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Abstract 

 
       Acidified dairy products are one of the oldest types of food products. Unfortunately 

all of them are low in dietary fibre. Thus, to improve health benefit of these products the 

idea of fortifying them with dietary fibre seems attractive. However dairy products 

enriched with Glucagel (a commercial product that is high in barley !-glucan) were 

found to suffer from textural defects. When the Glucagel concentration exceeded a 

certain value (5 g/L), dramatic phase separation was observed in set yogurt and yogurt 

drink with volume fraction of casein micelles greater then 0.108. To investigate 

interactions of !-glucan polymers and casein micelles in the milk prior to setting of 

yogurt, mixtures of yogurt milk and Glucagel were systematically studied. Depending on 

the volume fraction of casein micelles and the Glucagel concentration, a stable phase or a 

gel or a sedimented material could exist. The driving force for phase separation was 

depletion flocculation of casein micelles in the presence of !-glucan. The phase 

separation responsible for textural defects in yogurt systems supplemented with high 

amounts of Glucagel can be avoided by the reduction of !-glucan molecular weight, a 

process that limits the range of attraction between micelles. Incubation of Glucagel with 

lichenase for 90 min resulted in homogeneous (stable) yogurt systems with Glucagel 

concentrations as high as 10 g/L.  
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1. Introduction 

      Milk fermentation has been practised by many ancient cultures to produce a product 

with extended shelf-life. However, later, when preservation techniques became widely 

available, interest in manufacturing of fermented dairy products such as yogurt 

decreased. Since then the product was used basically only as a naturopathic medicine. 

The second life of yogurt started after the 1950s when the image of the product changed 

from a health market product to a widely available inexpensive dessert or snack. 

According to worldwide production data the market of yogurt products is still expanding 

(Tamime & Robinson, 2007b). For instance, in Canada production of yogurt increased 

from 58,320 to 164,810 tonnes per year between 1988 and 2002 (Statistics Canada, 

2002). 

      Yogurt is produced through milk fermentation with lactic acid bacteria, where 

bacteria utilize milk sugar (lactose) and produce lactic acid resulting in an increase in 

milk acidity. When the pH of the milk reaches " 4.6, casein micelles present in milk 

(casein complexes) aggregate due to the loss of steric repulsion (de Kruif, 1997; de Kruif 

& Holt, 2003; de Kruif & Tuinier, 2005; Tuinier & de Kruif, 2002). As a result of the 

aggregation, casein micelles create a network causing transition of milk from fluid to the 

solid state (gel). That acid-induced dairy gel is the simplest type of yogurt, and is known 

as set yogurt. With the growth of the yogurt market, the varieties and types of yogurt 

products were expanding as well. These days besides set yogurt, stirred and drink yogurts 

can also be found on the market. Stirred and drink yogurts are products created by 

subjecting set yogurt to different degrees of mechanical treatment.     

      Even though yogurt manufacturing has reached large production values, and research  
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on fermented dairy products has a long history, textural defects in commercially 

produced yogurt products still occur (Lucey, 2002). One of the most common defects 

which has a negative impact on the acceptance of the product by customers is whey 

separation (Lucey, 2002). Whey separation is a separation of the serum phase from the 

yogurt during storage as a result of syneresis or (and) sedimentation processes causing 

the liquid phase to pool on the top. Syneresis, which usually occurs in the set type of 

yogurt, is a result of the contraction of the gel without the application of external forces 

due to rearrangements in the network after gel formation (Lucey & Singh, 1998). 

Sedimentation, which usually occurs in yogurt drinks, is a result of sedimentation of 

casein aggregates (particles of broken gel) at the bottom of the container (Laurent & 

Boulenguer, 2003). Several techniques can be employed to help reduce whey separation 

rates in yogurt. The most common are: yogurt milk heat treatment, increase in 

concentration of dairy solids and use of stabilizers.         

      Dietary fibre (DF) is a structural component of the edible parts of plants, which 

recently has been recognized as an essential part of the human diet due to its 

physiological digestive functions and potential health benefits (Gropper et al, 2005). !-

glucans from cereals are a soluble DF and are the main element of starchy endosperm cell 

walls and the aleurone layer of many cereals (Lazaridou & Biliaderis, 2007; Miller & 

Fulcher, 1995). Cereal !-glucan has been to shown to reduce both blood cholesterol and 

glucose (Drzikova et al, 2005; Ripsin et al, 1992; Wood et al, 1994a). Additionally, 

cereal !-glucan has been officially recognized by the United States Food and Drug 

Administration as a food product which is able to reduce the risk of cardiovascular 

diseases (United States Food and Drug Administration, 2008). Morgan & Ofman (1998) 
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introduced an economic method of production of a high in !-glucan product made from 

barley called Glucagel. Now Glucagel is available on the market and is used as an 

additive to various foods low in DF to increase their nutrient content. 

      Yogurts contain high amounts of protein and calcium; they are usually low in fat and 

many of them contain probiotic bacteria. However yogurts naturally do not include any 

DF. Thus it looks attractive to increase the functionality of yogurt by supplementation 

with DF. Gustaw (2008), Lazaridou et al (2008) and Vasiljevic et al (2007) studied the 

possibility of production of set yogurt enriched with cereal !-glucan. All three 

researchers concluded that if a certain threshold of cereal !-glucan concentration is 

exceeded (usually less than 1%) dramatic physical changes in yogurts occur. Particularly, 

extremely high whey separation was observed. Lazaridou et al (2008) assumed that the 

observed effect is attributed to the interruption of the casein network during its formation 

due to depletion flocculation of casein micelles. 

      Depletion flocculation theory describes the attraction between spherical colloidal 

particles dispersed in a solution of non-adsorbing polymer. The theory predicts that the 

attraction between colloidal particles occurs as a result of the imbalance of the osmotic 

pressure between the bulk solution of the polymer and the region between particles 

(Asakura & Oosawa, 1958). The magnitude of the attraction between particles increases 

with increase of the osmotic pressure of the polymer solution. The range of the attraction 

depends on the thickness of depletion layer around a particle, and this is governed by the 

size of the polymer (Asakura & Oosawa,1958).  

      Depletion flocculation of casein micelles in milk has been induced by polymers 

including exocellular polysaccharide (EPS), guar gum and carrageenan, as studied by 
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Tuinier & de Kruif (1999); Tuinier et al (2000); Bourriot et al (1999) and Langendorff et 

al (2000). However, to our knowledge there is not much information on the behavior of 

casein micelle/cereal !-glucan systems (except for the already mentioned studies on set 

yogurt supplemented with !-glucan). 

      In order to get a deeper understanding of the behavior of acidified dairy products 

enriched with cereal !-glucan the following objectives of the work were outlined. First, it 

was assumed that if the dramatic phase separation occurred during the setting of cereal !-

glucan enriched yogurt (Lazaridou et al, 2008) then the same separation should occur in 

milk. Thus, additionally to yogurt samples, experiments on yogurt milk (the same 

ingredients as in set yogurt and yogurt drink but without starter culture) were planned. 

According to Lietor-Santos et al (2010); Lu et al (2008); Faers et al (2006); Lu et al 

(2006), Verhaegh et al (1999) and Parker et al (1995) numerous scenarios of phase 

behaviors of colloidal particle/non-adsorbing polymer non-dairy systems can occur 

depending on the volume fraction of particles and the polymer concentration. Therefore, 

the influence of the volume fraction of casein micelles and !-glucan concentration on the 

phase behavior of yogurt milk during cold storage were planned. Tuinier & de Kruif 

(1999) and Tuinier et al (2000) observed that decreasing the molecular weight of EPS and 

guar gum resulted in a shift of the stable/unstable phase border line to a higher polymer 

concentrations region which means that the minimum concentration of polymer required 

to induce flocculation increased. Thus, the reduction of the molecular weight of !-glucan 

should also influence the phase behavior of yogurt milk. That influence was planned to 

be tested in the present study as well.  

      Secondly, the behavior of the set yogurt and yogurt drink (where the gel structure of  
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the yogurt is broken to create a fluid) during cold storage were planned to be investigated. 

Similar to yogurt milk, studies of the variation of the parameters including volume 

fraction of casein micelles, concentration and molecular weight of the !-glucan were 

planned to be investigated. Finally, the results of all three yogurt systems (milk, set and 

drink) were compared to draw similarities and so obtain a better understanding of dietary 

fibre enrichment of dairy systems.  
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2. Literature review 

2.1. Physicochemical characteristics of the caseins 

2.1.1. Introduction 

      Caseins are the most abundant type of proteins and are found in all milks. Analyses 

indicate that caseins represent 76-86 % of total proteins in bovine milk, which accounts 

for 24-28 g/L. Caseins demonstrate a high degree of variability in primary structure and 

post-translational modifications such as phosphorylation and glycosylation. Consequently 

caseins differ in their physicochemical characteristics such as hydrophobicity, net charge 

and calcium-sensitivity. In milk, caseins generally exist not as individual molecules but 

as complexes (known as micelles) saturated with calcium phosphate and other inorganic 

salts. Understanding the structure and physico-chemical characteristics of these 

individual caseins is necessary to comprehend internal arrangement of micelles 

(Swaisgood, 2003).   

 

2.1.2. Families  

      Modern literature distinguishes four main families of casein, "s1-, "s2-, #- and !-

caseins which are present in bovine milk at different concentrations. As an addition to the 

mentioned four families, some researchers recognize another one, the !-casein peptides, 

classified in earlier studies as $-caseins. !-casein peptides include various !-casein-

derived peptides formed due to limited proteolytic action of plasmin (indigenous 

proteinase in bovine milk). The concentration of !-casein peptides in bovine milk is low 

(1-2 g/L). The "s1- caseins are the most commonly occurring caseins with typical 

concentrations of 12-15 g/L of milk. Typical !-casein concentrations vary between  9-11 
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g/L, and #- and "s2- caseins are usually present at similar concentrations of 3-4 g/L 

(Swaisgood, 2003). 

 

2.1.3. Genetic variants  

      Each of the four casein families can be sub-divided into several genetic variants. 

Table 2.1 represents the nomenclature of various casein genetic variants. The symbol of 

the genetic variant consists of the letter (A, B, C, D or E which indicates a genetic 

variant) and a following number (from 1P  to 13P), which represents the quantity of 

phosphoseryl residues. !-casein peptides are mainly sub-divided based on which 

fragment of the !-casein polypeptide chain they arise from (29-209, 106-209 or 108-209).  

      Casein genetic variants are not present in milk in equal or random proportions. 

Concentrations of each of these variants vary depend mostly on source (breed of animal). 

However as a rule, some genetic variants occur much more frequently than the others 

regardless of the milk source. Underlined variants present in Table 2.1 are the most 

commonly occurring caseins for each of the four genes of casein (Swaisgood, 2003). 

 

2.1.4. Primary and secondary structure 

      The first works on caseins defined caseins as phosphoproteins which can be 

precipitated from milk at pH 4.6. However presently caseins are identified by their 

primary structure (amino acid sequence) (Holt, 1992). Detailed primary structures of 

caseins and their differences between genetic variants can be found in several works such 

as Holt (1992), Swaisgood (2003) and Farrell et al (2004).   

      Caseins were always considered to be highly disordered proteins or random coils with  
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Table 2.1. Nomenclature of casein genetic variants, the most abundant variants 
underlined (number of total residues for underlined genetic variants). 
 

very little secondary structure. In fact, caseins do not show evidence of denaturation upon  

heating. Additionally, the ratio of the radius of gyration of !-casein to its molecular mass 

is higher compared to globular proteins, suggesting an open conformation. 

Holt & Sawyer (1993) introduced the concept of rheomorphic proteins to describe the 

open and flexible secondary structure of casein.  Holt & Sawyer (1993) provided the 

following conclusions regarding the secondary structures of caseins from various milk 

sources: 

- Phosphorylated sites (containing phosphate groups) of molecules are extended, flexible 

and unordered, 

- Flanks of phosphorylated sites have short "-helix forms, 

- Apart from the phosphorylated sites, !-strand structure predominates, 

- "-helix and !-strand structures are frequently disrupted by proline residues at position 2 

of the !-turns, which causes an inability to form secondary structures.     

      Swaisgood (2003) proposed that understanding of caseins as disordered polymers 

with little secondary structure is incorrect. Various spectra and predicting algorithm 

methods confirmed the presence of significant amounts of secondary structure. Nearly  
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50 % of "s1-, "s2- and !-caseins residues can be present in "-helix, !-strand or !-turn 

structures. The "s1-, "s2- and !-caseins were found to have higher amount of "-helix and 

less !-structure than #-casein. 

 

2.1.5. Post-translational modifications 

      After the polypeptide chains of caseins are synthesized they undergo post-

translational modifications (PTM) such as phosphorylation and glycosylation. PTM 

occurs most likely as a result of casein kinase activities carried out in the Golgi apparatus. 

PTM brings additional heterogeneity in the nomenclature of caseins and at the same time 

provides caseins with structural characteristics which play a critical role in micelle 

formation, structure and stability (Holland, 2009).  

 

2.1.5.1. Phosphorylation 

      All caseins are phosphorylated.  However phosphate moieties or phosphomonoesters 

(Figure 2.1) occur in caseins at different levels, and mostly at seryl, and rarely at 

threonyl, residues.  Also, not all potential sites are phosphorylated. A distinguishing 

feature of "s1-, "s2- and !-casein molecules is that their phosphoseryl residues are not 

evenly distributed along the polypeptide chain but rather concentrated in groups from two 

to four residues called clusters of phosphoseryl residues. The presence of such clusters is 

associated with a high density of negative charges (Horne, 2009). For "s1- and !- caseins, 

the cluster sequence is Glu-PSer-X-PSer- PSer-Glu-Glu, where PSer is phosphoserine 

and X is Leu or Ile. For "s2-caseins that sequence is PSer-PSer-PSer-Glu-Glu and PSer-

PSer-PSer-Glu-PSer-Ala-Glu (Swaisgood, 2003). The "s2- caseins have the highest  
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Figure 2.1. Phosphomonoester. 

number of phosphoryl residues (refer to Table 2.1), which makes them the most sensitive 

to ionic strength and cations such as calcium. At the same time "s2- caseins have a higher 

diversity of phosphorylation as well. The #-caseins mainly consist of mono-

phosphorylated form, and as a result they are free of clusters of phosphoseryl residues 

(several, close to each other phosphomonoesters are required to form a cluster). However 

a few studies have identified #-caseins with three phosphoseryl residues (Holland, 2009). 

Nevertheless these phosphoamino acids of #-casein were not concentrated into clusters 

(de Kruif & Holt, 2003). 

 

2.1.5.2. Glycosylation 

      #-casein is the only glycosylated casein, although nearly 80 % of #-caseins are non-

glycosylated (Swaisgood, 2003). Carbohydrate moieties consist of three 

monosaccharides: neuramic acid (NeuAc), galactose (Gal) and N-acetylgalactosamine 

(GalNAc) and are present as monosaccharide (0.8 %), disaccharide (6.3 %), 

trisaccharides (36.9 %) or tetrasaccharides (56 %). The last two can be present in linear 

or in branched forms (Holland, 2009). Moieties are usually attached to the threonyl 

residues, however serine 141 can be glycosylated as well. For #-CN A-1P glycosylation 



 11 

sites are 131,133, 135, 136 and 142, for #-CN B-1P 131, 133, 135 and 142 (Swaisgood, 

2003). Studies showed also that Thr 166 of #-CN A-1P can be glycosylated or 

phosphorylated. The extent of glycosylation can vary from 1 to 4 carbohydrate moieties 

per polypeptide chain of #-casein.   

