation 

values over time, and reduction in MSD slopes. Based on these results, while phase separation is 

solely induced by attractive forces between casein micelles (Chapter 2), the dynamics of phase 

separation is shown to be mainly dependent on the initial composition of the mixtures, the type of 

structures formed, and the background viscosity.  
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Chapter 5. Controlling the kinetics of phase separation in renneted milk 

gels containing nutritionally significant beta-glucan concentrations 

using -carrageenan 

 

5.1 Abstract 

The objective of this work was to investigate the rennet gelation of milk proteins in the presence 

of increasing concentrations of high molecular weight oat beta-glucan. The phase separation 

occurring because of thermodynamic incompatibility in these mixtures causes inhibition of the 

rennet gelation, at concentrations >0.2% (w/w) beta-glucan. Addition of -carrageenan, at 

concentrations lower than those required for its gelation (<0.02% (w/w)), inhibited macroscopic 

phase separation, as previously demonstrated for other dairy mixes. Gelation of the milk 

containing beta-glucan is then possible, and gels containing nutritionally relevant amounts of this 

polysaccharide can be obtained. However, to obtain self supporting gels, controlling the order of 

mixing of the polysaccharides needs to be controlled. In both cases, macroscopic phase separation 

was inhibited. However, mixing of -carrageenan with milk, and allowing the transition from coil 

to helix prior to the addition of the beta-glucan, limited the development of the gel network. 

When -carrageenan was added in the presence of beta-glucan, self supporting gels formed. The 

results of this research bring new insights for the development of stable dairy matrices, containing 

phase separating concentrations of beneficial dietary fiber at reduced concentrations of -

carrageenan.  
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5.2 Introduction 

 

Mixed linkage beta-glucan is a soluble fiber extracted from the cell wall of cereal grains, which is 

composed of mixed 4-0-linked β-D-glucopyranosyl units (70%) and 3-0-linked β-D-

glucopyranosyl units (30%), where the (1-3) linkages occur singly, whereas, the (1-4) linkages 

occur in groups of two or three (Wood et al., 1989). Oat and barley beta-glucan has been shown 

to regulate blood glucose and reduce serum cholesterol levels in patients with 

hypercholesterolemia, when consumed at high enough concentrations (Tosh et al., 2008; Wolever 

et al., 2010; Wood et al., 2000; Behall et al., 2006). Health agencies (FDA, 1997; Health Canada, 

2010) require 0.75 g beta-glucan per serving for a health claim in food products. At this 

concentration, beta-glucan exhibits thermodynamic incompatibility with many food proteins, 

which results in quality defects in texture and mouth feel properties (Brennan and Cleary, 2005; 

Lazaridou and Biliaderis, 2007).  

The addition of beta-glucan to dairy food products has been studied extensively and it is well 

known that beta-glucan phase separates at concentrations well below those required to be 

nutritionally significant (FDA, 1997; Kontogiorgos, et al., 2009b). However, phase separation 

results in water in water emulsions or bi-continuous structures formation that could be 

manipulated to create novel structures, and develop new functional food products with additional 

health benefits. Nevertheless, developing stable mixed systems has been a challenge in many 

incompatible biopolymer mixtures, since phase separation is an instantaneous phenomenon, and 

hard to control. Beta-glucan, in spite of the health benefits related to its consumption in foods, can 

be employed in dairy products at concentrations below those causing phase separation, as a fat 

replacer or thickening agent (Konuklar et al., 2004; Tudorica et al., 2004; Volikakis et al., 2004). 

Attempts to enrich dairy food products with beta-glucan have shown that its addition affects the 

quality and appearance of the final product (Konuklar et al., 2004, Lazaridou et al., 2007). 

A polysaccharide extracted from red seaweed, -carrageenan, is often employed in dairy products 
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because of its ability to prevent macroscopic phase separation in the presence of 

thermodynamically incompatible biopolymers (Lin et al., 1970). -carrageenan has a repeating 

sequence of -D galactose, glucosidically linked at positions 1 and 3 with 36 -D-anhydro-

galactose, and at position 1-4 with a single negatively charged sulphated group on -4 of D-

galactose residue. Its ability to stabilize beverages is attributed to a specific association of its 

sulphated chains with -casein on the surface of casein micelles (Dalgleish et al., 1988). At 

elevated temperatures (> 50 C) the -carrageenan molecules are in the coil form. The molecules 

show a transition to a helical structure with cooling (Spagnuolo et al., 2005), and the charge 

distribution becomes optimal for interactions with the casein micelles or for the formation of a -

carrageenan network at sufficient concentrations (>0.02% w/w). 

It has been demonstrated that depending on the concentration of potassium ion in the serum phase 

or the ratio of casein micelles to -carrageenan, the equilibrium between helix to helix 

interactions and casein micelles – -carrageenan interactions can shift (Ji et al., 2008). Previous 

studies have shown that at concentrations below gelling (<0.02%), -carrageenan can inhibit 

macroscopic phase separation in milk mixtures containing phase separating polysaccharides such 

as guar gum, galactomannan or high methoxyl pectin (Bourriot et al., 1999b; 1999c; Acero-Lopez 

et al., 2010).  

Although the ability of -carrageenan to stabilize microscopic phase separated domains is well 

documented (Thaiudom & Goff, 2003), the molecular mechanisms are not fully understood. It has 

been proposed that -carrageenan is located at the periphery of microscopically phase-separated 

domains of casein micelles, and functions as a stabilizer of the domains. This prevents them from 

coalescing and causing visible, macroscopic phase separation (Spagnuolo et al., 2005).   

Previous work has demonstrated that the presence of -carrageenan has minimal effect on the 

diffusivity of the casein micelles (Acero-Lopez et al., 2010). Even during rennet induced gelation, 

the presence of -carrageenan in milk containing a phase separating polysaccharide (high 
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methoxyl pectin) inhibits macroscopic phase separation, while having minimal effect on micellar 

aggregation (Acero-Lopez et al., 2010). The chymosin enzyme during rennet gelation cleaves -

casein between Phe105-Met106 residues, destabilizing the casein micelle and inducing 

aggregation (Dalgleish, 1980). It has been reported that -carrageenan enhances the stability of 

casein micelles through electrostatic interactions between a positively charged region (residues 

97-112) (Snoeren et al., 1975) on -casein hairy layer on the surface of casein micelle and 

negatively charged sulfated group on -carrageenan. As the positive region on -casein is located 

in the same region of enzyme cleavage, it is unclear how -carrageenan is still able to inhibit 

macroscopic phase separation after a large portion of the -casein has been cleaved. 

A coil to helix transition of -carrageenan is required for the stabilization of the phase separating 

system. This transition is believed to result in an increase in negative charge density on -

carrageenan in helix form, and increase interaction with -casein on the surface of the micelles 

(Spagnuolo et al., 2005). In most of the studies reported so far, -carrageenan was added at the 

same time as the non interacting polymers. The coil to helix transition, therefore, occurs in the 

presence of both casein micelles and the non interacting polysaccharide (Flett et al., 2010; Acero-

Lopez et al., 2010). However, changing the order of mixing -carrageenan and beta-glucan may 

result in the formation of helices and cause interactions with the casein micelles prior to the 

formation of phase separated domains. This may change the number of available -carrageenan 

chains for stabilizing the phase separated protein rich domains.  The present work will address the 

effect of changing the order of polysaccharide addition to milk, which so far has never been fully 

addressed.  

Initially the ability of -carrageenan to inhibit macroscopic phase separation of protein rich 

domains in mixtures of milk containing beta-glucan during rennet gelation was examined. The 

effect of changing the order of the addition was then evaluated: -carrageenan was either added 

before or together with beta-glucan to milk to test if a change in the environment during the coil-
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helix transition of -carrageenan upon cooling would affect the ability of -carrageenan to aid in 

the formation of high beta-glucan rennet gels.   

 

5.3 Materials and Methods 

5.3.1 Milk and beta-glucan stock preparation 

Untreated milk was obtained from the research station of the University of Guelph (Ponsonby 

Research Station, Guelph, Canada). Milk was immediately skimmed using centrifugation (model 

J2-21, Beckman Coulter, Mississauga, Canada) at 6000g for 25 min at 4°C. Sodium azide 

(0.02% w/v) (Fisher scientific, Mississauga, Canada) was added prior to skimming to avoid 

bacterial growth. Skimming was completed passing milk (4) through glass fiber filters 

(Whatman, Fisher Sci). A bench top ultra-filtration unit (0.1 m
2
) equipped with PLGC 

regenerated cellulose cartridge (10 kDa nominal cut-off, Millipore Corp., Bedford, USA) was 

used to concentrate milk proteins to 2 based on volume reduction (milk was concentrated only to 

2x, since only one concentration was tested in this study). The milk serum (permeate) obtained 

after filtration was used to prepare beta-glucan stock solution, and re-diluting the 2 milk to 

original milk protein concentration (1). Therefore milk proteins were exposed to a similar ion 

and lactose composition as in skim milk.  

A stock solution of high molecular weight oat beta-glucan isolate (1.6 x10
-6

 D and 80% w/w 

purity) (POS Pilot Plant, Saskatoon, Canada) was prepared, dissolving 1.2 % (w/w) beta-glucan 

in milk permeate at 90C for 3h. Mixing milk and  0.2% beta glucan resulted in protein rich 

spherical microscopic domains. -carrageenan from Kappaphycus alvarezii (cottonii), provided 

by Danisco (Scarborough, Canada) was dissolved in the milk mixtures at a fixed final 

concentration of 0.015 % (w/w). In all cases, mixing of -carrageenan occurred at 60C for 30, 

which is required for its hydration and solubilization in milk (Acer0-Lopez, 2010). 2x milk and 

beta-glucan resuspended in milk serum, and -carrageenan were mixed in two different ways, to 
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determine the effect of order of addition on the structure of the final product.  

In a set of experiments -carrageenan was added to milk containing beta-glucan (at different 

concentrations) at 60C and mixed for 30 min as previously reported (Acero-Lopez et al., 2010). 

The samples were then cooled down to 30 C, and rennet (Chy-max Ultra, 790 IMCU.mL
-1

, Chr-

Hansen, Milwaukee, USA) was added to induce gelation of milk proteins at a concentration of 

0.018 IMCU.mL
-1 

milk. It is expected that by employing this mixing order, -carrageenan 

interacted with casein micelles after the formation of the microscopic phase separated domains.   

In a second set of experiments, -carrageenan was added to concentrated milk (2x) and then 

hydrated at 60C for 30 min. In this order both the concentration of -carrageenan and milk 

proteins are double, and with a higher ratio of polysaccharide/potassium ions. Hence, under these 

conditions, coil to helix transition occurs but with a different distribution between casein-

polysaccharides and -carrageenan chain interactions. These interactions occurred in the absence 

of the phase separating beta glucan, which was added after cooling to 30C.  

It was hypothesized that phase separation, which occurs immediately after mixing, could be better 

controlled by maximizing the interactions between casein micelles and -carrageenan before 

addition of the phase separating polysaccharide.  

 

5.3.2 Rheological measurements 

A controlled stress rheometer (AR 1000 with Rheology Advance Data Analysis version 5.0.38 

software, TA Instruments Ltd., New Castle, USA) was used to measure storage and loss modulus 

at a constant strain of 0.01, a frequency of 0.1 Hz and initial stress of 6 mPa, for 120 min, at 

30C. Temperature was controlled with an external water bath (Fisher Scientific Isotemp 3016, 

Fisher Sci., Whitby, ON, Canada). Oscillatory measurements were followed by a frequency 

sweep (0.01 to 10 Hz) at an oscillation stress of 0.5 Pa and a stress sweep (from 0.01 to 10 strain) 

at constant frequency of (1 Hz). The samples (with and without -carrageenan) were mixed with 
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rennet at 30C poured into the cup, and oscillatory measurements started after pre-shearing the 

sample at 100 s
-1

 shear rate for 10 s. Results were plotted using Sigma Plot 10 (SPSS Inc., 

Chicago, IL,USA). 

5.3.3 Microstructure analysis 

A multi-photon upright confocal scanning laser microscope (DM 6000B) equipped with a Leica 

TCS SP5 system (Wetzlar, Germany) was used to observe the microstructure formed upon 

mixing beta-glucan and milk after gelation with and without -carrageenan. Rhodamine B 

(Sigma-Aldrich Co, Missouri, USA) was used to stain milk proteins at a concentration of 0.01% 

(w/v) milk. An excitation filter at λ=543 nm and emission filter at λ=580 nm were used to 

visualize milk proteins (Heilig et al., 2009). At the concentration levels used for this study 

rhodamine B did not affect the rheological properties of the mixed systems measured by 

rheometer (results not shown). Samples were placed on a slide and sealed after mixing milk (with 

or without -carrageenan) and beta-glucan with rennet and incubated at 30C for 2 h in a water 

bath.  A 63x oil immersion objective was used to visualize the samples.  

 

5.3.4 Statistical measurements 

All measurements were performed in triplicate and significant differences were determined 

using t test in SPSS software (Paws statistics 18, IBM Corp, NY, USA) where required.  

 

5.4 Results 

5.4.1 Rheological measurements 

Figure 5.1 compares the development of the elastic moduls (G’) and tan  during renneting for 

milk containing beta-glucan with or without -carrageenan. In these samples, -carrageenan was 

added together with beta-glucan before cooling to 30 C. The addition of -carrageenan to milk 

did not affect the time of gelation as well as the gel development, as clearly shown also in Table 
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5.1.

In the presence of 0.1% beta-glucan gelation occurred, as determined by the reaching of a tan  

value <1, however, the values of G’ were quite low.  At the low concentrations of beta-glucan, 

the mixtures are visually stable and under the phase separation curve (Chapter 3, Figure 3.1). In 

these systems, not visibly phase separated, the gelation point occurred earlier than for control 

milk. The formation of these microscopic phase separated domains (see Chapter 4), resulted in 

the development of a gel network at a faster rate than control milk. This is not fully explained as a 

volume fraction effect, as it has been shown recently that a higher concentration of protein in milk 

does not result in an earlier rennet gelation point, under similar conditions (Sandra et al., 2011). 

For mixtures containing 0.1% beta-glucan, in the presence of -carrageenan, the storage modulus 

increased and the time of gelation was significantly reduced, due to formation of complexes 

between casein micelles and -carrageenan in the helical form.  