 

2.1.6. Calcium sensitivity 

      Calcium sensitivity is an important characteristic of caseins which is crucial in the 

ability of these proteins to form micelles. Phosphoseryl residues and glutamic acid of 

casein are involved in Ca2+ binding, thus caseins can be precipitated by these ions at 

millimolar concentrations. Calcium binding ability of individual caseins grows with an 

increase in the degree of phosphorylation and drops with dephosphorylation. Calcium 

binding grows also with an increase of temperature and pH and decreases with increasing 

of ionic strength (Holt, 1992).  Calcium-sensitivity of !-caseins is a unique case, shown 

to be extremely temperature dependent compared to other caseins. Studies showed that !-

casein does not get precipitated by calcium at 4 °C (Horne, 2009). Swaisgood (2003) 

presents the following calcium sensitivity sequence "s2 > "s1 > ! > #-caseins. The "s2- 

caseins have the highest number of anionic phosphoseryl residues (Table 2.1) which 

makes them the most sensitive to ionic strength and to cations such as calcium. The 

absence of clusters of phosphoseryl residues in #-caseins makes them insensitive to the 

presence of cations, i.e., they remain soluble, and do not belong to the class of calcium-

sensitive caseins. 
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2.1.7. Molecular weight 

      Molecular weights of "s1-, "s2- and !-caseins are relatively similar and vary between 

25400-22077 Da. #-caseins (nonglycosylated) have lower values 19038 and 19006 Da for 

#-CN A-1P and B-1P respectively. The presence of carbohydrate moieties increases the 

molecular weights of #-caseins. Each trisaccharide chain would give an additional 657 

Da and tetrasaccharide, 948 Da. As a result, the mass of #-CN B-1P with three 

trisaccharides would be 20977 Da (Swaisgood, 2003). 

 

2.1.8. Net charge 

      Another characteristic of caseins is their net charge, usually measured at pH 6.6 as it 

is close to the natural pH of fresh milk. Net charge is also an important characteristic 

which controls the internal structure of micelles. Values of the net charges of caseins 

decrease in the following sequence "s1 > "s2 > ! > #-caseins. "s1-caseins have the highest 

net charges of -21, -21.9, -20.9 and -23.5 for "s1-CN A-8P, B-8P, C-8P and D-9P 

respectively (charges calculated from composition). In contrast, the #-caseins 

(nonglycosylated) have the lowest values of -3 and -2 for #-CN A-1P and B-1P 

respectively. Glycosylated #-caseins have higher net charges as a result of the presence of 

carboxylic groups of neuramic acid. Thus #-CN B-1P with three NeuAc would have a net 

charge around -5 (Swaisgood, 2003). 

      The distribution of charged residues along the polypeptide chain of caseins is unique. 

It is not uniform but rather concentrated in clusters as presented in Figure 2.2 

(Swaisgood, 2003). The high densities of negative charge clusters (pH 6.6) are associated 

with positioning of clusters of phosphoseryl residues and glutamic acid residues. Each  



 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Scheme of the charged and hydrophobic regions of distribution in "s1-, "s2-, !- 
and #- caseins. Made from the data presented by Swaisgood (2003).  
 

phosphoseryl residue contributes nearly -1.5 e at pH 6.7 (Horne, 2009).  

      Swaisgood (2003) demonstrated the significant and distinct changes in charge 

distribution in caseins. The 41-80 residues region in "s1-casein is a highly polar domain 

and has a net charge around -20.6, while the remainder of this molecule has a charge 

close to 0. The "s2-casein has three negatively charged domains at 8-12, 56-63 and 129-

133 residues located close to the N-terminal with a net charge around -21. The C-

terminus of !-casein has almost no charge while the N-terminus (1-21 residues) is highly 

charged and carries almost all the charge of the molecule at -11.5. Finally #-casein carries  
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almost all its charge at the C-terminus.   

 

2.1.9. Hydrophobicity   

      Similar to charge distribution, hydrophobicity in caseins is not scattered uniformly 

but rather concentrated in hydrophobic domains which are interrupted by polar regions 

(Figure 2.2). Hydrophobicity of caseins decreases in the following sequence ! > # > "s1 > 

"s2 caseins (Swaisgood, 2003). Unlike the "s1- and "s2- caseins, !- and #-caseins have 

distinct hydrophobic and polar ends which allow them to act as amphipathic substances. 

      In study by Dickinson et al (1997) a self-consistent-field model was used to predict 

conformation of "s1- and !-caseins on planar hydrophobic interfaces. It was found that 

the "s1-casein molecule in most cases has a loop-like shape. The section of "s1- casein 

belonging to the loop is hydrophilic, expanded into the solution region, and it contains a 

high concentration of charged groups, mostly phosphoseryl residues. Two hydrophobic 

ends (trains) of "s1- casein stay close to the hydrophobic surface. Also, the tail-like 

conformation of the "s1- casein with the N-terminus extended into solution occurs, but 

only rarely.  

      !-casein mostly exists in a tail-like shape. The N-terminus of !-casein is a hydrophilic 

region, saturated with ionic groups, so that acts as a “dangling tail” extended far into the 

solution. The hydrophobic C-terminus is a long train which remains close to the surface. 

Nevertheless, a loop-like !-casein shape can occur as well but less frequently. Using 

these findings, Horne (1998) drew schematic representations of the train-loop-train 

conformation of "s1- casein and the tail-train conformation for !-casein (Figure 2.3).              

      Based on the distribution of polar and hydrophobic domains, #-caseins are a mirror 
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Figure 2.3. Schematic diagrams of conformations (a) "s1- casein and (b) !-casein, 
adsorbed onto a planar hydrophobic interface. 
© Horne D (1998). Casein interactions: Casting light on the black boxes, the structure in 
dairy products. International Dairy Journal, 8, p.172. Figure 1 used with permission 
from Elsevier on February 5, 2010. 
 

 image of !-casein, with a polar C-terminal and a hydrophobic N-terminal. #-casein can 

be divided into two fragments, hydrophobic para- #-caseins fragment (f1-105) and polar 

glycomacropeptide (GMP) fragment (f106-169) which includes all the glycosylated and 

phosphorylated sites. These two fragments are connected by a chymosin-sensitive bond 

(Phe105-Met106). That unique structure allows #-caseins to play an important role in the 

stabilization and flocculation of casein micelles in milk. The addition of the proteolytic 

enzyme chymosin (rennet), which is usually used in the cheese-making process, cleaves 

the polar GMP from hydrophobic para-#-caseins.  

 

2.1.10. Casein self-association 

      The presence of long hydrophobic domains in caseins allows for self-association 

assembly in polymers. The nature of this self-association is driven by hydrophobic 

interactions of hydrophobic domains between caseins. Thus, trains of "s1- caseins 

molecules link together producing a worm-like chain (Figure 2.4 a). Horne (1998) 

concluded that "s2-caseins would associate similarly to "s1- caseins. !-caseins polymerize 

as well producing hedgehog-like micelles (Figure 2.4 b) at definite concentrations, with a  
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Figure 2.4. Polymeric structure of (a) "s1- caseins (b) !-caseins.  
© Horne D (1998). Casein interactions: Casting light on the black boxes, the structure in 
dairy products. International Dairy Journal, 8, p.172. Figure 2 used with permission 
from Elsevier on February 5, 2010. 
 

core composed of hydrophobic domains and an outer hairy layer of hydrophilic N-

terminuses. At room temperature, pH 6.6 and with no salts present, !-caseins create 

polymer-micelles made of 20-50 !-casein molecules (O`Connell et al, 2002).       

      Polymerization of !-caseins was shown to be extremely temperature-dependent. At 

temperatures lower than 10 °C, !-caseins do not associate and are present mostly as 

monomers. #-caseins get polymerized forming micelles with a form similar to !-casein 

micelles (O`Connell et al, 2002). They, however, do not exhibit temperature dependence 

of association as extreme as !-caseins. 

      However, self-association of caseins can continue to a limited extent, which is 

governed by electrostatic repulsion related mainly to charged clusters of phosphoseryl 

residues (Horne, 2009). The reduction of casein net charges should reduce electrostatic 

repulsion and allow polymers to extend their growth while contrary to this, an increase in 

net charge would lead to size reduction. This statement was proven experimentally. 

Decrease of pH caused casein net charge to be titrated away by acid, resulting in a size 
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increase of both "s1- and !-casein polymers. The effective net charges can be also 

reduced by increasing the ionic strength of the solution. Addition of calcium ions was 

shown to increase the molecular weight of "s1- and !-casein polymer. Horne (1998) 

predicted that "s2-casein polymers would behave according to the same pattern. Since #-

caseins do not bind calcium ions due to absence of clusters of phosphoseryl residues the 

self-association of #-caseins cannot be aided by addition of these ions. 
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2.2. Casein micelles 

2.2.1. Introduction 

      Around 95 % of the caseins present in milk are in the form of spherical aggregates, 

called casein micelles. The biological function of casein micelles is not well understood. 

de Kruif & Holt (2003) suggest that because caseins are poor in essential amino acids 

they do not have high nutritional value thus the main biological function of casein 

micelles is to act as a transport of calcium to mammal offspring.   

      The diameter of micelles varies between 50-500 nm  (average 200 nm (de Kruif, 

1998)) and their average mass is 108 Da (Fox, 2003). The micelles are dispersed in a 

continuous phase containing water, lactose, salts and whey (serum) proteins. It is reported 

that there are around 1014 -1016 casein micelles per one milliliter of milk, which means 

that they are packed relatively close to each other with a distance between surfaces of 

neighboring micelles of less than one micelle diameter (Horne, 2009). However, Fox 

(2003) reports that the distance between micelles is around two micelle diameters. In 

addition, the assumption of average casein diameter of 200 nm would lead to 

unrealistically high volume fractions of casein micelles for 1014 to 1016 micelles per 

milliliter of milk. The volume fraction of the casein micelles in natural milk is around 

0.11 (de Kruif et al, 1992). Voluminosity (effective hydrodynamic volume) of the casein 

micelles is 4.4 cm3/g (de Kruif, 1998).   

      Nearly 6 % of casein micelle mass (on a dry basis) comes from evenly distributed 

small particles (diameter ~2.5 nm) of inorganic salts collectively named colloidal calcium 

phosphate (CCP). CCP includes mainly calcium and phosphate with small amounts of 

magnesium and citrate. Casein micelles have highly hydrated configurations as their 
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water content is around 63 % of the micelle and their hydration rate is equal to 3.7 g of 

water per gram of casein (Fox, 2003).  

      Casein micelles also have a dynamic nature which means that their structure 

undergoes changes with changes in environmental conditions such as temperature, pH, 

ionic strength, water activity etc. Casein micelles are in addition able to scatter significant 

amounts of light which gives milk its white color.  

      It is universally accepted that natural milk behaves as a semi-dilute dispersion of hard 

spheres (casein micelles) in the dispersion medium (milk serum). Thus milk can be 

described using hard sphere models (Jeurnink & de Kruif, 1993). The model assumes the 

micelles to be particles with strong repulsion when the distance between them is short. 

The range of that repulsion is much smaller (< 7 nm brush thickness) than particle size 

(diameter 200 nm). The model supposes no interactions when the distance between 

particles is large (de Kruif, 1992). Additionally the viscosity % of diluted milk can be 

described using the Einstein equation for a highly dilute (#&0) dispersion of hard spheres 

                                                                                                          (2.1) 

where ! is the volume fraction of particles and "s is the viscosity of the continuous phase. 

For semi-dilute (# $ 0.2)  dispersion of hard spheres Batchelor`s equation (Batchelor, 

1977) of relative viscosity "r  (%r = %/%s) is applicable 

                                                                                                      (2.2)                                                                                                           

where k' is Huggins coefficient,  which represents hydrodynamic interactions between 

hard spheres,  

                                                                                                     (2.3)                                                                                                       

where () is a Baxter interaction parameter which represents the degree of adhesiveness 
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between spheres. For the hard sphere model () = +*, which means that spheres are not 

adhesive (Jeurnink & de Kruif, 1993). 

 

2.2.2. Casein micelle structure 

      Casein micelle structure has been a topic of many debates. As a result, several 

theoretical models of micelle assembly can be found in the literature. The difficulty in 

coming to consensus is based on the fact that the model should support all experimentally 

identified characteristics of casein micelles, such as micellar structure, stability, 

dissociation, physical properties, acid and rennet coagulation and flocculation by ethanol 

(Horne, 2009). While the surface organization of the casein micelle is in agreement with 

all the existing models, it is the internal structure which is highly discussed. 

 

2.2.2.1. Internal structure 

      At least three models of the internal structure of casein micelles are known and those 

include: sub-micelle, dual-binding and nanocluster models. 

  

2.2.2.1.1. Sub-micelle model 

      The main characteristic of the sub-micelle model is that it consists of distinctive sub-

units. The classical and the later modified version of the sub- micelle model differ in the 

location of CCP and the nature of interactions between sub-micelles. A scheme of the 

classical model is presented in Figure 2.5. The model contends that the internal structure 

of casein micelles has the following structural characteristics:  

- The micelle is composed of sub-micelles with a diameter of 10-15 nm, which consists 
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Figure 2.5. Scheme of classical sub-micelle 
model. Modified version of Walstra (1990). 
 

 

Figure 2.6. Scheme of modified sub-micelle 
model. 
© Walstra P (1999). Casein sub-micelles: do 
they exist? International Dairy Journal, 9, 
p.190. Figure 1 used with permission from 
Elsevier on February 22, 2010. 

 

of 15-25 casein molecules bonded to each other hydrophobically. 

- Sub-micelles are connected with each other by CCPs, which act as bridges. The CCPs 

neutralize the negative charges of sub-micelles. 

- There are two types of sub-micelles: 

 The first type composed of "s- and !-caseins, 

 The second type composed of "s- and #-caseins. C-terminals of #-caseins in the 

second type of sub-micelle protrude into the solution. 

- The first type of sub-micelles arrange the internal structure of casein micelle while the 

second type located on the surface provide the micelle with a flexible hairy layer of C- 

terminals of #-caseins (Walstra, 1990). 
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      The modified sub-micelle model (Figure 2.6) was proposed by van Dijk (1992). It 

also assumes the existence of sub-micelles but has some differences when compared to 

the original version. The main differences between this model and the classic one are:  

- Sub-micelles are not linked with each other by CCPs, 

- CCPs are located inside the sub-micelles thus decreasing their net negative charges 

(oppositely to the classical model where CCPs connect the micelles).  

- The decreased net negative charges reduces electrostatic repulsion allowing sub-

micelles to aggregate forming micelles.  

      Researchers following the sub-micelle model support their idea with evidence from 

electron micrographs. The micrographs reveal a bumpy surface of the casein micelle, as 

if it was composed of smaller spheres (sub-micelles). Also neutron and X-ray scattering 

studies have confirmed that the internal structure of casein micelles is composed of sub-

micelles with a radius of 15 nm (Walstra, 1999). The same author suggested that the sub-

micelle model provides the best description of the dynamic structure of casein micelles 

(i.e., changes in size with changes in environment such as pH, ionic strength, water 

activity etc.). At the same time the model explains well the experimental observation of 

reshuffling of casein micelles after renneting. After addition of rennet to milk, casein 

micelles aggregate into the network. Initially strands of that network look like they are 

arranged of individual bonded particles (casein micelles), which can be distinguished 

visually by means of a microscope. In a few hours particles cannot be seen anymore, 

instead the strands obtain a homogeneous structure. Walstra (1999) assumes that with 

time sub-micelles of casein micelles fuse resulting in change of the strands from particle 

to homogeneous shape.   
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2.2.2.1.2. Dual-binding model 

      The dual-binding model (Figure 2.7) takes its name from the basic applied idea that 

the internal structure of a micelle consists of casein molecules linked together by the two 

following types of interactions:  

      1. Cross-linking of hydrophobic regions of caseins.  

As described in the casein self-association section (2.1.10), individual casein molecules 

create polymers through hydrophobic interactions of hydrophobic domains with sizes 

limited by electrostatic repulsion of negatively charged clusters, 

      2. Bridging through calcium phosphate. 

The negatively charged casein polymers are linked to each other through positively 

charged CCP bridges, which decrease the charges of these polymers. 