At higher beta-glucan concentrations (>0.1% w/w), depletion interactions forced casein micelles 

to form larger phase separated domains, and no appreciable network formation was noted in the 

absence of -carrageenan. This can be attributed to a rennet induced gelation occurring within the 

phase separated domains, with little connectivity between the domains (Figure 5.1A). On the 

other hand, in the presence of -carrageenan, at a concentration below its gelling (0.015% w/w), 

the samples showed the formation of a gel network, with an appreciable increase in the stiffness 

of the gels in the mixtures containing high beta-glucan concentration (> 0.1% w/w) (Figure 5.1B). 

The gelation time of these gels and tan  at plateau were lower than that shown for the samples 

containing 0.1% (w/w) beta-glucan (P < 0.05) (Table 5.1).  It is possible to conclude, as expected, 

that although microscopic phase separation occurred by addition of beta-glucan, the interactions 

between helical -carrageenan and casein micelles were able to stabilize the phase separated 

domains, and allow connectivity between the domains during rennet gelation.  

In the samples containing beta-glucan and -carrageenan, the gel development (identified as the 
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value of G’ measured after 1 min of the addition of rennet in Table 5.1) was different with 

different beta-glucan concentration.  The number of linkages formed in the gels containing 0.2% 

beta-glucan was higher than for the gels containing 0.4% beta-glucan (Table 5.1).  

The reason for the differences in the connectivity relates to the volume fraction of the continuous 

phase, reducing the connectivity between the domains (Figure 5.2).  It is also important to note 

that with 0.4% (w/w) beta-glucan, the high viscosity of the continuous phase as well as the very 

slow diffusivity of the casein micelles (see Chapter 4), may have also inhibited the formation of 

linkages between neighboring domains.  

Figure 5.1 also clearly demonstrates that in these systems the gel modulus, unlike in control 

rennet induced gels, reached to plateau value over time. The results clearly suggested that using 

-carrageenan it was possible to control the growth of the microscopic phase-separated domains 

and form gels with nutritionally significant concentrations of beta-glucan. 
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Figure 5.1 Development of G’ (filled symbols) and tan  (empty symbols) during renneting of 

control (A), and 0.015% w/w -carrageenan added (B) milk (2.8% w/w protein) samples with 0% 

(), 0.1% (∆), 0.2% (□), 0.4% ()(w/w) beta-glucan (-carrageenan is added at the same time 

with beta-glucan). The y axes are different in A and B. Results are representative of 3 replicates. 
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Table 5. 1. Comparison of gelation time (tan =1), the value of tan  at plateau, and final G’ in 1x 

milk (M) with different beta-glucan (BG) concentrations without and with -carrageenan. -

carrageenan was added to milk in presence of beta-glucan.   

 

 

 
 

  

Gelation time (min) tan   at plateau G' (Pa) at 120 min

1xM, 0 % BG 53.1 ± 2.46
a

0.26 ±  0.01
a 17.7 ± 5.4

a

1xM, 0 % BG with -car 45.0 ± 7.9
ab

0.25 ± 0.02
a 20.2 ± 4.7

a

1xM, 0.1% BG 43.8 ± 1.37
b

0.29 ± 0.02
a 10.1 ± 2.3

b

1xM, 0.1% BG with -car 44.7 ± 2.1
b

0.28 ± 0.01
a 52.2 ± 7.1

c

1xM, 0.2% BG N/A N/A N/A

1xM, 0.2% BG with -car 20.7 ± 8.06
c

0.3±0.04
a 53.62 ± 3.3

c

1xM, 0.4% BG N/A N/A N/A

1xM, 0.4% BG with -car 19.8 ± 4.2
c

0.37 ± 0.035
a

34.3 ± 5.2
f
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5.4.2 Microstructure of mixed systems before and after rennet gelation 

Figure 5.2 represents the microstructure of gels obtained after renneting control skim milk and 

milk containing 0.015% -carrageenan. -carrageenan did not affect the microstructure of 

hydrolyzed casein micelles as was also reported previously by Acero-Lopez et al, (2010). 

Figure 5.3 illustrates the microstructure of milk containing different beta-glucan concentrations 

with -carrageenan before rennet addition, and after gelation. All gels were obtained by adding 

both polysaccharides before cooling. As previously discussed, when added to milk, beta-glucan 

caused phase separation of the milk proteins, forming spherical droplet like structures at 

concentrations >0.1%w/w. The top images of Figure 5.3 clearly show the protein rich domains 

within a continuous phase of beta-glucan (not stained, dark area) at the high concentrations.  After 

renneting, gels were formed in the presence of -carrageenan, and the sphericity of the domains 

disappeared, indicating the development of connectivity between the domains, caused by the 

presence of -carrageenan bridges between casein micelles. Earlier work has shown a similar 

micro-structure in the gels of phase separating systems stabilized with -carrageenan (Acero-

Lopez et al., 2010).  
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Figure 5.2 Microstructure of renneted control milk (A) and milk with 0.015% -carrageenan after 

2 h. The red color represents coagulated milk proteins stained by rhodamine B. 
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Figure 5.3 Microstructure of milk mixtures containing 0.1 (A,B) 0.2 (C,D) and 0.4 (E,F) % (w/w) 

beta-glucan containing samples upon mixing (upper row) and after rennet gelation in the presence 

of 0.015% -carrageenan (bottom row). Red color represents protein rich phase, while black areas 

represent beta-glucan rich phase. 
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The microstructure pictures supported the rheological measurement discussed earlier.  A spanning 

network consisting of bridged domains was formed in the presence of -carrageenan, and a high 

concentration of beta-glucan created much larger pores causing a lower storage modulus. 

 

5.4.3 Order of addition of beta-glucan.  

 
Figure 5.4 compares the effect of the order of addition of beta-glucan. The milk mixture, 

containing -carrageenan with 0.1% beta-glucan is located under the binodal curve on the phase 

separation diagram and does not form visual, macroscopic phase separated domains (Figure 3.1). 

However, as previously shown (Chapter 4) microscopic phase separated domains form 

immediately after mixing.   

After addition of rennet, gelation occurred in both milk mixtures; however, the structure 

development was different depending on the order of addition of beta-glucan. Although the time 

of gelation and tan  value at plateau was not different, the gel stiffness, shown by the G’ value, 

was reduced when -carrageenan was added before the addition of beta-glucan (table 5.2). This 

may indicate a less effective stabilization of the microscopic phase separated domains, and the 

formation of larger beta-glucan rich pores within the gel structure, in the case when -

carrageenan was added first in the mixture, the milk was cooled and then beta-glucan added. It 

may also be due to increased extent of thermodynamic incompatibility between non interacting 

biopolymers (Vrij, 1976), caused by the formation of complexes between casein micelles and -

carrageenan and increase in the actual size of the casein micelles (Dalgleish et al., 1988).  

The hypothesis that the mixing order affects the phase separating domains, and the rennet induced 

gelation in the milk mixtures was also tested at a higher concentration of beta-glucan.  Figure 5.5 

shows the changes occurring to the storage modulus for milk containing 0.2 and 0.4% w/w beta-

glucan, in the absence of -carrageenan, and with -carrageenan added either before or together 

with beta-glucan.  
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Figure 5.4 Development of G’ (filled symbols) and tan  (empty symbols) in milk (2.8% w/w 

protein) with 0.1%  (w/w) beta-glucan, 0 % w/w -carrageenan (), 0.015% w/w -carrageenan 

added at the same time as beta-glucan (◊), 0.015% w/w -carrageenan added before mixing with 

beta-glucan (∆). Results are representative of 3 replicates. 
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Figure 5.5 Development of G’ (filled symbols) and tan (empty symbols) in 1xM with 0.2% 

(w/w) (A), and 0.4% (w/w) (B) beta-glucan with Control without -car (), -carrageenan added 

at the same time as beta-glucan (◊), and -carrageenan added before mixing with beta-glucan (∆).  

Results are representative of 3 replicates.  
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Table 5. 2. Addition of beta-glucan after -carrageenan. Comparison of gelation time (tan =1), 

the value of tan  at plateau, and final G’ in 1x milk (M) with different beta-glucan (BG) 

concentrations when beta-glucan  was added after cooling milk containing 0.015 % w/w -

carrageenan to 30 C. results are compared to table 5.1  

 

 
 

 

 

 

 

 

 

 

 

 
 

Gelation time (min) tan   at plateau G' (Pa) at 120 min

1xM, 0.1% BG 22.8 ± 5.1 
a

0.26 ± 0.03
a 43.8 ± 2.5

a

1xM, 0.2% BG 16.2 ± 5.1
a

0.33 ± 0.03
b 3.45 ± 2.4

b

1xM, 0.4% BG 19.4 ± 3.2 
a

N/A 0.12 ±  2.2
b
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In all cases, the thermodynamic incompatibility between beta-glucan and casein micelles resulted 

in macroscopic phase separation upon mixing, in the absence of -carrageenan. After renneting, 

no gel could be identified.   

With -carrageenan added, the mixed systems showed a gel point around 20 min, regardless of 

the concentration of beta-glucan or its mode of addition (i.e. before or after cooling (Tables 5.1 

and 5.2). As already discussed for lower beta-glucan concentration (Figure 5.3) rennet induced 

gelation was not affected by the mode of addition, and it reflected the formation of a sufficient 

number of bonds in the protein rich phase separated domains. On the other hand, the order of 

addition of beta glucan strongly affected the structure development and the stiffness of the gel.  

Indeed, if beta-glucan is added after mixing milk with -carrageenan and cooling, the gel 

structure is disrupted and G’ is significantly reduced. At 0.2% beta-glucan, G` remained higher 

than G` throughout the renneting time, with the same tan  value at plateau (table 5.2). However, 

gel stiffness was reduced significantly when beta-glucan was added after cooling milk containing 

-carrageenan (Figure 5.4 A).  

Figure 5.5.B clearly shows that a higher extent of gel disruption occurred with higher beta-glcuan 

concentrations, and although tan  reached to 1 but it increased after the gel network disruption.  

In the first experiment where milk, beta-glucan solution, and -carrageenan were heated to 60 C 

and cooled down to 30C for rennet addition, -carrageenan transition to the helical form resulted 

in formation of smaller domains, which controls the size and growth of the domains during 

renneting and aggregation of casein micelles. However, since coil to helix transition does not 

occur in the presence of beta-glucan in the second order of mixing, phase separated domains form 

with very low number of connections between the domains, especially at higher beta-glucan 

concentrations. Domain size is not controlled and results into phase separation of hydrolyzed 

casein micelles and beta-glucan.  
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5.5 Conclusions 

Based on these results, -carrageenan induced stability between phase separating domains is not 

only dependent on interaction with casein micelles (Spagnuolo et al., 2005), but also the extent of 

bridging between casein micelles, possibly through helix-helix interactions between -carragenan 

molecules. With the addition of -carrageenan at concentrations below its gelation to the mixture, 

it is possible to control the size and growth of phase separated domains, and to form a continuous 

gel network between the casein micelles and domains, reducing beta-glucan depletion and 

inhibition of macroscopic phase separation. Accordingly, when milk proteins start to aggregate in 

the second stage of rennet gelation (after about 80% of caseino-macro-peptide is released), the 

growth of the phase separated domains can be controlled.  

However, the mode of addition of beta-glucan is critical. When the formation of casein micelles 

and -carrageenan complexes was enhanced, by mixing these two biopolymers first, and only 

after cooling, phase separation was initiated, the extent of phase separation was larger, and there 

was a collapse of the gel structure formed.  

Based on these results, it was concluded that macroscopic phase separation can be kinetically 

controlled in the mixtures of beta-glucan and milk proteins in the presence of -carrageenan at 

concentrations below gelation.  This confirmed previous work carried out using high methoxyle 

pectin (Acero-Lopez et al., 2010). Using -carrageenan it was possible to control the size of the 

microscopic phase separated domains formed and inhibit macro phase separation through 

entrapment of beta-glucan in the continuous gel network between the domains. This makes it 

possible to meet the suggested concentrations levels of beta-glucan by FDA (1997) and Health 

Canada (2010) for the nutritional health claim on the final food product. To be able to stabilize, 

the non-interacting polymer should be present when coil to helix transition occurs to form small 

domains and control growth.  
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Chapter 6. Shear Stabilized Micro-Phase-Separated Dairy Gels 

Containing Nutritionally Significant Concentrations of Oat Beta-glucan 

 

6.1 Abstract  

The addition of non interacting polysaccharides, such as beta-glucan, to milk results in formation 

of phase separated protein and polysaccharide domains. The objective of this work was to 

evaluate structure formation in mixtures of high molecular weight oat beta-glucan and skim milk 

during renneting, at different concentrations of milk proteins and beta-glucan. By changing the 

volume fractions of the biopolymers it is possible to create different phase separated structures, 

from water in water emulsion systems to bi-continuous structures. It was hypothesized that 

mixing prior to gelation may allow for a better control of the growth of the phase separated 

domains. Mixtures were continuously sheared until approximately 80% of the CMP was released. 

Longer shearing time would result in disruption of the bonds formation during gelation. In 

general, within a shear rate and beta-glucan concentration, increase in protein concentration 

caused an increase in the gel stiffness, because of increased connectivity between the casein 

micelles inside and between the domains. At low concentrations of beta-glucan (0.2 % w/w), an 

increase in shear rate reduced gel stiffness, due to reduction in the size of droplet like structures 

formed in these mixtures. However, at 0.4% beta glucan an increase in pre-shear rate did not 

affect the gelation time or the final gel modulus due to slower growth of micro domains with the 

high viscosity developed at high beta-glucan concentrations. Shearing affected the type of gel 

formed, depending on the micro-structural features of the phase separated system. After shearing 

followed by quiescent rennet induced structure formation, there was high connectivity between 

the phase-separated domains, when bi-continuous structures formed after mixing. Water in water 

emulsion however formed very weak gels.  This research demonstrated that by careful control of 

mixing during the preliminary stages of gel formation, it is possible to create micro phase 
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separated gels which could be used as novel platforms for delivery of micronutrients and 

nutritionally significant concentrations of dietary fiber.   

6.2 Introduction 

Thermodynamic incompatibility of macromolecules differing chemically and structurally is 

typical of food systems (Tolstoguzov, 2006).
 

In a thermodynamically unstable system, 

spontaneous phase separation occurs, either by spinodal decomposition or by a nucleation and 

growth process (Desai and Kapral, 2009). Spherical droplets (water in water emulsion systems) 

form when the volume fraction of one of the two biopolymers is small, while if the volumes are 

equal, interconnected structures will form during aging (Scholten, 2006). These morphologies 

proceed rapidly after mixing, and coarsen by coalescence or Ostwald ripening, ultimately 

resulting in visibly phase separated systems.  