      #-casein acts as a growth terminator for casein micelles. As previously mentioned #-

casein does not have a cluster of phosphoseryl residues and thus it cannot link through 

CCP. Only hydrophobic interactions of #-casein with other caseins are possible. That 

inability of #-casein to bridge through CCP limits the further micelle growth, leaving #-

casein located on the surface of the micelle. Horne (2009) states that a dual-binding 

model explains well the dynamic nature of casein micelle internal structure, which easily 

undergoes rearrangements by breaking and reattachment of weak hydrophobic bonds. 

Additionally, the same author suggests that this model can explain different experimental 

observations such as the effects of urea, sequestrants, pH and temperature. 
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Figure 2.7. Scheme of dual-binding model. 
© Horne D (1998). Casein interactions: Casting light on the black boxes, the structure in 
dairy products. International Dairy Journal, 8, p.174. Figure 3 used with permission 
from Elsevier on February 5, 2010. 
 

 

2.2.2.1.3. Nanocluster model  

      The nanocluster model (Figure 2.8) has been proposed by Holt (1992) and 

extensively discussed in studies of Holt (2004), de Kruif & Holt (2003) and Little & Holt 

(2004). The model includes the following characteristics: 

- Caseins interact with calcium phosphate through clusters of phosphoseryl residues 

(phosphate centres), 

- A casein micelle of radius 100 nm contains nearly 800 building-blocks called calcium 

phosphate nanoclusters, 

- Calcium phosphate nanocluster structures are composed of a core (a calcium phosphate 

microgranule with a radius of 2.5 nm, 61 kDa) and a surrounding shell created from 

about 50 phosphorylated caseins. The resulting outer radius of the nanocluster is 4 nm,  

- Molecules of "s1- and "s2-caseins are associated with more than one phosphate centre 
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Figure 2.8. Scheme of nanocluster model.+- calcium phosphate microgranules.  
© Holt C (1992). Structure and stability of bovine casein micelles. Advances in Protein 
Chemistry, 43, p.108. Figure 13 used with permission from Elsevier on February 22, 
2010.  
 

and thus they can bridge neighbouring calcium phosphate cores. As such, calcium 

phosphate nanoclusters are cross-linked inside the micelle,  

- The periphery of the casein micelle does not contain any calcium phosphate, thus 

calcium-sensitive caseins are not present.  

Holt et al (1996) showed that calcium phosphate nanoclusters can be created in a lab 

from a solution of calcium phosphate at milk concentrations and !-casein. The created 

nanoclusters were stable and did not show any changes in appearance after sterilization 

and during storage of several months.  

 

2.2.2.2. Surface structure 

      #-caseins are the main compounds of the external structure of casein micelles. They 

are located on the surface of the micelles in such a way that: 

- Hydrophobic para- #-caseins fragments (N-terminal) are strongly linked to the  
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hydrophobic domains of the micelle surface,                                                                                                                

- Polar part glycomacropeptide (GMP) (C-terminals), which represents around 30 % of 

the molecule, are extended into the solution, coating the micelle with a “hairy, 7 nm thick 

layer”. There are around 7500 of these “hairs” per casein micelle with a distance between 

them near to 4 nm (de Kruif & Tuiner, 2005). 

      de Kruif (1999) uses the term “polyelectrolyte brush” referring to the extended layer 

of C-terminals, since these parts of #-casein molecules contain several (~14) negatively 

charged carboxylic groups (at the natural pH of milk) as a result of the presence of 

carbohydrate moieties containing neuramic acid. Compared to neutral brushes, 

polyelectrolyte brushes are more extended due to electrostatic interactions between 

charges on the same and neighbouring GMP chains. However at the high ionic strength 

of milk (around 0.08 M), the polyelectrolyte brush of casein micelle is considered to be a 

“salted brush” (Figure 2.9). “Salted brush” refers to the situation when charges along the 

GMP chain are screened by the counter-ions of salts and thus electrostatic interactions 

have only a short range. Therefore the salted brush of casein micelles can be considered 

as a neutral brush (de Kruif & Tuinier, 2005; de Kruif & Zhulina, 1996). At the same 

time, the presence of counter-ions in milk serum (the milk dispersion medium for casein 

micelles) makes it a very good solvent for these negatively charged GMP chains and 

causes the brush to be freely extended from the surface into the solution. Thus charges on 

GMP support stretched conformation of “hairs”, not due to electrostatic interactions 

between each other, but by promoting their solvency. The transition of the extended form 

to the collapsed form of a brush is a key factor in the stability and flocculation of casein 

micelles (de Kruif, 1999). 
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Figure 2.9. Scheme of the salted brush on a casein micelle. 
©  de Kruif CG (1999). Casein micelle interactions. International Dairy Journal. 9, 
p.186. Figure 4 used with permission from Elsevier on February 22, 2010. 
 

2.2.3. Stability of casein micelles  

      A suspension of casein micelles in milk is extremely stable compared with many 

other colloid systems. Its properties stay almost unchanged after severe treatments such 

as: boiling, adding large amounts of NaCl, relatively large quantities of ethanol, freezing 

following thawing and drying following reconstitution (de Kruif, 1999). Like micelle 

structure, there are again some disagreements between different research groups on the 

nature of the interaction forces between casein micelles.    

      Lucey`s group (Lee & Lucey, 2004b; Lucey & Singh, 2003; Lucey et al, 1997a) 

suggests that there is evidence of two interaction forces in the system:  

- Weak attraction forces due to hydrophobic and electrostatic interactions between 

micelles,  

- Electrostatic repulsion, caused by repulsive interaction between negatively charged 

casein micelles.  

Reduction of milk pH to the value of casein`s pI = 4.6 causes disappearance of the 

electrostatic repulsion and aggregation takes place, as charges on the casein micelles get 

titrated away.  
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      de Kruif`s group, in their works, mentions the following interactions: 

- Repulsive interactions such as: 

(1) Steric repulsion ( ~7 nm range) observed due to the presence of the dense flexible 

brush on the surface of micelles. In a good solvent such as milk serum, overlap of 

brushes of two micelles causes immediate repulsion due to local increase of 

protein concentration, which results in the growth of local osmotic pressure.  

(2) Electrostatic repulsion (~1.1 nm range) observed  due to presence of charges on 

the surface of micelles and on the GMP chains of the brush. The presence of 

counter- ions in milk significantly shields these charges reducing the range of the 

repulsion to a very small value (Walstra, 1990).    

- Attractive interactions of electrostatic origin such as van der Waals attractions (induced 

by polarization of the electrons in atoms) , hydrogen bonding, ion bridging and solvation 

forces (forces resulting from the interaction of solvent molecules adjacent to the casein 

micelles surfaces, when the boundary layers (layer of ordered solvent molecules at the 

interface) of two casein micelles overlap (Butt & Kappl, 2010)) (de Kruif & Holt, 2003). 

Work by de Kruif & Tuinier (2005) provides equations for calculating each steric, 

electrostatic and van der Waals interaction potentials between two casein micelles.  

      It has been suggested for a long period of time that casein micelles are stabilized due 

to electrostatic repulsion. However de Kruif & Tuinier (2005) proposed that the 

stabilization mechanism of casein micelles is based mainly on steric stabilization, and 

electrostatic repulsion has only a secondary, if not negligible, importance. Charges along 

the extended C-terminals of k-casein in milk are highly screened by counter- ions making 

electrostatic repulsion very weak. Even after addition of NaCl to the milk, the solution 
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remains stable (de Kruif, 1998). The relationship between steric, electrostatic and van der 

Waals interaction potentials between two casein micelles and the distance between them 

at pH 6.7 was calculated and is plotted in Figure 2.10 (de Kruif & Tuinier, 2005). The 

results showed that the influence of electrostatic repulsion on stability of micelles is 

much smaller than steric (brush) repulsion, which proves that steric stabilization is the 

main mechanism which keeps the integrity of micelles in milk (de Kruif & Tuinier, 

2005). 

 

2.2.4. Flocculation of casein micelles             

      As mentioned in a previous section (2.2.3. Stability of casein micelles), casein 

micelles are stabilized by the dense brush of GMP fragments of #-caseins. The 

destabilization and flocculation of micelles is thus always associated with some changes 

of the brush. Usually the change is related to the transition of hairs in the brush from 

extended to collapsed conformation or to simple cutting of the brush from the surface by 

enzymes. Flocculation of casein micelles is a widely practised process used in the 

production of a broad variety of dairy products. There are two widespread techniques 

used in the dairy industry: (1) renneting and  (2) acidification.  

1. Renneting. Most cheeses are made by addition of the proteolytic enzyme (called 

chymosin or rennet) to milk. The specific character of that enzyme allows it to randomly 

cleave the easily accessible Phe105-Met106 bond of #-casein. That bond is strategically 

important as it connects two distinct parts of #-caseins, the C-terminal (GMP fragment 

which creates a brush) that is extended into the solution and the hydrophobic para-#-

caseins fragment laying on the micellar surface. As a result of rennet activity casein  
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Figure 2.10. Representation of the dependence of calculated steric, electrostatic and van 
der Waals interaction potentials from distance h between two casein micelles at pH 6.7 
© Tuinier R, de Kruif CG (2002). Stability of casein micelles in milk. Journal of 
Chemical Physics. 117, p.1293. Figure 2 used with permission from American Institute of 
Physics on February 24, 2010. 
 

micelles get a “haircut” (de Kruif, 1999), brush density reduces to a point when it cannot 

provide stabilization any more and attraction between micelles takes place. 

2. Acidification. Another way to achieve flocculation is to cause the transformation of the 

conformation of brush from extended (stretched from the surface of the micelle to the 

solvent) to collapsed (laying on the surface of the micelle). That conformation depends 

on the solvency of the brush in a given solvent. In a good solvent like natural milk serum 

(at natural pH), the brush is extended providing casein micelles with steric repulsion, 

while in a bad solvent, the brush is pushed on to the surface of the micelle. That brush 

collapse causes the steric repulsion to vanish and as a consequence, casein micelles 

flocculate forming a network.  

      Increase of acidity can be used as a way to make the brush less soluble due to  
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reduction of negative charges along the GMP fragments. At a certain pH, close to the 

value of the pI of #-casein, the brush is very close to the surface of casein micelles and 

cannot provide the steric repulsion necessary to prevent micelles from aggregation. 

Electrostatic repulsion is too weak (always) to prevent flocculation in that case. 

      The information on what happens between the start and end points of flocculation 

were not available for many years. Only recently, de Kruif provided some insight into the 

mechanism of that flocculation. The following mechanism was proposed. The gradual 

increase of milk acidity leads to the decrease of solubility of brush hairs, causing gradual 

loss of the extended conformation of the brush. That results in reduction of the steric 

stabilization of casein micelles. At some point the steric stabilization gets reduced (not 

completely vanished yet) to such an extent that the van der Waals attraction dominates 

over steric repulsion. From that moment casein micelles are not considered as hard 

spheres anymore but as adhesive hard spheres (AHS). The AHS theory developed by 

Baxter (1968) implies that between two hard spheres short-range attraction and steep 

repulsion exists at the same time. In the case of casein micelles those would be van der 

Waals attraction and steric repulsion. Attraction between two hard spheres results in the 

formation of temporary clusters, or if attraction is strong, then permanent clusters get 

created. Formation of these clusters always results in increased viscosity compared to the 

viscosity of simple hard spheres (Jeurnink & de Kruif, 1993).  

      It was mentioned in section 2.2.1, that the relative viscosity of a semi-dilute (# $ 0.2) 

dispersion of hard spheres can be described by Batchelor`s equation 

                                                                                                      (2.4) 

with the Huggins coefficient (kH) expressed as 
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                                                                                                     (2.5)                                                                                                         

where (() ) is a Baxter interaction parameter. In the case of hard spheres model () = +*. 

The relative viscosity of hard spheres with attractions between them (AHS model) also 

can be expressed using Batchelor`s equation. However for the AHS model () % +* which 

means that adhesion between spheres exists, thus increasing kH and increasing relative 

viscosity. The () can be calculated knowing the second osmotic virial coefficient B2 

                                                                                                                (2.6)                                                                                                                  

where VHS is the volume of hard sphere (casein micelle) (Jeurnink & de Kruif, 1993). 

      The AHS model predicts that if the distance between two micelles is large then there 

is no interaction between them. If the distance is short then strong repulsion is observed, 

while for some short intermediate range a weak attraction is detected. de Kruif (1992) 

finds the square-well model of statistical mechanics (Figure 2.11) convenient to 

mathematically describe the interaction between two casein micelles with radius a. The 

model includes the following assumptions. The type of interaction (repulsion, attraction 

or no interaction) between a pair of particles depends on the distance between them. The 

potential energy of that interaction as a function of separation distance between particles 

(interaction potential or pair potential V(r)) equals 0 when no interaction exists, and 

obtains positive or negative values when repulsion or attraction takes place. The 

attraction between two spherical particles differs according to the range (or as it is also 

called, well width (,). The range represents the distance between particles when the 

attraction is operative (, < 7 nm in the case of a dispersion of casein micelles). When 

particles move within an attractive range they get attracted with a strength or well depth 

(-), which represents the energy of that attraction. The lower negative values of V(r) the  
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Figure 2.11. Adhesive hard sphere interaction potential between two casein micelles. 
© de Kruif (1992). Casein micelles: diffusivity as a function of renneting time. Langmuir, 
8, p.2933. Figure 1 used with permission from American Chemical Society on February 
21, 2010.  
 

stronger the attraction between spheres. Figure 2.11 shows that as the distance between 

two micelles, r, gets smaller there is a point where the micelles reach the attraction range, 

and then the pair potential V(r) falls from 0 (no interactions) to a short-ranged attraction 

with a strong negative potential. At this point the attraction forces become operative and 

micelles get attached with strength equal to -. Further reduction of the distance leads to 

steep repulsion of the hard spheres (potential positive). The square-well potential can be 

defined by the equation: 

                                                                                           (2.7)                                                                                      

de Kruif (1999) showed the dependence of the well depth on the degree of acidification 

and renneting. 

      In the case of acidification, if pC is a pH at which the brush loses its solubility and 

casein micelles get completely flocculated then the depth of an attraction # can be 

determined as follows: 
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                                                                                                               (2.8)                                                                                                                   !
 
The well becomes infinitely deep if pH reaches the value pC. 

      In the case of hydrolysis by chymosin (rennet), chymosin randomly cuts off GMP 

chains from the surface of micelles making the brush less dense. That leads to a gradual 

loss of steric stabilization and growth of attraction between micelles. In these conditions 

the depth of the attraction potential # can be found based on the following equation: 

                                                                                                       (2.9)                                                                                                 

where  E is a rennet concentration and E0 is a rennet concentration used in standard 

practice!(0.1ml per 1L of milk), h is a rate constant of order of 2, t is renneting time, k is 

an enzymatic reaction constant of order 10-3s. It was found that if 80-90 % of total GMP 

are cut off from the surface of casein micelle then the density of the brush gets too thin to 

prevent micelles from flocculating  (de Kruif, 1999).  
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2.3. Acid-induced coagulation of milk 

2.3.1. Introduction   

      Gel is not an easily definable system. In recent literature, gels were described as 

viscoelastic solids, which can act as a viscous liquid and as an elastic solid depending on 

the conditions (Horne, 1999). The gelling point is identified as the moment when the loss 

tangent (tan . = G&&/ G&, where G&& and G& are the ability of material to dissipate or store 

shear strain energy, respectively) changes from a value higher than 1 to smaller than 1 

(Ross-Murphy, 1995).    