Despite their many applications in many other industries (such as in composites) and the common 

formation of these structures in food systems, the optimization of phase separated domains in 

food matrices has been poorly addressed. Often challenges occur related to the ability of 

controlling the kinetics of phase separation, and fine tuning the size of phase separated domains 

in mixtures. Recently (see Chapter 4) diffusing wave and ultrasonic spectroscopy have been 

employed to determine changes occurring to phase separating particles immediately after mixing, 

in situ, without dilution. This allowed observations on the time dependent spatial modifications of 

the casein micelles within and between domains. 

Since phase separation is a diffusive process, gelation is shown to reduce the kinetics of phase 

separation and ultimately arrest the micro phase separated structures (Wolf et al., 2000). 

Knowledge of the time of onset of phase separation or the changes occurring within the phase 

separated domains, in relation to the progress of the gel network formation, is crucial for 

understanding the generated morphology and the material properties of the phase-separated 

biopolymer mixtures (Williams et al., 2001).  

In this research, mixtures of mixed linkage high molecular weight oat beta-glucan and milk 
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proteins were chosen as a phase separating model system. The system has been well characterised 

in the past (Kontogiorgos et al., 2006; Konuklar et al., 2004) and it is known to cause 

instantaneous phase separation at nutritionally significant concentrations of polysaccharide. 

Microstructural studies have also shown that spherical or bi-continuous domains form upon 

mixing beta-glucan with milk proteins (Kontogiorgos et al., 2009a). As illustrated in Chapter 3, 

under quiescent conditions,  the high molecular weight oat beta-glucan causes visible phase 

separation at concentrations > 0.2% w/w. At these concentrations, with mixing, milk containing 

beta-glucan either develop droplets rich in milk proteins or bi-continuous structures. Phase 

separation does not allow formation of a gel network between the protein domains. 

It was therefore hypothesized that by continuous mixing during the preliminary stages of 

renneting, it is possible to control the growth of the domains, and form structures profoundly 

different from those prepared under quiescent conditions.  However, it has been shown that 

shearing causes a shift in the binodal curve towards lower protein concentrations, in phase 

separating mixtures of whey protein isolate and -carrageenan (Gaaloul et al., 2009). It has also 

been shown in whey protein concentrated gels that the critical amount of protein to form a gel 

network is reduced at high shear rates (Taylor & Fryer, 1994).  

The main objective of this work was to stabilize phase separated structures using shear up to the 

onset of gel network formation at different protein and polysaccharide concentrations, to cover an 

ample range of the phase separating spectrum. Gelation was induced using chymosin (rennet), 

which specifically cleaves the Phe105-Met106 bond on -casein to release the hydrophilic 

portion of the protein (caseino-macropeptide (CMP)) in solution. The hydrolysis causes decrease 

in electrostatic and steric stabilization of the casein micelles (Dalgleish, 1980), and aggregation 

occurs only after the release of > 85% of CMP (Sandra et al., 2007).  Controlling structures 

formed by phase separation using pre-mixing is a promising tool for developing new matrices for 

delivery of high concentrations of nutrients in food products. 
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6.3 Materials and Methods 

6.3.1 Milk and beta-glucan stock preparation 

Skim milk, concentrated milk and beta-glucan dispersions were prepared as previously described 

(Chapter 4). In brief, skimmed milk was concentrated to 4x using a laboratory scale ultrafiltration 

unit (0.1m
2
) equipped with regenerated cellulose cartridge (PLGC, 10 kDa nominal cut-off, 

Millipore Corp., Bedford, MA, USA), and the ultrafiltration permeate was employed to dissolve 

beta-glucan, as well as to adjust the final mixtures. The mixtures tested contained 2.8, 5.6 and 

8.4% w/w protein, corresponding to 1x, 2x, and 3x milk (based on volume reduction), 

respectively and the final mixtures contained 0.2 and 0.4% (w/w) beta-glucan. Rennet (Chy-max  

790 IMCU.mL
-1

; Chr-Hansen, Milwaukee, USA) was added at a concentration of 0.018 

IMCU.mL
-1 

milk during incubation at 30C. Time zero was defined as the time rennet was added 

to the mixtures of milk and beta-glucan. 

 

6.3.2 Caseino macropeptide (CMP) release 

To determine the mixing time, the primary stage of the enzymatic reaction was followed by 

determining the extent of CMP released as a function of time in control milk. Previous research 

demonstrated that within the range of protein and enzyme concentration used in this study, the 

rate of CMP release is not affected by milk concentration (Sandra et al., 2007). The analysis of 

CMP release was carried out as previously reported (Sandra et al., 2007). Rennet was added to 

milk equilibrated at 30ºC for 30 min. At appropriate time intervals the reaction was stopped by 

addition of TCA, and the samples were then centrifuged. The supernatant was analysed using 

HPLC (Thermal Separation, Burlington CA) was equipped with a degasser, pump, autosampler, 

UV detector (set at 210 nm) and operated with ChromQuest software (version 4.1, Thermal 

Separation). The column used for this analysis was a Pharmacia Biotech µRPC C2/C18 ST 

4.6/100 (Piscataway, NJ, USA) with a Vydac C-4 guard column (Mandel, USA). A nonlinear 



88 

 

gradient between solvent A (0.1% TFA in water) and solvent B (0.1% TFA in 90% acetonitrile) 

was employed for peak separation (Lo´pez-Fandin˜ et al., 1993). 

 

6.3.3 Rheological measurements 

Rheological measurements were performed using a controlled stress rheometer (Physica MCR 

301, Anton Paar, Ostfildern, Germany) and a concentric cylinder geometry (C-PTD200, diameter 

of cup and bob: 28.92 and 26.66 mm, respectively). The samples were mixed at different 

concentrations of milk proteins (2.8, 5.6, and 8.4 % (w/w)) and beta-glucan (0, 0.2 and 0.4% 

(w/w)), poured immediately (after 30 s stirring) after mixing with rennet in the cup. 

Measurements started with pre mixing for 10 s at 100 s
-1

 shear rate, and then mixing for 17.5, 20, 

25 min at 50 or 100 s
-1

 shear rates. Immediately after mixing interval, oscillatory measurements 

commenced at constant 0.1% strain, at a frequency of 1 Hz at 30C for 2 h.  

 

6.3.4 Microscopy  

An upright multi-photon confocal scanning laser microscope (DM 6000B) connected to a Leica 

TCS SP5 system (Wetzlar, Germany) was used to observe microstructures formed. Rhodamine  B 

(Sigma-Aldrich Co, Missouri, USA) at 0.01% (w/v milk) concentration was used to stain milk 

proteins and visualized using an excitation filter at λ=543 nm and emission filter at λ=580 nm 

(Heilig et al., 2009). More details can be found in Chapter 3. For the rennet gels, the samples 

were placed on a slide and sealed after addition of rennet, and incubated at 30 C for 2 h. 

Alternatively 100 l were taken from the cup in rheometer immediately after shearing, and then 

incubated at 30 C for 2 h.  

 

6.3.5 Statistical measurements 

All measurements were performed in triplicate and significant differences were determined 
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using t test in SPSS software (Paws statistics 18, IBM Corp, NY, USA) where required.  