      Gelation of milk proteins is a crucial step in manufacturing a wide variety of dairy 

products such as cheese and yogurt. There are three known types of milk protein gelation: 

one whey-based and two casein-based. Short descriptions of each gelation type can be 

seen in Table 2.2. A combination of the whey and casein types of gelation can be used in 

the dairy industry as well. For example, some types of cheeses such as cream cheese 

include both enzyme and acid-induced coagulations. Yogurt manufacturing involves also 

two types of coagulation: heat-induced (heat treatment of milk between 85-95 °C 

(Tamime & Robinson, 2007a)) and acid-induced (acid production by yogurt starter 

culture). Each type of dairy gel has different physical properties, however all dairy gels 

have one common feature:  all of them are irreversible (Green, 1980). Originally casein-

based gels were understood as particle gels, meaning that the gel was composed of 

individual casein particles. Recently it was recognized that casein particles fuse to almost 

homogeneous strands and borders between particles cannot be distinguished anymore 

(van Vliet at al, 2004).    
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Table 2.2. Short descriptions of three types of dairy protein gels.  

 

2.3.2. Mechanism of acid-induced coagulation  

      Acid-induced coagulation is the oldest mechanism of gelation used in the production 

of dairy products. Nevertheless, its mechanism is less understood than other types and 

remains a topic of much debate (Lucey & Singh, 2003). As a result, several models 

describing the mechanism of acid-induced coagulation were proposed by different 

groups.   

 

2.3.2.1. Lucey group model 

      The Lucey group distinguished three main stages of acid-induced dairy gel formation. 

The steps were defined based on the pH changing during the acidification process.  

      1. Drop of pH from 6.7 to 6.0. 

 At the natural pH of milk (pH~6.7) casein micelles are isolated from each other and 

remain at a distance which is controlled by a balance between electrostatic and 
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hydrophobic interactions. Reduction of pH from the natural pH of milk to 6.0 triggers a 

decrease of net negative charge on casein micelles and leads to a decline in electrostatic 

repulsion. At the same time CCP within the casein micelles start to solubilize into the 

serum phase.                   

      2.  Drop of pH from 6.0 to 5.0.  

Continuing pH drop leads to further reduction of electrostatic repulsion. When the pH 

reaches ~5.0, the CCP are completely solubilized, which causes a reorganization in the 

internal structure of micelles. At low pH, negative charges of exposed phosphoseryl 

residues of caseins in micelles are titrated away, thus CCP bridges, which have a function 

of neutralization of these charges get almost completely solubilized from the micelles. 

Solubilization of CCP at pH < 6.0 does not alter the integrity of the micelles. That 

suggests that binding of caseins through CCP was replaced with other form(s) of binding. 

Horne (1999) suggests that after CCP solubilization caseins inside the micelles can be 

bonded only through hydrophobic and (or) hydrogen bonds. These changes weaken the 

internal structure of the micelles. CCP is not essential for acid-induced gelation since an 

acid gel can be formed from sodium caseinate that has similar physical characteristics to 

acid-induced milk gel (Lucey et al, 1997b). 

      3. Drop of pH from 5.0 to 4.6.  

As the pH approaches the isoelectric point of casein (pH =4.6), charges on casein 

micelles get smaller thus electrostatic repulsion between micelles decreases and attraction 

due to hydrophobic interaction takes over, leading to network formation. However, 

hydrophobic interaction is not the only force contributing to attraction between casein 

micelles in acid milk gels. Reduction of temperature should weaken hydrophobic 
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interactions but in fact refrigerated acid milk gel has shown higher stiffness (higher G&) 

than gel at higher temperatures (Lucey et al, 1997b). Lucey`s group predicts that 

electrostatic interactions between micelles can also contribute to gel formation. That can 

be confirmed by reduction of dynamic moduli of acid gel after addition of NaCl. The 

addition of NaCl weakens these electrostatic interactions by screening the charged groups 

on micelles as ionic strength grows. The works of the Lucey group suggest that acid-

induced milk coagulation is attributed mainly to a decrease in electrostatic repulsion 

between casein micelles as pH approaches the isoelectric point (Lee & Lucey, 2004a; 

Lucey & Singh, 2003; Lucey et al, 1997a). 

   

2.3.2.2. Adhesive hard sphere model                                                                                 

      The distinctive approach of de Kruif’s group is that they recognized the loss of steric 

(not electrostatic) repulsion as a prime mechanism of acid-induced dairy gel formation. 

Their group applies the AHS model to describe the mechanisms of acid-induced 

coagulation of milk. The model predicts that weak short-range van der Waals attraction 

and strong steep short-range steric repulsion exist between two casein micelles during 

acidification at the same time.  (discussed in a section 2.2.4. flocculation of casein 

micelles).  

      According to de Kruif’s group, acidification of milk leads to the following chain of 

events: reduction of milk pH & reduction of negative charges along GMP fragments & 

loss of GMP fragment solubility & transition of hairs of brush from extended to 

collapsed conformation (reduction of brush height) & loss of steric repulsion by micelles 

& activation of van der Waals attraction forces between micelles & coagulation of  



 39 

micelles. 

      Their simplified model, which shows the dependence of the casein micelle brush 

height H on pH in a strong-stretched regime was shown by de Kruif & Tuinier (2005). If 

each hair of the brush contains conceptually N segments, each with length b, separated by 

a single charged group then brush height can be determined according to the following 

equation:  

 

 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!                                                                                                     (2.10)                                                                                                     
 
where: veff is effective excluded volume of the charged brush, / is a brush grafting 

density which shows the number of  “hairs” per surface area of casein micelle. Effective 

excluded volume can be found from the subsequent equation: 

                                                                                                               (2.11)                                                                                                               

where!"!  is a dimensionless excluded volume parameter of neutral brush per segment 

defined as follows:  

 = 1-20                                                                                                                        (2.12)                                                                                                                      

where 0 is the Flory-Huggins interaction parameter,  is the volume fraction of salt in 

the system and  is the degree of dissociation of carboxylic acid groups along the brush 

chains.  

      The dependence of degree of dissociation on pH is well known and can be determined 

from the following equation:  

                                                                                                           (2.13)                                                                                                         

where: Ka is the dissociation constant of the carboxylic groups and  is the pH 
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dependent proton concentration. For milk systems, the parameters of interest were 

defined to be: N = 15, b = 0.6 nm, = 0.01 and 0 = 0.5, Ka = 4.9,  = 10-pH. 

      The relationship between total interaction potential (sum of calculated steric, 

electrostatic and van der Waals interaction potentials) between two casein micelles and 

the distance between micelles and pH is presented in Figure 2.12 (de Kruif & Tuinier, 

2005). The repulsion force decreases as pH drops, mainly due to reduction of brush 

height. While at pH 5 and 4.8 strong repulsion still exists, at pH 4.6 it finally vanishes 

and attraction takes place.   

 

2.3.2.3. Percolation theory 

      Percolation theory is used for modeling gel formation (including acid-induced milk 

gels) as some similarity between percolation theory and gelation was detected. Horne 

(1999) illustrated acid milk gel formation mechanism using that theory. Homogeneously 

distributed casein micelles create microscopic clusters due to establishing random bonds 

with close neighbouring micelles. The size of these clusters increases at a certain rate as 

the fraction of the reacted bonds p grows. That growth continues until a certain threshold 

pc is reached.  At that moment a large cluster, which spans the whole of the container, 

gets formed. This so-called gel point defines the moment when elasticity can be 

measured. The creation of the network continues after the gel point, as smaller clusters 

attach to the network and elasticity of the gel increases. Gel elasticity above the threshold 

point pc depends on the number of reacted bonds. If p = pc + ,p, where ,p is positive and 

small, then G = (p - pc)$, with $ = 1. 9 (Horne, 1999). 

      A similar trend was observed experimentally during acidification of milk, when an 
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Figure 2.12. Representation of the dependence of total interaction potential at a distance h 
between two casein micelles at a specific pH. 
©  de Kruif CG (2002). Stability of casein micelles in milk. Journal of Chemical Physics. 
117, p.1293. Figure 3 used with permission from American Institute of Physics on 
February 24, 2010. 
 

increase of G& was seen even after the gel point. That suggests that even after the gel 

point casein micelles continue joining the network (Lucey & Singh, 1998). Horne (1999) 

admitted that percolation theory is relevant only close to the gel point and irrelevant for 

predicting the mechanical properties of acid-induced milk gels. However it provides the 

theory on mechanism of gel structure development, demonstrates the actual gel point and 

describes the increase in elasticity after gel point as more small clusters join the network.  

 

2.3.2.4. Fractal theory 

      Fractal theory has been used to illustrate gel properties and structure. The theory 

assumes that hard particles (building blocks) with radius a aggregate in clusters. The 

sizes of aggregates grow with time as more particles get attached. Theory predicts that 

clusters grow with a ramified (open) structure and the volume fraction of particles in a 



 42 

cluster, 1c, and density of clusters decline with growth. That can only happen if the size 

of holes in the clusters is increasing as clusters grow. It is problematic to explain that 

mechanism, which also was not confirmed experimentally (Horne, 1999). If Np is the 

number of particles in a cluster, N0 the total number of particles and R the radius of a 

cluster then theory uses the following relation:     !

                                                                                                                   (2.14)                                                                                                                        

where D is a fractal dimension of the clusters (D < 3) (van Vliet & Keetels, 1995).  

      At a certain moment (called the gel point), when the average 1c becomes equal to the 

volume fraction of the overall particles in a system, all particles are joined in the network. 

This theory is distinct from percolation theory which predicts that at the gel point not all 

particles are attached to the spanning cluster. At the gel point, clusters equal in sizes 

reach a certain radius (Rg) and aggregate with each other forming a gel. The volume 

fraction of particles (#c) in each cluster when the gel is formed can be expressed by 

(Lucey & Singh, 2003) 

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.15)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"#!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.16)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

for casein gels D 2 2.3 (Lucey & Singh, 2003).   

      The fractal theory has some weakness in providing information on several aspects of 

gel formation. Theory states that at the gel point all particles have joined the network, 

however practical observations do not confirm that assumption. Experiments showed 
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growth of the shear modulus after the gel has been formed which should not happen 

(theoretically) if all the particles have already joined the network (Horne, 1999). Also the 

assumption that all clusters have the same size at the gel point does not sound assuring 

(Lucey & Singh, 2003).  

 

2.3.3. Rate of milk acidification  

      Acidification in the dairy industry can be achieved at different rates:  

-  Direct acidification - simple addition of the total required amount of acid at once into 

the cheese milk (in industry usually achieved with citric acid). The procedure results in a 

rapid pH drop. The method is used in production of direct acidified cheeses. 

- Slow acidification - occurs when milk is acidified with lactic acid bacteria which 

convert lactose in milk to lactic acid over the course of several hours. In this case pH 

drops slowly as lactic acid concentration grows. Glucono-.-lactone (GDL) is often 

employed as an acidifying agent for experimental purposes. This compound was used in 

many studies as it allows the mimicking of starter culture results in generating slow 

acidification.  GDL gradually hydrolyses to the weak gluconic acid which steadily 

decreases pH in a similar manner to how the starter culture does. In addition GDL gives 

more controllable acidification rates than a starter culture and allows supplementation of 

milk with preservatives. 

      Depending on the rate of acidification (slow or fast) acid gels with different physical 

properties can be produced. As mentioned before, when the pH of milk reaches ~5.0 all 

CCP get completely solubilized from the micelles which results in changes in the internal 

structure of the casein micelles. CCP solubilisation is a slow process, thus during fast 
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acidification, solubilisation of CCP is not fully completed due to the time limitation. That 

can result in a gel which undergoes extensive rearrangement after formation. The gel 

network formed from CCP-depleted caseins micelles during slow acidification undergoes 

fewer rearrangements during storage (Lee & Lucey, 2004b). Fast acidification of milk is 

characterized by shorter gelation time and results in the creation of gels with high whey 

separation, a coarser network and slightly lower G& (Lucey & Singh, 2003; Lucey et al, 

1997b). 
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2.4. Yogurt as acidified milk product 

2.4.1. Introduction 

      Yogurt is an acidic (pH ~ 3.3 – 5.0) ancient food with an extended shelf life 

(compared to raw milk), made via acid milk fermentation. During yogurt manufacturing, 

the heat-treated milk is cooled to the incubation temperature 40-45 ˚C, inoculated with 

starter culture organisms Streptococcus salivarius thermophilus (S. thermophilus) and 

Lactobacilus delbrueckii bulgaricus (L. bulgaricus) and fermented for 3-6 h until the pH 

reaches ~4.6. At the end of fermentation, a gel gets formed as a result of aggregation of 

casein micelles into a network. Yogurt and yogurt related products are classified in three 

main types: set, stirred and drink or acidified milk drink (AMD). During production of 

set-type yogurt, a gel is formed in retail cups and left undisturbed. The remaining two 

yogurt types are formed in a process during which the gel undergoes physical changes. 

The network strands are destroyed resulting in a homogeneous mass. Fruit filling is often 

added during that step and before packaging of the product in retail cups. AMD can be 

categorized as a stirred yogurt with a viscosity low enough that the product can be 

consumed as a drink. AMDs also can be sub-divided into non-diluted and diluted (with 

water or juice) (Tamime & Robinson, 2007c).  

 

2.4.2. Main steps in yogurt manufacturing 

2.4.2.1. Milk standardization 

      Milk standardization includes standardization of fat and solids-not-fat (SNF) in order 

to achieve a final product with characteristics fitting the legal standards of specific 

countries. Typical fat content of milk varies between 3.7 and 5.6 g 100 g-1, while the 
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content in commercial yogurts varies more extensively from 0.1 to 10 g 100 g-1. 

Standardization of fat in milk can include the following procedures: removal of part of 

the fat, mixing whole milk with skim milk, addition of cream to whole or skim milk. 

Dairy plants usually use centrifuges or separators which separate whole milk into cream 

and skim milk. Cream and skim milk are the mixed together in proportions to achieve the 

desirable fat content (Tamime & Robinson, 2007a). 

      Dairy solids such as lactose, dairy proteins and minerals except fat are all included in 

the category of SNF. Average SNF content of cow milk is 8.7 g 100 g-1. Legal standards 

for yogurts usually require SNF content to be not less than 8.2 g 100 g-1. However 

Tamime & Robinson (2007a) presented some earlier works which suggested that milk 

with elevated level of SNF allows the production of yogurt with better physical 

properties, such as increased viscosity, consistency and reduction of syneresis. Several 

methods used in industry to increase SNF content in yogurt milk are: 

- Concentrating of solids by milk boiling 

-  Concentrating of solids in milk by vacuum evaporator 

- Concentrating of solids in milk by membrane filtration 

- Addition of butter milk powder or concentrates 

- Addition of whey protein powder or concentrates 

- Addition of casein powder 

- Addition of milk powder 

      Supplementing milk with up to 5 % of skim milk powder (SMP) to achieve yogurt 

with improved rheological properties is a common practice in North America and 

Western Europe (Fox, 2001). Some studies on the influence of SNF content in yogurt  



 47 

milk on the characteristics of set and stirred yogurts are summarized below.  

      In work by Jaros et al (2002) stirred yogurt was prepared by disrupting the network of 

the set yogurt with a perforated plunger. The set yogurt was achieved by fermentation of 

milk with starter culture. Milk was produced by reconstitution of different amounts of 

SMP (10, 12 and 14 %) in water. Increase of SNF proved to have the following influence 

on prepared samples:  

- Syneresis measured by a centrifugation method at 1400 g for 20 min was reduced,  

- G& measured by a rheometer equipped with a cup-and-bob geometry was increased.  

      In work by Penna et al (2006), stirred yogurt was made from yogurt milks prepared 

from whole milk supplemented with SMP to achieve total solids contents varying from 

9.3 up to 22.7 %. First milks were fermented with yogurt starter culture to achieve set 

yogurt. The stirred yogurt was attained by manual stirring of the set yogurt. The flow 

curves were analyzed using both power law (Ostwald-de Waele) and Herschel-Bulkley 

models. These models allowed the consistency index and flow behaviour index to be 

obtained. The apparent viscosity was measured at 100 s-1. Data was obtained from a 

rheometer equipped with a cup-and-bob geometry. Results showed that with total solids 

increase the apparent viscosity and consistency index increased but the flow behaviour 

index decreased. The authors concluded that firmness of stirred yogurt body can be 

improved by increasing its SNF content. 

      In a study by Cheng et al (2002) twelve different skim milk powders were prepared 

from skimmed milk produced over the year. These powders were used for preparing set 

and stirred yogurts with SNF content of 10, 12 and 14 %. Results of the experiment 

showed that for both types of yogurt syneresis, measured by draining 50 g of yogurt on a 
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sieve for 2 h, was lower in products with higher SNF content. Gel strength for set yogurt 

(measured by texture analyzer) and viscosity of stirred yogurt (measured using 

viscometer) was proportional to SNF content. High standard deviation of all measured 

values suggested that seasonal changes of milk characteristics had a significant impact on 

the characteristics of the yogurt. Analyses of milk composition showed variations of 

casein and whey protein concentrations over the year. Casein content showed more 

influence on properties of yogurt than whey protein.  

      Pereira et al (2003) studied set yogurts prepared through heat treatments and 

acidification with GDL from yogurt milks made with various concentrations of SMP (10-

20 %). Increase of SMP concentration in yogurt milk resulted in creation of set yogurt 

with the following characteristics: 

- Increased firmness, resistance, cohesiveness of mass and adhesiveness to spoon. The 

consistency changed from mushy to curdled milk-like as observed by 14 trained judges 

during sensory non-oral evaluation of samples.  

- Increased gel firmness studied by texture analyzer using a back extrusion test.  

- Reduced syneresis, as measured by placing 85 ml of yogurt in a 100 ml graduated 

cylinder for 3 days of storage at 4-6 °C.  

- Increased structure density, with higher degree of interconnectivity and smaller sizes of 

pores based on studies of micrographs obtained by confocal laser scanning microscope. 

All the above studies confirmed that increased SNF content in yogurt improves textural 

characteristics of set and stirred yogurts. 

      Tamime & Robinson (2007a) recommend supplementation of yogurt milk with no 

more than 6 % skim milk powder as it can bring an undesirable powdery taste to the final 
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product. High concentrations of SNF in milk showed some negative effects on the 

activity of the starter culture. Increase of solids content resulted in reduction of available 

moisture for bacteria, which hindered generation time and cell count (Tamime & 

Robinson, 2007a). Additionally, increased dairy solids such as proteins, phosphates and 

citrates and lactates increased the buffering capacity of the milk and thus fermentation 

time for such milks was longer (Cheng et al, 2002).    

 

2.4.2.2. Addition of stabilizers 

      So called stabilizers or thickening agents are often included in yogurt formulations to 

improve textural characteristics including viscosity, consistency, appearance and 

mouthfeel of the final product. Stabilizers prolong the shelf life of some products that 

display a natural tendency for syneresis. Most stabilizers are food-grade hydrocolloids or 

gums where their texture improvement properties are attributed to enhanced viscosity and 

water-binding ability (Dickinson, 2009; Syrbe et al, 1998). Stabilizers can be natural or 

synthesized and used as a blend or as a single additive.  

      Stabilizing agents can have different mechanisms of stabilization and can be 

separated into two categories: adsorbing polysaccharides (such as pectin, carboxymethyl 

cellulose and 3-carrageenan) and non-adsorbing polysaccharides (xanthan, guar gums, 

locust bean gum).  Adsorbing polysaccharides (anionic hydrocolloids) are negatively 

charged carriers and thus adsorb on the surface of positively charged casein micelles 

below their isoelectric point (at pH ~4.0) and participate in network formation. Non-

adsorbing polysaccharides (neutral hydrocolloids) do not adsorb on the surface of the 

micelles and stabilize gels by increasing the viscosity of the continuous phase (Everett & 
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McLeod, 2005). Typical stabilizer concentrations used during yogurt production are: 

gums 0.1–0.4 %, modified starches less than 0.8 %, and starch up to 2% (Lucey, 2004). 

Recent trends on the market indicate the negative attitude of customers towards 

stabilizer-enriched yogurts and preference of more “natural” yogurts, with smaller 

amounts or ideally stabilizer-free products. That creates a challenge for the food industry, 

which needs to produce stabilizer free yogurt with the same, good textural characteristics 

(Lucey, 2002). 

 

2.4.2.3. Heat treatment  

      Heat treatment of standardized milk before fermentation is a widely used step in 

yogurt production which is mainly done to change some physicochemical characteristics 

of the milk.    

 

2.4.2.3.1. Changes in milk   

      Two types of proteins are present in natural milk, heat stable caseins (~80 %) and 

whey or serum proteins (~20 %) which denature at temperatures higher than 70 C° 

(Lucey, 2002).  Whey protein is the collective name for four globular types of proteins 

including: !-lactoglobulin, "-lactoglobulin, blood serum albumin and immunoglobulins, 

present in milk at concentrations 12, 3.5, 0.3-1 and ~3 % of total milk protein 

respectively (Fox, 2003).   

      In a whey protein denaturation study by Lucey et al (1997a) the influence of heat 

treatment (temperature and duration) on denaturation of whey proteins was shown; SMP 

solution (107 g/L) went through heat treatment at 75, 80, 85, 80 or 90 °C for 15 or 30 



 51 

min. Treated milks were centrifuged (105 g for 60 min) and the supernatant was analyzed 

by gel electrophoresis. Results of the study showed that with increase of temperature and 

duration of heat treatment, the amount of denatured whey protein grows. The !-

lactoglobulin showed higher heat sensitivety than "-lactoglobulin, but after heating at 90 

°C for 30 min more then 90% of both proteins were denatured. Numerous studies have 

reported that during heating of milk, whey proteins get denatured and create complexes 

with casein micelles, fat globules and with themselves. These complexes get created as a 

result of disulfide bond formation. On heating, denaturated !-lactoglobulin exposes its 

reactive thiol groups (which are usually buried with in the globular conformation), and 

these groups get involved in disulfide bond formation with other whey proteins or with #-

caseins on the surface of casein micelles (Anema & Yuming, 2003).     

      Anema & Yuming (2003) showed an increase in size of casein micelles upon heating 

in the presence of whey proteins. In this work, skim milk underwent ultrafiltration and 

microfiltration techniques to prepare whey free milk. Further, whey free milk and whey 

free milk supplemented with !-lactoglobulin went through heat treatment procedure at 90 

°C for various time periods up to 45 min. Measurements of casein micelle size, taken by 

photon correlation spectroscopy showed that the size of micelles grew extensively in the 

whey free milk supplemented with !-lactoglobulin, especially during the initial stages. 

Increase of diameter was generally about 35 nm (for sample with 0.3% of !-

lactoglobulin). Also, a small (~5 nm) increase in micelle size was seen in whey free milk 

(without !-lactoglobulin). That can be attributed to the presence of residuals of whey 

proteins in a whey free milk. It was concluded that upon heating, !-lactoglobulin interacts  

with casein micelles and this contributes to the increase of casein micelle size. 
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      Jeurnink & de Kruif (1993) also studied changes in milk on heating. In that study, 

unheated fresh skim milks were diluted with unheated milk permeate (casein free milk) 

(from 10 up to 25-fold). Heated skim milk (85 C° for 15 min) was diluted with heated 

milk permeate. Dilutions allowed the Einstein equation for highly dilute dispersion of 

hard spheres (section 2.2.1.) to be used. Relative viscosities of diluted milks were 

measured by Ubbelohde capillary viscometer at 25 C°. Results showed a small (6%) 

increase in volume fraction of casein micelles on heating. That increase would result in 

only a 2% increase of micelle radius (de Kruif, 1998). Changes in heated milk were 

attributed to association of whey proteins with casein micelles.  

      In a work by Beaulieu et al (1999) it was found that upon heating, whey proteins form  

complexes with themselves as well. Milk samples (32.5 g protein/L) with different 

casein/whey protein ratios (80:20; 60:40; 40:60; 20:80 and 0:100) were made by 

supplementation of skim milk with whey protein isolate. The resulting samples were heat 

treated at 95 °C for 5 min. Micrographs obtained by transmission electron microscope 

revealed that in samples with casein/whey protein ratios from 60:40 to 0:100 

(concentration of whey proteins grows) irregular shaped whey protein aggregates were 

formed upon heating. It was concluded that with heat treatment, whey protein self-

aggregation takes place only if whey proteins are present in excess. Thus during heat 

treatment of natural milk (ratio near 80:20) these whey protein heat-induced aggregates 

cannot be formed.  

      The composition of casein micelle/whey protein heat-induced complexes was studied 

in work by Corredig & Dalgleish (1999). Skim milk was supplemented at various 

concentrations with purified !-lactoglobulin and "-lactoglobulin and underwent heat 
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treatment (70-90 °C). The formed complexes were isolated by ultracentrifugation and 

analyzed by SDS-PAGE electrophoresis. The authors concluded that:  

1. During heat treatment !-lactoglobulin attaches to the surface of casein micelles by 

binding with #-caseins,  

2. Only a limited number of sites are available on the casein micelle for !-lactoglobulin to 

attach. That limitation is governed by the amount of k-casein,  

3. The presence of !-lactoglobulin is critical for association of  "-lactoglobulin with the 

micelles. !-lactoglobulin acts as an link between casein micelle and "-lactoglobulin.  

 

2.4.2.3.2. Changes in yogurt            

      A few essential and recent studies on the effect of heat treatment of yogurt milk on 

the properties of yogurt gel are summarised in the following paragraphs. In the above 

mentioned studies, it was shown that heat treatment of milk changes its physicochemical 

characteristics. Thus, as a consequence, changes should be expected as well in yogurts 

made from heat treated milk. Many studies confirm that heat treatment of yogurt milk 

before fermentation improves textural qualities of the final product by resulting in a 

firmer curd with less tendency to syneresis and higher gel strength (Tamime & Robinson, 

2007a). Comparing gel made from heated milk with gel made from unheated milk, the 

former has a weaker structure (van Vliet & Keetels, 1995). In that work, two different 

heat treatments of skim milk were used: low 72 °C for 15 sec (legal pasteurization 

procedure) and high temperature 85 °C for 5 min. Resulting samples were acidified with 

GDL. It was found that gel made from lower temperature heat treated milk had much  

lower G4 than gel made from high temperature treated milk.         
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      In a work by Lee & Lucey (2004a) the effect of heat treatment on the structural 

characteristics of set yogurt was studied by measuring the rate at which whey permeated 

through a column of yogurt. Yogurt milk prepared from SMP underwent heat treatment at 

temperatures from 72 to 93 C° for 30 min. Set yogurt was achieved by fermentation of 

milk with yogurt starter culture to pH 4.6. Permeability coefficient was calculated by 

using the method described by Roefs at al (1990). Increased temperature of heat 

treatment resulted in gels with lower permeability coefficients. Whey separation 

measurement was performed by filling a 250 ml volumetric flask with inoculated yogurt 

milk and placing it in an incubator untill the pH reached 4.6. Free whey expelled on the 

surface of the gel was collected and weighted. Measurements revealed that the amount of 

separated whey in a gel decreased with increasing heat treatment temperature of yogurt 

milk. Images of yogurt microstructure were taken using a confocal scanning laser 

microscope. Images showed that gels made from yogurt milks treated at high 

temperatures 82.5-93 °C had smaller pores (void spaces) and a more branched matrix. 

The authors concluded that gels made from high temperature heated milk were more 

elastic (higher G&) and these gels had lower permeability. These gels had more and 

stronger junctions in the network due to inclusion of the denatured whey protein in the 

gel matrix. Also these gels were more resistant to rearrangements and thus less prone to 

syneresis.  

      As it was said before, exposed thiol groups of denatured whey proteins form disulfide 

bonds with #-caseins located on the surface of casein micelles. As a result casein micelles 

during and after heat treatment are coated with whey proteins. The existence and 

influence of disulfide bonds on the texture of acid-induced milk gel was studied in work 
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by Vasbinder et al (2003). The thiol-blocking agent N-ethylmaleimide which prevents 

formation of disulfide bonds was employed. One part of reconstituted skim milk 

underwent heat treatment (90 °C for 10 min) and the other part stayed untreated. Cooled 

samples were supplemented with N-ethylmaleimide following acidification with GDL. 

Large deformation testing (texture analyzer) revealed that gels made from unheated milk, 

with and without N-ethylmaleimide treatment, had similar deformation properties, 

whereas gel made from heated milk without N-ethylmaleimide had 30 % higher hardness 

than gel made from heated milk with N-ethylmaleimide. The authors concluded that 

addition of N-ethylmaleimide prevented disulfide bond formation after heat treatment. 

The experiment proved that milk gel properties are contributed by the formation of 

complexes between casein micelles and whey proteins through formation of disulfide 

bridges. 

      Lucey et al (1997a) reported that with increase of heat treatment temperature of milk, 

the gelation pH of milk increases, if the gelation point is taken as the moment when G& 5 

1 Pa. Yogurt milk was prepared by reconstitution of SMP in water following heat 

treatment at different temperatures from 75 to 90 °C and time intervals of 15 or 30 min. 

After that, milk was acidified with GDL. Storage modulus was determined by a low 

amplitude dynamic oscillation technique using a rheometer equipped with two coaxial 

cylinders geometry. Measurements of pH at the geletion point showed that with increased 

milk heat treatment temperature, gelation time was reduced and pH of gelation was 

increased. Gel made from milk treated at 75 °C for 15 min had a gelation pH of 4.84. Gel 

made from milk treated at 90 °C for 30 min gelled at pH 5.29. The authors gave the 

following explanation to describe that observation. The isoelectric point of whey proteins 
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(pI = 5.3 – 4.8) is higher than that of the casein micelle (pI = 4.6), so a complex of casein 

micelles with whey proteins would have higher pI ~5.2 .  

 

2.4.2.4. Fermentation 

2.4.2.4.1. Starter culture 

      In most commercial yogurt products, a blend of two thermophilic lactic acid bacteria, 

the cocci S. thermophilus and the rod L. bulgaricus, is employed. However, in different 

parts of the world other or additional microorganisms may be used (Tamime & Robinson, 

2007a). Active starter culture bacteria utilize lactose in milk and produce lactic acid 

resulting in milk coagulation. At the same time with lactic acid some flavor compounds 

such as acetaldehyde, acetoin and diacetyl are produced (Tamime & Robinson, 2007a). S. 

thermophilus and L. bulgaricus have a symbiotic effect which means that rates of their 

growth are much faster when they are together than in independent growth of each 

bacteria. During fermentation L. bulgaricus produces amino acids which get utilized by 

S. thermophilus and thus this enhances its growth. As a pay back, S. thermophilus 

decreases pH by fast production of lactic acid and formate which favors the growth of L. 

bulgaricus. In the beginning of fermentation S. thermophilus multiplies fast and produces 

large quantities of lactic acid, but as the pH decreases its activity gets inhibited. At lower 

pH values, acid-tolerant L. bulgaricus takes over and starts to grow much faster while at 

the same time producing lactic acid (Lourens-Hattingh & Viljoen, 2001).      

      Usually manufacturers select one or another starter culture mainly based on its flavor 

producing characteristics. However recent attention was also put on another side of 

yogurt cultures, their ability to produce exopolysaccharide (EPS). EPS are 
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heteropolysaccharides and are present in two forms: capsular and rope, or their 

combination. Tamime & Robinson (2007a) presented several studies where EPS-

producing strains of yogurt cultures promoted textural characteristics of yogurt such as 

increased consistency, resistance to syneresis, viscosity and density of the network. 

Summaries of a few recent works on the influence of EPS-producing cultures on the 

characteristics of yogurt are presented in the following paragraphs.   