 
6.4 Results and Discussion 

 

6.4.1 Rennet induced gelation 

6.4.1.1. Studies on the initial stages of renneting, under shear.  

To evaluate the length of mixing time, the rate of hydrolysis of -casein was determined in milk 

at different protein and beta-glucan concentrations. Rennet induced aggregation of milk can be 

divided in two distinct steps, a primary step, where the enzyme is specifically cleaving -casein 

from the surface of casein micelles, and a secondary step after >85% of the CMP has been 

released,  where the caseins aggregate and form a gel network (Dalgleish et al., 1980). The 

hydrolysis of CMP was then followed to determine the critical time when about 80% of -casein 

was hydrolyzed. This time was considered the critical point at which shearing of the mixtures 

needed to be stopped. After this point, the casein micelles interact with each other and form a gel 

network (Sandra et al., 2011), and further mixing would disrupt gel formation.   

The primary stage of rennet gelation was  studied in control milk (with no beta-glucan) at various 

protein concentrations.  In all cases, the critical CMP release was reached after about 20 min, 

confirming previous reports, where using similar rennet concentrations, the kinetics of CMP 

release did not vary with protein concentration. Figure 6.1 illustrates the changes occurring to the 

preceding stages of gelation for 1x concentrated milk. Figure 6.1A clearly shows that after about 

20 min, most of the CMP was released from the casein micelles.  When milk was mixed with 

0.2% beta-glucan, protein rich droplets form immediately after mixing, as shown in the insert of 

Figure 6.1B (the dark areas are beta-glucan rich areas). During renneting of this mixture with 

continuous mixing, the viscosity remained constant until about 20 min, when it started to increase 

due to increased interactions between rennet-altered casein micelles (Figure 6.1B).  
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Figure 6.1 CMP release in 1x milk (2.78% protein) as a function of time (a), and changes in 

viscosity (shearing at 50 s
-1

) over time  17 min (), 20 min () and 25 min (∆) in 1x milk (2.8% 

protein) and 0.2% beta-glucan (b). The image is taken immediately after mixing (3 min), red 

droplets represent protein rich droplets and dark area represent beta-glucan continuous phase. 

Similar results were also obtained for 100 s
-1

.  
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It was therefore concluded that all the experiments should be carried out with an initial mixing 

duration of 20 min, since shearing for a longer time would disrupt the bonds formed between 

aggregates and the gel network formation between the micro-phase separated domains.  

Figure 6.2 illustrates changes in viscosity after addition of rennet for milk at different protein 

(2.8, 5.6 and 8.4% w/w) and beta-glucan concentrations (0.2 and 0.4 % w/w). The samples were 

mixed at constant shear rates (50 or 100 s
-1

). As expected, the values of apparent viscosity 

decreased when higher shear rate was applied. All control samples showed a constant viscosity 

over time up to 20 min, with an increase with increasing protein concentration. In mixtures 

containing 0.2% (w/w) beta-glucan (Figure 6.2A), the viscosity did not change in the first 20 min 

after rennet addition, while it showed an increase for milk containing 0.4% (w/w) beta-glucan 

(Figure 6.2 B).  

To determine if under those conditions, aggregation started to occur prior reaching 80% CMP 

release, we followed the changes in the apparent diameter of the casein micelles using dynamic 

light scattering, measuring the apparent diameter of the casein micelles after redilution in 

permeate after 15 and 20 min of rennet addition, with continuous mixing. The results showed no 

differences in the apparent size of the casein (results not shown).  

 

6.4.1.2. Network formation under quiescent conditions  

After mixing for 20 min, the mixtures were kept under quiescent conditions, to allow for 

aggregation of the rennet altered casein micelles. It has been previously reported (Sandra et al. 

2011) that the time of gelation, under similar experimental conditions to those of this work, is not 

affected by protein concentration. Similarly, in this work the increase in protein concentration did 

not affect the time of gelation (defined as tan =1) and stiffer gels formed at higher protein 

concentration (Table 6.1).  

Figure 6.3 illustrates the changes occurring to the elastic modulus (G’) and tan where  is the 
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phase angle), measured using small strain rheology, during renneting in 1x, 2x, and 3x milk 

samples with no beta-glucan added. Mixing before the point of gelation did not affect the time of 

gelation (defined as tan =1) in 1x and 2x milk and stiffer gels formed at higher protein 

concentration (Table 6.1).  

In the case of more concentrated milk (3x milk, containing 8.36% w/w protein), gelation seemed 

to be hindered and the number of linkages reduced by increasing the shear rate in the initial stages 

of renneting (Table 6.1). The effect of shear on gelation of casein micelles has never been 

reported before, and more work is needed to evaluate this effect. The behavior of tan during 

structure formation and its valueat plateau was not different between different protein 

concentrations and shearing rates (Figure 6.3). 
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Figure 6.2  Apparent viscosity measured after the addition of rennet in milk at different protein 

concentrations: 1x ();  2x (∆), 3x (□) and containing 0.2% (A) or 0.4% (B) beta glucan.  Milk 

samples were sheared at 50 s
-1

 (filled symbols) and 100 s
-1

 (empty symbols). The coefficient of 

variation of the data was always less than 0.05%. Note the differences in the y axes. 
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Figure 6.3 Development of G’ and tan  during rennet gelation in 1x (A), 2x (B), 3x (C) control 

milk samples (with no beta glucan added), quiescent (), pre-sheared at 50 s
-1

 (▲) and 100 s
-1

() 

for 20 min. The results are representative of three replicates. (Note the difference in Y axes in G’, 

A follows the left Y axes and B and C follow the right Y axes) 
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Table 6. 1. Gelation parameters measured in rennet induced gels for control milk (no beta glucan 

added) at different protein concentration, with no mixing or mixing at 50 or 100 s
-1

 before 

gelation.  Gelation time (as tan=1), value of G’ after 120 min from rennet addition. Values are 

the average of 3 independent experiments. 

 
 

 

  

Sample name Treatment Gelation time (min) tan  at plateau final G' (Pa)

1xM quiescent 64.4 ± 7.9 
a

0.26 ± 0.02 
a

18.25±5.6
a

1xM sheared @ 50 s
-1

65.9 ± 6.3 
a

0.28 ± 0.03 
a

21.99±4.3
a

1xM sheared @ 100 s
-1

70.00 ± 4.5 
a,b

0.24 ± 0.02 
a

16.45±5.3
a

2xM quiescent 60.00 ± 4.5
a

0.25 ± 0.01 
a

110±6.7
b

2xM sheared @ 50 s
-1

48.08 ± 10.2
a,c

0.24 ± 0.02 
a

100.83±5.2
b

2xM sheared @ 100 s
-1

61.28 ± 5.2 
a

0.25 ± 0.02 
a

106.89±4.5
b

3xM quiescent 48.9 ± 2.9 
a,c

0.25 ± 0.01 
a

676.9±15.2
c

3xM sheared @ 50 s
-1

66.6 ± 5.3 
a,b

0.25 ± 0.03 
a

289.27±10.3
d

3xM sheared @ 100 s
-1

89.0 ± 4.2 
d 0.25 ± 0.02 

a
54.89±8.3

e
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Additions of 0.2% beta-glucan to milk caused profound changes in the behaviour of the mixtures 

during renneting. Figure 6.4 shows the micro images of milk at various concentrations (1x, 2x 

and 3x) containing 0.2% w/w beta-glucan upon mixing, and changes in G’ and tan in the same 

samples after renneting. Shearing was applied for the first 20 min of the measurement with a rate 

of 50 or 100 s
-1

 and development of gel modulus was followed next. The behaviour is also 

compared to that of control mixtures with no pre-shear applied. Under quiescent condition, phase 

separation inhibited the formation of a gel network in all samples. In  2x and 3x milk a sol to gel 

transition occurred around 40 min, much earlier than in milk without beta glucan (Table 6.2). The 

earlier sol to gel transition in phase separated systems has been previously noted (see table 5.1) 

but it is not simply an effect of volume fraction, as shown in Table 6.1. The lack of structure 

formation in the phase separated sample with spherical droplet like structure under quiescent 

conditions was the gelation of casein micelles within domains, with little connectivity between 

domains. In samples with bi-continuous structures formed at intermediate concentrations of beta-

glucan (Figure 6.4 B), there were sufficient linkages to obtain a self supporting network, albeit 

with a very low G’ value.     