      In work by Amatayakul et al (2006), the influence of both ropy and capsular 

producing yogurt starter cultures was evaluated. Yogurt milks with two concentrations of 

SMP (9 and 14 %) were prepared by reconstitution of SMP in water. Three blends of 

starter culture were used for fermentation: 1. Non-EPS-producing S. thermophilus and 

non-EPS-producing L. bulgaricus, 2. capsular EPS-producing S. thermophilus and non-

EPS-producing L. bulgaricus, 3. ropy EPS-producing S. thermophilus and non-EPS-

producing L. bulgaricus. Measurement of EPS concentration in samples after 

fermentation showed that for yogurts with 14 % SMP concentration the EPS was higher. 

That can be explained by the presence of higher amounts of nutrients for the lactic acid 

bacteria. Obviously, EPS concentrations were higher in samples where EPS-producing 

blends were used. Syneresis measured by a siphon method (measurement of whey weight 

above the surface of set yogurt) showed that:  

1. In all cases yogurt made from milk with 14 % total solids had lower syneresis than that 

from milk with 9 %. However the difference was significant only for samples prepared 

with non-EPS-producing culture,  

2. Both types of EPS-producing blends resulted in yogurt with lower values of syneresis  

than non-EPS producing blend, 
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 3. A significant difference was not observed between syneresis values of yogurts made 

with both capsular and ropy types of EPS-producing blends.  

      Microstructures of set and stirred yogurts made with ropy EPS-producing and non-

EPS-producing starter cultures were analyzed and compared by Hassan et al (2003). 

Yogurt was made from reconstituted  SMP fermented by blends of cultures. Two types of 

blends were used 1. ropy EPS-producing S. thermophilus, 2. non-EPS-producing S. 

thermophilus, in combination in both cases with non-EPS-producing L. bulgaricus. 

Micrographs of set and stirred yogurts with labeled EPS were taken by laser scanning 

microscope. It was found that:  

1. The network of those samples made with EPS-producing blends had larger pores with 

thicker strands,  

2. EPS did not interact with caseins, since all EPS were excluded from strands of the 

network and located only in the void spaces.  

      In the case of stirred yogurt, which was produced by breaking the network of set 

yogurt, immediately after stirring whey separated on the top of the sample produced with 

the non-EPS-producing blend, but not in samples produced with the EPS-producing 

blend. Additionally higher values of G& and phase angle were found for samples made 

from the EPS-producing blend. The authors concluded that the presence of EPS only in 

the void spaces of the gel is due to depletion flocculation of casein micelles in the 

presence of EPS. The depletion flocculation makes strands of the network denser, 

resulting in a more syneresis resistant network.     

      Influence of EPS-producing starter cultures on the physicochemical and sensory 

characteristics of stirred yogurt was investigated in a work by Guler-Akin et al (2009). 
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Again, yogurt milk was fermented with ropy and non-EPS-producing blends of starter 

cultures. It was found that yogurt made with EPS-producing blends had lower values of 

acetaldehyde content. That finding was supported by sensory tests where panelists found 

EPS-containing yogurt to be samples with poor flavor but better mouthfeel. 

 

2.4.2.4.2. Incubation temperature  

      The typical fermentation temperature during yogurt production is 42 °C, however 

some studies recommend to use lower temperatures to improve textural characteristics 

such as firmness and syneresis reduction in the product (Tamime & Robinson, 2007a). In 

work by Lucy et al (1998), reconstituted SMP was acidified with GDL in a graduated 

cylinder at various fermentation temperatures (28-42 °C). After fermentation, free whey 

from the top was collected and weighed. Results showed that with an increase of 

incubation temperature the amount of whey separation was higher.  

      In the already mentioned work by Lee & Lucey (2004a), yogurt milk prepared from 

SMP was inoculated with yogurt culture and incubated at various temperatures (34.3, 36, 

40, 44 or 45.7 C°). The experiment revealed the following results for yogurt incubated at 

lower temperatures: longer fermentation time, smaller pores and a more crosslinked 

network, higher G& and lower syneresis values. This was attributed to the fact that at 

higher incubation temperatures, hydrophobic interactions between caseins inside the 

micelles are stronger, thus micelles become smaller. The smaller contact area between 

micelles creates a weaker gel. Also, thermal motions are higher at higher temperatures, 

which can alter the aggregation process. Thus the authors recommended fermentation of  

yogurt milk at lower temperatures. 
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2.4.2.5. Storage and shelf life 

      Shelf life of yogurt is limited mainly by two factors, spoilage by microorganisms, 

mostly yeast, and textural defects such as whey separation.   

 

2.4.2.5.1. Spoilage 

      Yeast is the main cause of yogurt spoilage due to formation of gas, changes of flavour 

and discolouration. Yeast in yogurt has a competitive advantage due to the low pH of the 

product. Sugar and fruits which are commonly added to yogurt, can further boost the 

growth of yeast. When the population of yeast reaches 105-106 cells per gram, yogurt 

packages get swollen and spoilage becomes noticeable. Viljoen et al (2003) studied the 

influence of storage temperature (5 or 25 °C) of plain and fruit yogurt on the viability of 

the yeast over 31 days of the storage.  Results showed that with reduction of the storage 

temperature, less yeast growth was seen (at 5 °C, 103-104 cfu/g and at 25 °C, 105-106 

cfu/g). Difference in the yeast counts was not significant between plain and fruit yogurts. 

Also at lower incubation temperatures less yeast species were found (at 5 °C three 

species, at 25 °C six species). Thus it can be concluded that yogurt can have acceptable 

quality for 31 days if stored at 5 °C. Lario et al (2004) have reported that yeast and mold 

counts after 28 days of storage in fibre-enriched yogurt stored at 5 C° were ~102 cfu/g. 

Dehydrated pasteurized orange pulp was the source of fibre.  

 

2.4.2.5.2. Whey separation 

      Whey or serum separation, also called wheying off, is the expelling of liquid phase 

from the dairy product due to syneresis or sedimentation. Whey separation can also 
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accrue as a result of gel damage. Syneresis is a contraction of the gel without applying of 

external force and it arises from rearrangements in the network after gel formation which 

leads to the inability of the gel to entrap all the initial aqueous phase. Textural changes of 

acid-induced young gel during aging were monitored by Lucey & Singh (1998). High 

values of tan . declined during aging. The authors concluded that these changes are 

probably due to establishment of more junctions in the gel during aging. Sometimes whey 

produced during gelation gets reabsorbed by the gel on cooling (Lucey, 2004). For 

products where the gel went through homogenization, such as for yogurt drink especially 

the diluted type, whey separation is a result of sedimentation of casein aggregates 

(Amice-Quemeneur et al, 1995, Tamime & Robinson, 2007c). Separation of whey from 

curd is an essential and required process in manufacturing the majority of cheeses. At the 

same time whey separation is a major textural disadvantage for yogurt and negatively 

influences product acceptance (Lucey, 2004). Several studies confirm that gels with 

intensive syneresis are usually associated with altered rheological characteristics, such as 

lower elastic modulus, higher values of loss tangent and low yield stress (Lee & Lucey, 

2004a; Lee & Lucey, 2004b). The microstructural characteristics are also altered with a 

gel matrix that is less branched with large pores (Lucey, 2002) and altered structure, such 

as lower permeability (Lee & Lucey, 2004a).  

      Unfortunately there is no universally accepted method for quantification of whey 

separation, making comparison of results from different studies difficult. There are  

several techniques used in different studies for quantification of separated whey: 

-Forming gel in a container and measurement of whey production by collecting and 

weighing the separated whey (Lucey et al, 1998) or by measuring its volume (Koksoy &  
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Kilic, 2004) 

- Centrifugation of formed gel and again measurement of produced whey (Lucey et al, 

1998) 

- Collecting of drained whey under the screen on which a certain amount of yogurt was 

placed for a certain time period (Williams et al, 2003) 

- Scooping out one spoon of yogurt from the surface of the yogurt and measurement of 

expelled whey in the created hole (Purohit et al, 2009). 

The occurrence of textural problems such as wheying off prompted yogurt manufacturers 

to look for solutions allowing better control. The following methods, which were already 

reviewed in previous sections, can be applied to reduce whey separation in yogurt: 

- Reduction of fermentation temperature 

- Sufficient heat treatment of yogurt milk 

- Increase of milk solids content in yogurt milk 

- Application of sufficient types and amounts of stabilizers  

- Fermentation with EPS-producing starter culture 

- Careful handling of the product during distribution in the retail chain 

 Nonetheless several yogurts produced in the US still suffer from wheying off (Lucey, 

2004). 
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2.5. Cereal !-glucan 

2.5.1. Introduction 

      Dietary fiber (DF) is a structural component of the edible parts of plants, and 

consequently it has been a part of the human diet for centuries. However its importance 

was realized only recently. Now DF is recognized as an essential part of the human diet 

due to its physiological digestive functions and potential health benefits (Chawla & Patil, 

2010). A precise definition of DF has been under deliberation for a long time. The most 

recent definition of DF developed in 2001 by the American Association of Cereal 

Chemists, which has been widely accepted, follows as: “Dietary fibre is the edible parts 

of plants or analogous carbohydrates that are resistant to digestion and adsorption in the 

human small intestine with complete or partial fermentation in the large intestine. Dietary 

fibre includes polysaccharides, oligo-saccharides, lignin, and associated plant substances. 

Dietary fibres promote beneficial physiological effects including laxation, and/or blood 

cholesterol attenuation, and/or blood glucose attenuation.”  

      DF, depending on its solubility, can be sub-divided into soluble and insoluble. Both 

types have different chemical characteristics and different physiological effects on the 

human gastrointestinal function. Insoluble fibres generally relate to colon health because 

of their ability to increase fecal bulk which reduces transit time in the colon. They are 

commonly more resistant to fermentation in the colon than soluble DF is. Insoluble fibres 

include cellulose, hemicellulose, lignin, cutin, suberin, chitin, chitosan and resistant 

starches. Soluble fibers have the potential to lower serum cholesterol and blood glucose 

levels and thus are known as heart health promoting fibers. Soluble fibers include gums, 

inulin, pectins and mixed-linkage (1-3)(1-4)-!-D-glucan (Malkki, 2004). 
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      Cereal !-glucan is a mixed-linkage (1-3)(1-4)-!-D-glucan and is the main element 

(~85 %) of starchy endosperm cell walls and the aleurone layer of many cereals 

(Lazaridou & Biliaderis, 2007; Miller & Fulcher, 1995). Also, !-glucan can be found in 

the cell walls of baker`s yeast, some fungi, algae and bacteria but with glucose units 

joined by primarily by (1-3) linkages and occasional (1-6) branch points. Both types have 

received a lot of attention due to the potential benefits in human health. 

      The potential positive impacts of cereal !-glucan on human health are widely known 

(Drzikova et al, 2005; Ripsin et al, 1992; Lia et al, 1995; Tappy et al, 1996; Thondre & 

Henry, 2009; Wood et al, 1994a). Initially, however research on cereal !-glucan was 

initiated not due to its possible functional properties, but due to its negative impacts in the 

brewing and animal feed industries. An excess of high molecular weight !-glucans in 

malt can cause a number of negative effects, such as slowing filtration rates of wort and 

beer, cutting yield, and formation of precipitates in beer during storage (Wagner et al, 

1988). Chickens also have difficulty digesting high levels of cereal !-glucan (Burnett, 

1966; White et al, 1983) 

 

2.5.2. Source of cereal !-glucan  

      The content of !-glucan varies depending on the type of cereal. The richest sources 

are barley   (3-11 %) and oats (3-7 %): rye and wheat have smaller amounts at 1–2 %, 

and 1%, respectively (Skendi et al, 2003). !-glucan content also varies depending on 

cultivar. In a study by Miller & Fulcher (1994), !-glucan content of the oat cultivar 

Donald was 3.7 % whereas Marion was 6.4 %. Micrographs of these two cultivars 

revealed that the central endosperm of the cultivar with the higher !-glucan content had 
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smaller cells with thicker walls compared to the cultivar with low !-glucan content. 

Typically for barley, !-glucan distribution is more uniform and its concentration is higher 

in the central endosperm and lower in the subaleurone layer whereas for oats, the 

distribution is more cultivar-dependent (Miller & Fulcher, 1994). In contrast to barley, 

the majority of !-glucan in wheat is concentrated in the subaleurone layer and less in the 

starchy endosperm (Lazaridou & Biliaderis, 2007). Miller et al (1993) have compared the 

!-glucan content of oats grown in different environmental conditions and found that 

temperature and precipitation have a small but significant influence. 

 

2.5.3. Glucagel production (!-glucan extraction method) 

      Common procedures of extraction of cereal !-glucan are expensive as they require 

considerable amount of organic solvents and complex steps. Morgan & Ofman (1998) 

introduced a novel but more economic method of production where the product Glucagel, 

was high in cereal !-glucan. In addition, the method does not require an enzyme 

deactivation step which is widely used in other methods. The technique is based on 

repeating freeze/thaw cycles (cryogelation) of a barley extract. 

      The authors mention in their procedure the following steps: preparing extract from 

barley flour with water (various temperatures 25-55 °C and time intervals 0.5-6 h can be 

used but 55 °C for 2.75 h gave the highest yield); spent flour (side-product of extraction) 

was centrifuged at 1500 g for 10 min to isolate the !-glucan-enriched extract; freezing of 

the extract at -10 °C for 24 h; thawing at room temperature; recovering the gelatinous 

material by filtration; washing with water and ethanol; drying at 50 °C; redissolving in 

water at 80 °C; recovering by filtration; freezing of extract at -10 °C for 24 h; thawing at 
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room temperature; recovering of gelatinous material by filtration; washing with water and 

ethanol; final drying. The product achieved from this procedure was high in !-Glucan 

(~90 ± 5 %) with a molecular weight of ~560,000 Da. 

      Lazaridou & Biliaderis (2004) explained the mechanism of the freeze/thaw 

phenomenon of !-glucan solution which is also called cryogelation. The repeated 

freeze/thaw of !-glucan solution results in a cryogel even if !-glucan is present at lower 

than gelation concentration. Two stages of that process are distinguished:  

1. During freezing water is crystallized causing an increase in concentration of !-glucan 

in the unfrozen phase. That increase of concentration leads to hydrogen bond formation 

between cellotriosyl units of polymers resulting in a weak gel. 

2. During thawing ice crystals grow due to Ostwald ripening, strengthening the created 

gel by building up more polymer-polymer interactions.  

Repeating the freeze/thaw cycles results in formation of additional crosslinks in the 

network which leads to gel hardening (increase in G& and decrease in tan .). 

      Nowadays Glucagel™ is available in the market as a high in barley !-glucan product 

which is used as an additive to various foods to increase their functionality. 

 

2.5.4. Structure of cereal !-glucan 

      Cereal !-glucan is an unbranched homopolysaccharide composed of !-D-

glucopyranosyl units joined by (1&3) and (1&4)-!-D-linkages. The !-glucan molecule 

can be subdivided into three types of structural blocks:   

- Cellotriosyl, three !-D-glucapyranosil units joined by (1&4) linkages 

- Cellotetraosyl, four !-D-glucapyranosil units joined by (1&4) linkages 
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- Cellulose-like fragment, 5 to 28 !-D-glucapyranosil units joined by (1&4) linkages. 

These structural blocks are connected to each other by single (1&3) linkages. These 

blocks in the molecule are present in random fashion. Cellotriosyl and cellotetraosyl are 

the main types while cellulose-like fragments represent only 5-10 %. Structures of 

cereal !-glucans from various cereals have the following differences: quantities of 

cellotriosyl, cellotetraosyl and cellulose-like fragments, degree of polymerization of 

cellulose-like fragments and molecular weight of the !-glucan (Izydorczyk & Dexter, 

2008). 

      Hydrolysis of cereal !-glucan with lichenase (Figure 2.13) results in dividing the 

molecule into oligomers with different degrees of polymerization (DP). There are two 

main fractions of these oligomers, DP3 and DP4, which account for 90-95 % of the 

hydrolyzed material. The DP3/DP4 molar ratio is different for each type of cereal and 

thus it is considered to be the main parameter, and even a fingerprint of !-glucan 

structure. That ratio follows in the order, wheat (3.0-4.5), barley (1.8-3.5), rye (1.9-3.0) 

and oats (1.5-2.3) (Lazaridou & Biliaderis, 2007). Also it was found that in barley and 

oats, the ratio is higher in aleurone tissues than in starchy endosperm (Izydorczyk et al, 

2003; Wood et al, 1994b). 

      Another parameter of !-glucans is molecular weight. Molecular weights of !-glucan 

from different sources occur in the following order: oats 65-3100x103, barley 31-

2700x103, rye 21-1100x103 and wheat 209-487x103 (Lazaridou & Biliaderis, 2007). 
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Figure 2.13. Structure of cereal !-Glucan and products of its hydrolysis by lichenase. 
©  Izydorczyk MS, Dexter JE (2008). Barley !-glucans and arabinoxylans: Molecular 
structure, physicochemical properties, and uses in food products-a review. Food 
Research International. 41, p.851. Figure 1 used with permission from Elsevier on March 
12, 2010. 
 

 2.5.5. Solubility of cereal !-glucan                                                                                                      

      High bioactivity of cereal !-glucan and its technological application is related to its 

ability to solubilize in water. It is commonly accepted that !-glucan solubility is caused 

by the presence of (1-3) linkages which interrupt (1-4) linkages. This unordered 

conformation does not allow molecules to align closely and form numerous 

intermolecular hydrogen bonds. In the case of cellulose, only (1-4) linkages exist, so the 

molecules pack closely, leading to an inability to solubilize in water (Izydorczyk & 

Dexter, 2008).  

      However not all !-glucan gets extracted with hot water from cereals. Analysis of 

water-soluble and water-insoluble !-glucan of barley and oats showed some structural 

differences. First of all, surprisingly, the molar mass of water-insoluble !-glucan was 

found to be significantly lower than water-soluble !-glucan. Secondly, DP3/DP4 ratio 

was found to be lower for water-soluble !-glucans (Johansson et al, 2004). This 
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observation explains the reduction of !-glucan solubility from various cereals in the 

following order, oats > barley > wheat, as their DP3/DP4 ratio grows in the same order 

(Skendi et al, 2003). However Miller & Fulcher (1995) suggest that water insolubility of 

!-glucan is due to cell wall organization rather than molecular structural differences. It 

was shown that after hot water extraction of oats, !-glucan located in the internal part of 

the cell walls went into solution, whereas !-glucan in the outer layer of the walls 

remained undissolved. Part of !-glucan stays in the wall matrix as a result of hydrogen-

bonding with other components of the cell wall skeleton.  

      Usually water-soluble polysaccharides are not easy dispersible in aqueous solutions. 

Often they create large insoluble aggregates. Heat application to these systems can help 

solubilization. However excess heat can cause depolymerisation of molecules due to 

scission of covalent bonds. For example, standard autoclaving procedure (121 °C for 15 

min) results in severe degradation of oat !-glucan molecules (Wang et al, 2001). At the 

same time solubilization of !-glucan at 80 °C up to 1h does not allow polymers to 

dissolve properly (Wang et al, 2002). Thus dispersibility of !-glucan is a sensitive 

procedure, which should allow all molecules to be completely solubilzed while not 

causing their degradation. 

      In work by Wang et al (2002), the influence of temperature (80-121 °C) and duration 

(90 sec-1 h) of heat treatment (no stirring) on the dispersibility of oat !-glucan in a 

microwave oven was investigated. Results of the experiment showed that the polymer 

cannot be completely solubilized at temperatures below 90 °C. Treatment at 100, 110 and 

121 °C for 10 minutes showed good dispersibility. Treatment at longer times than 10 min 

at 110 and 121°C caused !-glucan degradation. In work by Tosh et al (2004), 1 % w/v oat 
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!-glucan solution was prepared by dispersion of polymer at 70 °C for 3 h. In work by 

Kontogiorgos et al (2009a) oat !-glucan was dispersed in water at 90 °C by continuous 

stirring with a maximum concentration of !-glucan of 1.5 % w/v (duration was not 

indicated). It was mentioned that if the concentration of !-glucan was higher than 1.5 % 

w/v then insoluble agglomerates were formed. Consequently !-glucan dispersion 

procedure parameters such as temperature, duration and concentration of !-glucan should 

be chosen carefully. 

 

2.5.6. Conformation of cereal !-glucan in solution  

      The changes in molecular structure outlined above would be expected to alter the 

properties of a solution of !-glucan. Viscosity values of a !-glucan or other polymer 

solution can be used to characterize the molecular weight of that polymer. The intrinsic 

viscosity ['] is defined as 

                                                                                                                                      (2.17) 

where '0 is the viscosity of the solvent (no solute), ' is solution viscosity and c is solute 

concentration. The Mark-Houwink equation describes the relationship between ['] of a 

polymer solution and its molecular weight:  

                                                                                                                   (2.18)                                                                                                                  

where $ and K are constants which depend on the nature of the polymer in a specific 

solvent and the temperature. The exponent $, which is also called the Mark-Houwink 

exponent, relates to molecular stiffness and, as a result, the conformation of the polymer 

chain in a solution. If " < 0.5 then the molecule has a very compact shape, for values 0.5 

< " < 0.8 an extended random coil conformation exists, and for more rigid polymers " > 
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0.8. If " values are close to 1.8 then the polymer exists in solution as a rigid rod (Li et al, 

2006).  

      Several studies report on the Mark-Houwink exponent for cereal !-glucan from 

different sources: oats 0.73 (Wang et al, 2001), barley 0.71 (Bohm & Kulicke, 1999) and 

wheat 0.78 (Li et al, 2006), which all confirm that cereal !-glucan in solution has an 

extended random coil conformation. 

 

2.5.7. Enzymatic hydrolysis of cereal !-glucan by lichenase 

      Hydrolysis of cereal !-glucan is a common procedure used in studying the structural 

and physical properties of this polymer. Usually acid (H2SO4, HCl) or enzymatic 

(lichenase, cellulase) hydrolyses are used for these purposes. The most frequently used 

enzyme is lichenase or endo-(1&3)-(1&4)-!-D-glucan 4-glucanohydrolase (EC 3.2.1.73) 

which specifically cleaves (1&4)- glycosidic bonds adjacent to (1&3)-glycosidic bonds 

in cereal !-glucan in a random fashion. Hydrolysis of cereal !-glucan by lichenase yields 

fragments of molecules with (1-3) linked !-D-glucapyranosil unit at the reducing end. The 

source of most lichenases is bacteria, of which Bacillus subtilis is the most studied one 

(Grishutin et al, 2006). Usually lichenase is used for hydrolysis of cereal !-glucan into 

DP3, DP4 and cellulose-like fragments that are then analysed. However in a few studies 

partial hydrolysis of cereal !-glucan was also employed to attain molecules with various 

molecular weights.  

      In a work by Roubroeks et al (2000), a solution of high molecular weight oat !-

glucan (~1 % w/v) was prepared by solubilization of !-glucan concentrate  (>95 % of !-

glucan) in a sodium-phosphate buffer. Then the resultant solution was incubated with 
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lichenase at different concentrations (0.1-0.0001 U/ml) for different incubation periods 

(0-70 h) at 40 °C. The enzyme was inactivated by submerging the solution into boiling 

water for 30 min. With increase of incubation time a gradual reduction of molecular 

weight (measured by size-exclusion chromatography) of !-glucan was observed (after 0 h 

Mw~ 250x103, after 70 h Mw~ 5.3x103). It was also found that degradation occurs at a 

constant rate during incubation.  

      In work by Tosh et al (2004) the structural and rheological characteristics of oat !-

glucan partially hydrolyzed by acid, cellulase and lichenase were evaluated. In a part of 

the study where lichenase hydrolysis was used, 1 % w/v !-glucan solution was incubated 

with 0.004-0.0004 U/ml lichenase at 50 °C for 1-2 h. At the end of the incubation, the 

enzyme was inactivated by heating at 90 °C for 30 min. As a result !-glucans with molar 

masses from 200,000-40,000 g/mol were produced. In another study by Manzanares et al 

(1993), barley !-glucans with molecular weights in the range 100,000-30,000 were 

produced by lichenase hydrolysis of a solution of !-glucan (0.1 % w/v) incubated with 

0.0006 U/ml lichenase at 30 °C. The lichenase hydrolysis of barley !-glucan by Gomez et 

al (1997) was employed to achieve molecules with different molecular weights (the 

lowest was 8400). A solution of !-glucan (0.5 % w/v) was incubated with lichenase (0.13 

U/ml) at 30 °C for different time periods up to 200 min. Enzyme inactivation was done at 

100 °C for 2 h.  

      All the above studies confirm that partial hydrolysis of cereal !-glucan can be used to 

achieve smaller molecular fragments. Also the molecular weight of these fragments 

depends on the degree of hydrolysis, which is governed by the concentration of !-glucan 

in solution, the amount of enzyme added, the incubation time period and the incubation  
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temperature. 

 

2.5.8. Health benefits of cereal !-glucan 

      Several in vitro studies and clinical trials have shown evidence that consumption of 

cereal !-glucan results in reduction of blood cholesterol and blood glucose levels. 

However the mechanism of those effects is not well understood. In 1997 !-glucan was 

officially recognized by the United States Food and Drug Administration (FDA) as a 

food product which is able to reduce the risk of cardiovascular diseases. The FDA 

recommends consuming 3 g of !-glucan per day. In the United States, food products 

containing 0.75 g and higher of cereal !-glucan per reference amount can claim reduction 

of heart disease risk (United States Food and Drug Administration, 2008).  

      According to one theory reduction of cholesterol in blood is a result of the ability of 

DF to adsorb and create complexes with bile, which consists of bile acids together with 

cholesterol. That complex moves into the large intestine where it gets degraded by 

colonic microflora or excreted with the feces. Thus excreted bile cannot be recirculated 

(returned back to the liver), triggering the synthesis of new bile from cholesterol which is 

up taken from the blood, resulting in reduced blood cholesterol. Thus, reduction of 

cholesterol is usually associated with excretion of bile acids (Gropper et al, 2005). In 

vitro analyses of extrudates by Drzikova et al (2005) showed an increase in binding of 

bile acids as a result of increased !-glucan content. In a meta-analysis, Ripsin et al (1992) 

determined that consumption of 3 g per day of soluble fibre from oats caused a reduction 

of 0.13-0.16 mmol/L of the cholesterol level in human subjects. Clinical trials by Lia et al 

(1995) showed that in human subjects consumption of bread supplemented with oat !-
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glucan increased excretion of bile acids by 53 % compared to the same bread but with 

added !-glucanse (a !-glucan degrading enzyme which was mixed into the bread dough).  

      Studies also suggest that cereal !-glucan reduces blood glucose level. The effect of 

extruded breakfast cereals with three different concentrations of oat bran on the glycemic 

response was investigated by Tappy et al (1996). It was found that an increase of !-

glucan content resulted in a linear reduction of plasma glucose. Thondre & Henry (2009) 

investigated the impact of !-glucan concentration in flatbread on the glycemic response 

in human subjects and found that bread with 4.1 % and 7.8 % of !-glucan reduced the 

glycemic index by 43 and 47 %, respectively. Wood et al (1994a) proposed that the 

ability of !-glucan to reduce plasma glucose and insulin levels in humans relates to its 

viscosity in solution. In that work subjects consumed drinks fortified with !-glucan rich 

“oat gum” (the production process described by Wood et al (1989)). They found that: 

1. With different concentrations but with the same molecular weight, an increase in drink 

viscosity was seen with an increase in oat gum concentration,  

2. With different molecular weight (hydrolyzed by HCl) but with the same concentration, 

the viscosity decreased with increased time of hydrolysis.  

 A negative linear relationship between glucose response and viscosity of the drink was 

found and a similar trend was observed for insulin response. The authors concluded that 

reduction in plasma glucose and insulin levels can be achieved by consumption of low 

molecular weight oat !-glucan at high doses or by high molecular weight at lower doses. 

 

2.5.9. Cereal !-glucan enriched yogurt                                                                                            

      DF has been linked with regulation of food uptake and various other health benefits in  
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humans. Different types of vegetation naturally contain DF and from some of them fibre 

can be extracted at reasonable cost. To increase the functionality of a number of fibre-

free or low-in-fibre food products, it is common to supplement them with fibre. While 

yogurt has substantial amounts of protein, calcium and sometimes probiotic bacteria and 

is usually recognized as a healthy food. However yogurt does not have any fibre as it is a 

dairy product. Thus it is an attractive notion to increase the functionality of yogurt by 

supplementation of it with DF. Cereal !-glucan can be a good candidate for 

supplementation of yogurt as it can be solubilized and thus result in a homogeneous 

product. Several studies where the subject of research was yogurt enriched with cereal !-

glucan are reviewed below.  

      Lazaridou et al (2008) investigated the impact of concentration and molecular weight 

of barley !-glucan on the physical properties of set yogurt, which were measured by a 

rheometer equipped with double gap cylindrical geometry. Syneresis was measured 

immediately after incubation and expressed as a percent of weight difference of initial 

yogurt and yogurt without whey. Yogurt milks with different SMP content (10, 12 and 14 

% w/w) and !-glucan concentration (from 0.5 to 2 % w/w) and molecular weight (from 

40 to 250x103) were set with GDL. Results showed that set yogurt samples supplemented 

with !-glucan had similar values of G& and tan . for all concentrations studied. 

Particularly these G& values were significantly reduced and tan . values significantly 

increased compared to the control sample (no !-glucan). Increased molecular weight of 

!-glucan resulted in set yogurt with increased gel elasticity (increase of G& and decrease 

of tan .). Increase of SMP concentration reduced syneresis in all samples. Yogurts with a 

!-glucan concentration of 0.5 % showed the highest values of syneresis, which were 
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substantially higher than that of control yogurts. Further increase in !-glucan 

concentration led to syneresis reduction. A similar finding was obtained by Brennan & 

Tudorica (2008) in experiment with yogurt supplemented with Glucagel (the fibre 

material used in this study). In the study by Lazaridou et al (2008) samples with SMP 

concentrations of 10 and 12 % w/w and !-glucan concentration of 1.5 and 2 % w/w had 

lower syneresis values than the control. Increased molecular weight of !-glucan generally 

resulted in a decrease of syneresis. The authors suggested that high molecular weight 

polysaccharides can stabilize casein particles by building a network around them. Also it 

was concluded that !-glucan supplementation interrupts network formation probably by 

causing depletion flocculation of casein micelles. However, the structure of yogurt can be 

improved by application of !-glucan at higher concentration and larger molecular weight 

(Lazaridou et al, 2008). 

      Gustaw (2008) studied the properties of set yogurt supplemented with oat !-glucan. 

In that work SMP was reconstituted at 12 % w/v and supplemented with oat !-glucan 

isolate (82 % !-glucan) at different concentrations (0.05-0.3 % !-glucan). The resulting 

yogurt milk was fermented with yogurt starter culture. Increasing the !-glucan 

concentration up to 0.1 % resulted in an increase in yogurt hardness as measured by a 

penetration test using a texture analyzer. However, further increase of concentration 

resulted in a dramatic hardness decrease. A similar picture was seen with measurements 

of apparent viscosity. Again, a dramatic decrease was found at !-glucan concentrations 

higher than 0.1 %. 

      Vasiljevic et al (2007) investigated the effect of addition of three types of DF: inulin, 

oat and barley !-glucan concentrates (50 and 60 % !-glucan, respectively) on the 
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properties of set yogurt. Yogurts were made from yogurt milk (14 % w/w solution of 

SMP) supplemented with DF (0.5 % w/v) and fermented with yogurt starter culture and 

the probiotic culture Bifidobacterium animalis ssp. lactis. Syneresis values were obtained 

by centrifuging samples at 700 x g at 8 C° for 10 min, and the weight difference of initial 

samples and samples without whey was converted to percent. Syneresis measurements 

over four weeks showed that for the control and inulin supplemented samples, values 

were increasing and at the end of the fourth week were ~30 % and ~50 % respectively. 