In 1x milk in the presence of 0.2% beta-glucan (Figure 6.4A) pre-shearing at 50 and 100 s-1 did 

not allow formation of a network between domains and the value of tan  never reached 1 for 

these samples (Figure 6.4 and Table 6.2). Pre-shearing at higher milk concentration resulted in 

formation of self supporting gels. However, in 2 x milk, formation of a mixture of spherical and 

bi-continuous domains upon mixing, resulted in less connection between spherical domains after 

stopping the shear, and a lower final G’ with no significance between using different pre-shearing 

rates. The value of tan  at plateau was similar between the gelled mixtures. 

      
A A B C 
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Figure 6.4 Micro structure of 1xM (A), 2x M (B), 3x M (C) with 0.2% beta-glucan mixtures upon 

mixing and development of G’ and tan  during rennet gelation in the same mixtures, quiescent 

(), pre-sheared at 50 s
-1

 (▲) and 100 s
-1

() for 20 min. (Note the difference in Y axes in G’, A 

and B follow the left Y axes and C follows the right Y axes) and the bar on the image represent 

50 m. 
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Table 6 2 Gelation parameters measured in rennet induced gels for milk with 0.2% beta-glucan at 

different protein concentration, with no mixing or mixing at 50 or 100 s
-1

 before gelation.  

Gelation time (tan =1), value of tan  at plateau, and final G’ in 0.2% w/w beta-glucan 

containing samples. 

 

 

 

 

 

 

 

 

 

 

 

 

Sample name Treatment Gelation time (min) tan  at plateau final G' (Pa)

1xM, 0.2% BG quiescent N/A N/A N/A

1xM, 0.2% BG sheared @ 50 s
-1 N/A N/A N/A

1xM, 0.2% BG sheared @ 100 s
-1 N/A N/A N/A

2xM, 0.2% BG quiescent 39 ± 10.02
a 0.26 ± 0.02 2.8 ± 5.5

a

2xM, 0.2% BG sheared @ 50 s
-1

45.0 ± 7.5
a 0.28 ± 0.03 6.5 ± 6.8

a

2xM, 0.2% BG sheared @ 100 s
-1

40.0 ± 3.9
a 0.3 ±0.04 3.08 ± 10.9

a

3xM, 0.2% BG quiescent 48.00 ± 4.5
a N/A 0.69 ± 0.1

b

3xM, 0.2% BG sheared @ 50 s
-1

44.00 ± 5.5
a 0.27 ± 0.03 104 ± 11.5

c

3xM, 0.2% BG sheared @ 100 s
-1

39.41 ± 4.3
a 0.29 ±0.02 65.99 ± 12.1

d
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Pre-shearing in 3x milk with 0.2% w/w beta-glucan resulted in an increase in G’ with a gelation 

time comparable to that of quiescent control 3x milk without beta-glucan (see Tables 6.1 and  

6.2). The value of  G’ measured after 120 min was much lower than that measured in control 3x 

milk (Table 6.1 and 2). Micro-structure of this mixture upon mixing reveals formation of a 

homogenous bi-continuous structure (Figure 6.4). In this case, pre-shearing rate had a statistically 

significant effect on the value of G’.  The elastic modulus measured after pre-shearing at 50 s
-1

 

had a higher final G’ compared to pre-shearing at 100 s
-1

, which could be probably due to 

formation of smaller domains formed and less connection between them at the higher shear rate 

(50 s
-1

).  When compared to the control experiments under shear (Table 6.1) it is also possible to 

conclude that at 100 s
-1

 the initial stages of the gel development were disrupted.  It is important to 

note that, as in the case of 2x milk mixtures, also for the 3x milk with 0.2% beta glucan, the 

changes in tan  with time were similar between samples and reached to a statistically equivalent 

value at plateau. 

To evaluate the effect of different phase separated structures formed upon mixing, the same 

experiments were also performed with at higher concentration of beta-glucan (Figure 6.5). It is 

important to note that under these conditions, the amount of beta glucan in the gel would be 

sufficiently high to be nutritionally significant. To maintain constant the initial volume of the 

mixtures, only mixtures containing 0.4% w/w beta-glucan and 1x and 2x milk were tested. While 

the 1x milk forms spherical domains in the mixture at 0.4% beta-glucan, the 2x milk developed 

bi-continuous structures upon mixing (Figure 6.5). Similarly to what was discussed for samples 

containing 0.2% beta-glucan, phase separation inhibited the formation of a gel network under 

quiescent conditions when 0.4% beta-glucan was added to 1x milk. Pre-shearing this mixture at 

50 s
-1

 resulted in sole to gel transition with a very low modulus in the gels. Higher shear rates 

seemed to disrupt the structure as well (Figure 6.5A and Table 6.3).  On the other hand, 2x 

concentrated milk containing 0.4% beta-glucan showed the formation of a network, even under 

quiescent conditions, due to the formation of bi-continuous structures (Figure 6.5B). Shearing 
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before the point of gelation did not affect the gelation time or the final G’ and value of tan  at 

plateau (Table 6.3). However, there were differences in the development of the tan , which in 

non sheared mixtures showed a peak after gelation, indicating further re-arrangements of the 

structure. In addition, the value of G’  tended to a plateau in the case of sheared samples, while in 

the case of non sheared mixes, there was a continuous increase in G’ with time, typical of rennet 

gels.  The differences may reflect the formation of gels between domains and the difference in the 

size of the domains.  
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Figure 6.5 Microstructure of 1x milk (A), and 2x milk with 0.4% beta-glucan (B), and 

development of G’ and tan  during rennet gelation of same mixtures, quiescent (), pre-sheared 

at 50 s
-1

 (▲) and 100 s-
1
() for 20 min. Note the difference in y axes in G’. Bar on the images 

represent 50 m. 
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Table 6 3 Gelation parameters measured in rennet induced gels for milk with 0.4% beta-glucan at 

different protein concentration, with no mixing or mixing at 50 or 100 s
-1

 before gelation.  

Gelation time (tan =1), value of tan  at plateau, and final G’ in 0.4% w/w beta-glucan 

containing samples. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample name Treatment Gelation time (min) tan  at plateau final G' (Pa)

1xM, 0.4% BG quiescent N/A N/A N/A

1xM, 0.4% BG sheared @ 50 s
-1 79.6 ± 5.2 0.9 ± 0.03 N/A

1xM, 0.4% BG sheared @ 100 s
-1 N/A N/A N/A

2xM, 0.4% BG quiescent 18.3 ± 5.02
a

0.26 ± 0.02
a

2.8 ± 5.5
a

2xM, 0.4% BG sheared @ 50 s
-1

22.0 ± 4.3
a

0.28 ± 0.03
a

6.5 ± 6.8
a

2xM, 0.4% BG sheared @ 100 s
-1

29.5 ± 2.9
a

0.3 ±0.04
a

3.08 ± 10.9
a
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6.4.2 Microstructure of mixed biopolymers 

To better evaluate the effect of shear on the gels obtained from the phase separated mixtures, 

microstructure analysis was carried out on the rennet gels after 2 h of incubation.  

Comparing the microstructure of the mixtures upon mixing and after 2 h of gelation in pre-

sheared samples showed that only samples with an initial bi-continuous structure have formed a 

strong gel network with pre-shear gelation.  Figure 6.6 illustrates microstructure of these mixtures 

(2× and 3× milk (5.57% and 8.36% w/w protein) with 0.2% w/w beta-glucan, and 2x milk with 

0.4% beta-glucan) upon mixing, and after 2h of rennet addition with pre-shearing applied at 50 

and 100 s
-1

. Deceiving micro-images obtained from gels formed under quiescent condition due to 

phase separation. 

As is illustrated here the size and structure of domains after gelation is different using different 

pre-shearing rates. A higher shearing rate resulted in formation of smaller droplet like structures 

at 0.2% beta-glucan, while these structures had a lower final G’ (Figure 6.4). The smaller droplets 

probably had less bonds formed between the domains, after stopping shear at 100 s
-1

 which could 

be due to less protein available to make bonds at higher shearing rate (Taylor & Fryer,1994). This 

is while there is not much of a difference between micro-images obtained from 2x milk with 0.4% 

w/w beta-glucan after gelation, which could be due to high viscosity in the background that once 

shearing was stopped resulted in a faster separation of aggregating micelles. Based on these 

images the initial bi-continuous structures are converted to spherical structures during mixing and 

upon stopping shear the aggregation of micelles on the surface of domains result in inhibition of 

phase separation. 
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Figure 6.6 Microstructure of 2× (first row) and 3× (second row)  milk mixed with 0.2% Beta-

glucan, and 2x milk with 0.4% beta-glucan upon mixing (first column) and after 2 h of renneting, 

pre-sheared  at 50 (second column) and 100 s
-1

 (third column). 

 

 Quiescent   Pre-shear @ 50 s
-1

  Pre-shear @ 100 s
-1

 

 
2x milk,0.2% beta-glucan  

 
3x milk,0.2% beta-glucan 

 
2x milk, 0.4% beta-glucan 
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6.5 Conclusions 

Entrapping micro phase separated domains in a rennet induced casein micelles network hindered 

macroscopic phase separation of beta-glucan and milk proteins under particular conditions of 

polymers concentration and shear rates. Formation of a stable and self-supporting gel mainly 

depended on the concentration of protein and polysaccharide and the type of structures formed 

upon mixing. Comparing all samples at different protein and beta-glucan concentrations revealed 

that pre shearing up to the point of gelation causes the formation of novel structures.  For each 

shear rate and beta-glucan concentration combination, an increase in protein concentration 

significantly increased the stiffness of the gel (p<0.05), possibly because of the increased number 

of bonds within the network, and more defined beta-glucan phase separated domains. 

Development of G’ over time, however, depended on the size of the domains, initial solution 

composition, and rate of mixing. In general, formation of bi-continuous structures appeared to be 

important to form a self-supporting gel. Shearing during rennet gelation appears to be useful in 

entrapment of incompatible polymers in the gel network of casein micelles.  
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Chapter 7. Conclusions 

 

This research was designed to evaluate strategies for the control of the formation of 

microscopically phase separated domains in dairy gels. The use of gelation to control the growth 

of the domains seems to be a good strategy to develop novel platforms for the delivery of 

sufficient concentrations of thermodynamically incompatible polysaccharides for health claims. A 

number of studies have shown that two different phases form after mixing beta-glucan with milk 

proteins. Phase separation results in instability and excessive syneresis when beta-glucan is 

incorporated in dairy food products.  

In this study a phase behaviour diagram was constructed showing the beta-glucan and milk 

protein concentrations limits which cause phase separation. The work was conducted maintaining 

constant the ionic and serum composition of the medium, unlike most of the studies available in 

the literature regarding milk. Beta-glucan showed thermodynamic incompatibility with milk 

proteins (casein micelles) at concentrations lower than required for its health benefits (<0.2%). 

Different structures (spherical or bi-continuous) were formed upon mixing in mixtures located 

higher than the binodal curve on the phase separation diagram. Spherical droplets rich in protein 

formed at high beta-glucan concentrations while spherical droplets rich in beta-glucan formed at 

high protein concentration. Inter-connected structures formed when volume fraction of the protein 

and polysaccharides were close to each other. While the rheological properties of these mixtures 

were mainly dependent on the high viscosity developed by beta-glucan in the serum, development 

of different structures increased the viscosity in the phase separating mixtures.  The phase 

separated domains form due to an imbalance in the density of protein and polysaccharide 

dispersed evenly in solution. The attractive forces between casein micelles in close proximity of 

each other result in depletion of beta-glucan from between them, and phase separation. This was 

proven by theoretical calculation of the interaction forces resulting in phase separation of casein 

micelles and beta-glucan upon mixing. 
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In this research, the changes in dynamics of phase separation were followed in situ using 

spectroscopic techniques which do not require dilution of the sample: diffusing wave 

spectroscopy and ultrasound spectroscopy. It was shown that once phase separation result in 

micro-domains formation upon mixing, casein micelles diffusivity does not change over time. 

This clearly demonstrated that immediately after mixing, the casein micelles are forced to 

correlate spatially with each other and reach the minimum allowable distance. After that, in some 

samples (mostly those with bi-continuous structures) the turbidity parameter (1/l*) and the 

attenuation of sound still change, but these changes can be attributed mostly to an increase in the 

interactions between the casein micelles and rearrangements of the domains. The changes were 

less visible in systems where the diffusivity of the casein micelles was reduced to that of closed 

packed spheres within the domains. . 

Since creating stable structures in phase separating systems require immobilizing them upon their 

formation, kinetic stabilization induced by -carrageenan at concentrations lower than phase 

separation were investigated. Since one of the main objectives of this research was to develop 

novel structures as a delivery system for incorporating beta-glucan at health promoting 

concentrations, mixtures of beta-glucan at a constant protein concentration were tested here. It 

was shown that -carrageenan molecules, at concentrations lower than those required for 

gelation, stabilise the protein rich micro phase separated domain, and this allows for a careful 

control of structure formation during rennet-induced gelation.  The results clearly demonstrated 

that the order of the addition of the phase separating polysaccharide has a profound impact on the 

stability of the phase separated domains.   

Another approach to hinder macroscopic phase separation was shown in the last Chapter of this 

thesis.  By using pre-shear, up to the point of gelation, it was possible to fine tune the initial 

structure of the mixtures, forming gel networks with different rheological and microstructural 

properties.   
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