For both oat and barley !-glucan enriched samples syneresis values dramatically dropped 

to ~77 % after one week and did not change during the additional three weeks. Moreover, 

a threshold for syneresis of !-glucan concentration was found. With !-glucan 

concentration below 0.3 % w/v the gel stayed homogeneous, but exceeding that 

concentration caused the system to separate into two phases. Analyses of the separated 

phases showed that the top phase was rich in !-glucan while the lower phase was protein 

rich. The authors concluded that the cereal !-glucan interrupts gel network formation if a 

threshold concentration is exceeded due to its thermodynamic incompatibility with dairy 

proteins. 

      Volikakis et al (2004) studied the influence of oat !-glucan concentrate (22.2 % !-

glucan) on the properties of low fat white-brined cheese. Gelation of milk (casein/fat = 

0.7) supplemented with 1, 2 and 3 % w/w concentrate was achieved with the addition of 

cheese starter culture and rennet. Results showed that at a concentration of !-glucan 

concentrate of 3 %  (~0.6 % w/w !-glucan) gelation time and G& of the curd were 

significantly reduced. The authors stated that at a high !-glucan concentration, the casein 

network formation was impeded. 
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      All the above studies suggest that supplementation of yogurt with cereal !-glucan can 

result in textural problems in a product. However if the proper characteristics, including 

!-glucan concentration and its molecular weight, and the right concentration of dairy 

solids are selected, a stable product can be achieved.     

   

2.5.10. Interaction of whey proteins with cereal !-glucans 

      Kontogiorgis at al (2009b) studied the differences in phase behavior of high 

molecular weight (1.3x106 g/mol) oat !-glucan/whey protein system at two different pH 

values (7.0 and 3.0). Mixtures with varying concentrations of polymer and protein were 

achieved by mixing stock solutions of whey protein isolate and oat !-glucan isolate (80 

% !-glucan). Results showed that the two biopolymers are highly incompatible and the 

system separates at low concentrations (threshold of !-glucan 0.7 % and protein 2 %). 

The phase diagram demonstrated that incompatibility remains at a wide range of 

concentrations. It was concluded that the system separates into two liquid phases: one 

protein rich and one polysaccharide rich due to themodynamic incompatibility. In an acid 

environment (pH 3.0) compatibility of two polymers increased as a result of whey protein 

conformational changes.   

      The same group, but in a different report (Kontogiorgos et al, 2009a), investigated the 

effect of the molecular weight of oat !-glucan on the kinetics of !-glucan/whey protein 

system phase separation. !-glucan with different molecular weights 1.6x106, 640x103, 

180x103, 120x103 were produced by acid hydrolysis of !-glucan isolate (80 % !-glucan, 

Mw 1.6x106) for various times. Stock solutions of whey protein isolate and !-glucan were 

mixed together at various proportions to achieve systems with desirable 



 79 

protein/polysaccharide ratios. Measurement of turbidity rate was employed as an 

indicator of phase separation kinetics. Results showed that in samples with lower 

molecular weight !-glucan (120 – 640x103), the separation rate grew with increase in !-

glucan concentration. In samples with a !-glucan molecular weight of 1.6x106 the 

opposite trend was noted. Images taken by fluorescence microscope revealed that 

calcofluor-stained !-glucan with low molecular weights (180x103 and 120x103) created 

small spherical mobile droplets in a solution with whey protein, while !-glucans with 

higher molecular weights (1.6x106, 640x103) created large domains with restricted 

mobility. The authors concluded that the high molecular weight polymer increased the 

viscosity of the system and provided kinetic arrest of phase separation. 
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2.6. Depletion flocculation  

2.6.1. Introduction 

      Usually food systems are complexes of numerous components where proteins and 

polysaccharides are largely present. Also these two components are responsible for 

structural characteristics of food as they are widely used as thickeners and emulsifiers. 

During development of a new food product it should be taken into account that depending 

on various conditions, interactions between proteins and polysaccharides can result in 

unacceptable structural defects. Tolstoguzov (1991) studied over one hundred different 

protein-polysaccharide systems. He distinguished three main types of protein-

polysaccharide interactions: co-solubility, complexation and incompatibility (Figure 

2.14).  

      1. Co-solubility or miscibility. This is the least common type of interaction, when the 

system remains in equilibrium (no separation) even at high concentrations of both 

polymers. In that case, the nature of protein-polysaccharide interaction is similar to 

interactions between polymers of the same type (protein-protein and polysaccharide-

polysaccharide).  

      2. Complexation or complex coacervation. In this case complexes get formed 

between proteins and anionic polysaccharideas as a result of electrostatic attraction. 

Complexes usually occur when pI polysaccharide < pH < pI protein. The protein becomes 

positively charged and the polysaccharide is still negative, so that associative interaction 

takes place (Ye, 2008). In the case when the polysaccharide has multiple anchor sites 

(charged patches), proteins can be linked between each other by these polymers (bridging 

flocculation). Several outcomes for this type of interaction are possible. Formed  
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Figure 2.14. Main types of protein polysaccharide interaction. Modified version of de 
Kruif & Tuinier (2001). 
 

complexes can stay in solution homogenously distributed or they can precipitate, 

separating the system into two phases, a complex rich and a solvent phase. When the 

anionic polysaccharide has an adsorbing terminal on one end and a hydrophilic 

“dangling” end, they can adsorb on the surface of the protein providing it with steric 

stabilization. For example, adsorption of high methoxyl pectin on the surface of casein 

micelles at pH ~ 4.0 provides micelles with steric stabilization (Tromp et al, 2004). 

      3. Thermodynamic incompatibility or segregation. This is the most commonly 

occurring type of interaction in solutions of biopolymers, when no complexes between 

protein and polysaccharide exist. This type of system usually consists of 

- Neutral polysaccharides and proteins or  

- Anionic polysaccharides and proteins where the polysaccharides have the same charge 

sign as the proteins, which means the existence of repulsive interaction.  

      Below a certain threshold of the combination of protein and polysaccharide  
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concentrations, the system remains homogeneous. If the threshold is exceeded then the 

system demixes into two phases, one protein rich and the other polysaccharide rich.  

      Depletion flocculation is a unique case of thermodynamic incompatibility when 

proteins are particle-like or in the form of large aggregates. In the case of dairy systems, 

casein micelles and heat-denaturated whey protein aggregates are considered to be large 

particles (de Kruif & Tuinier, 2001; Doublier et al, 2000; Syrbe et al, 1998; Tolstoguzov, 

1991).  

 

2.6.2. Mechanism of depletion flocculation 

      Depletion flocculation is the segregation of dispersed spherical colloidal particles 

induced by the presence of a non-adsorbing polymer. In that case particle and polymer do 

not have any specific interaction between each other as the polymer is non-adsorbing. 

Depletion flocculation theory assumes that the colloidal particles act as hard spheres 

towards each other. Polymers are also treated as spheres, which act as hard spheres 

towards colloidal particles but permeable towards each other (De Hek & Vrij, 1981). As 

colloidal particles and polymers have a hard spheres type of interaction (polymers cannot 

penetrate particles) the centers of mass of the polymer molecules are excluded from the 

surface of the particles at a certain distance that is equal to the average polymer radius. 

Thus, the concentration of polymer near the surface of the particles is smaller than in the 

bulk solution. The layer around the colloidal particle surface with thickness equal to the 

average polymer radius where the concentration of polymer is lower than in the bulk 

solution is called the depletion layer.  

      When two particles approach each other as a result of Brownian motion, at a certain  
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point their depletion layers begin to overlap creating an overlap volume (Voverlap). At this 

moment the polymer cannot fit in the gap between the particles anymore which means 

that the overlap volume is occupied only by pure solvent (Figure 2.15). The difference in 

polymer concentration between the inside region (overlap volume) and the outside region 

(bulk solution) causes a difference in osmotic pressure. That imbalance creates a force 

acting on the two particles from the outside. The magnitude of this force depends on the 

osmotic pressure of the polymer solution. The range of that force (the range of distance 

between particles when the attraction occurs) depends on the thickness of the depletion 

layer around the particle, and thus is governed by the size of the polymer (Asakura & 

Oosawa,1958). Depletion flocculation is considered to be a short-range interaction, as the 

range of the interaction is much smaller than the size of the particles. Increased polymer 

molecular weight results in a bigger depletion layer around the particles and thus an 

increase in the range of the interparticle attraction force (assuming that increase of 

polymer Mw leads to increase in radius). Thus with an increase of polymer Mw one would 

expect an increased number of flocculated particles in a system. Therefore increase of 

polymer Mw results in a decrease in the minimum polymer concentration required to 

induce depletion flocculation if the radius of the particles is constant (De Hek & Vrij, 

1981). However the increase of polymer Mw should be in the limits of the condition that 

size of the colloidal particle is much larger than the polymer size (Asakura & Oosawa, 

1958). If the weight concentration of polymer is constant then the change of the polymer 

size results in occurrence of two competing effects. Systems with higher polymer size 

have greater range of the attraction as a result of thicker depletion layer, whereas the 

magnitude of the attraction is greater in systems with lower polymer size as a result of  
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Figure 2.15. Depletion interaction mechanism. 6c particle diameter, 6p polymer diameter, 
7 depletion layer thickness (7 = 6p /2) 
©  Tuinier R, de Kruif CG (1999). Phase behaviour of casein micelles/exocellular 
polysaccharide mixtures: Experiment and theory. Journal of Chemical Physics. 110, 
p.9297. Figure 1 used with permission from Americal Institute of Physics on March 24, 
2010. 
 

higher osmotic pressure (De Hek & Vrij, 1981).     

      As a consequence of the unbalanced osmotic pressure, particles are pushed together 

to exclude pure solvent from the overlap volume into the solution. The particles 

flocculate and release solvent with a volume equal to Voverlap which becomes available for 

the polymers. As a result, the flocculated particles precipitate, separating the system into 

two phases: particle rich and polymer rich. Stirring of that separated system brings it back 

to homogeneity, however with time it will separate again with the same kinetics 

(Langendorff et al, 2000). Depletion flocculation is a reversible process. Dilution of the 

separated system with solvent brings it to stability. In other types of flocculation, 

reversibility is not always the case, for example bridging flocculation (de Hek & Vrij,  

r 
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1981). 

 

2.6.3. Vrij theory 

      Vrij (1976) developed a model which describes the interaction between colloidal 

spherical particles in a solution of non-adsorbing polymer. Hard spheres with diameter 6c 

are present in a solution of polymers with diameter 6p. The 6p is much smaller than 6c, 

although at the same time, polymers with very small molecular mass fail to cause 

depletion flocculation (Asakura & Oosawa, 1958). Around a particle a depletion layer 

gets created with thickness % equal to half of the polymer diameter (% = &p /2). The 

potential energy of the particle-particle interaction as a function of separation distance or, 

as it is also called, pair potential U(r), where r is the distance between the centers of two 

particles, expresses the interaction between particles. U(r) represents the work which 

needs to be done to separate a pair of particles at some large distance. 

                                                                                                         (2.19)                                                                                                               

where f(r) is the force which needs to be applied at distance r (Goodwin, 2009). 

      The unbalanced osmotic pressure described earlier results in an attractive potential 

U(r), which depends on two factors: 

- The osmotic pressure 'p created by the polymer in a volume accessible for polymer 

(Vaccessible = Vtotal of system – Vparticles with depletion layers), and                                                (2.20)                                                        

- The overlap volume of depletion layers between a pair of particles, Voverlap.  

Using Van`t Hoff`s law, the osmotic pressure of a polymer solution at temperature T with 

polymer concentration cp (in the accessible volume) equals 'p = cpRT/M where R is the 

gas constant and M is the molar mass of the polymer. The overlap volume in a lens-like  
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shape depends on the distance between the centers of two particles r 

 if &c < r < (&c+ &p) then  

                                                (2.21)                                                  

Then the pair potential between two particles follows as: 

                                                                          (2.22)                                                                      

      Tuinier et al (1999) drew the scheme of the depletion interaction potential using Vrij 

theory (Figure 2.16). As can be seen, if the distance between the centers of two particles 

is large, then no interaction exists between them and U(r)=0. When the distance r is 

shorter than &c + &p (overlap of depletion layers) attraction between particles takes place 

and U(r) gains some negative value. Finally, when particles collapse r = &c , and U(r) 

becomes infinitely high. 

      Theoretical and practical findings of de Hek &Vrij (1981) showed that if the 

concentration of particles is fixed but the concentration of polymers grows, at one point 

that concentration reaches some value clim when the osmotic pressure of the polymer 

solution becomes high enough to trigger flocculation of particles. For high molecular 

mass polymers the value of clim is smaller than for low molecular mass. Thus, with 

increase of polymer molecular mass (and as a consequence its 6p) the system becomes 

less stable and less polymer is needed to demix it. That effect is attributed to increase of 

the depletion layer thickness around particles which results in a larger range of attraction 

(described in section 2.6.2). 

      Tuinier & de Kruif (1999) used the Vrij model to calculate phase diagram boundaries 

of a system containing particles with diameter 200 nm and polymers with different radius  
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Figure 2.16. Scheme of depletion interaction potential between two particles as 
represented by the Vrij model. Modified version of Tuinier et al (1999). 
 

of gyration (the average distance of each atom from the centre of mass of the polymer) 

30, 60 and 90 nm (Figure 2.17). It can be seen that an increase of the radius of gyration 

shifts the phase diagram boundary to a less stable region where less polymer is needed to 

trigger depletion flocculation.  

 

2.6.4. Examples of depletion flocculation in the literature  

      Milk is a colloidal system of dispersed casein micelles with an average diameter of 

200 nm. Dairy products are often supplemented with stabilizers, thickeners, fat replaces 

and DF. Moreover some lactic acid bacteria used in the dairy industry are able to 

synthesize exopolysaccharides (EPS). Addition of some non-adsorbing polysaccharides 

to dairy products can result in phase separation due to depletion flocculation. Thus it is 

important to consider the type, concentration and molecular weight of polymer added in a  
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Figure 2.17. Phase diagram calculated using Vrij model for system of particles with 
diameter 200 nm and polymers with different radius of gyration. # represents the volume 
fraction of particles and cp concentration of polymer.    
© Tuinier R, de Kruif CG (1999). Phase behaviour of casein micelles/exocellular 
polysaccharide mixtures: Experiment and theory. Journal of Chemical Physics. 110, 
p.9297. Figure 1 used with permission from Americal Institute of Physics on March 24, 
2010. 
 

product. Summaries of several articles focusing on depletion flocculation in dairy 

systems are described below. In work by Tuinier & de Kruif (1999), the subject of the 

research was the casein micelle/EPS system. In that study whey-free SMP was dispersed 

in a skim milk permeate to achieve solutions with constant concentration of whey protein 

and salts but different volume fractions of casein micelles. Solutions were supplemented 

at different concentrations with EPS from Lactococcus lactis subsp.cremoris, which is a 

non-adsorbing polysaccharide. In a theoretical part of the study phase diagram boundaries 

of the casein micelle/EPS system were found using the Vrij and Lekkerkerker models. 

Researchers found that at a certain EPS concentration, the system separates into two 

phases due to depletion flocculation. The bottom phase was casein rich and the top one 

was EPS rich. It was also found that reduction of the micelle volume fraction increased 
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the EPS threshold concentration. Experimental and theoretical phase boundaries were 

close supporting the relevance of these theories.  

      Tuinier et al (2000) studied the influence of guar gum on the stability of skim milk. 

Guar gum is a non-adsorbing polysaccharide with random coil conformation which 

means that it can cause depletion flocculation. The same procedure of sample preparation 

was used as in Tuinier & de Kruif (1999) except that instead of EPS, guar gum was used. 

This work was particularly interesting due to the employment of guar gum with different 

molecular weights, which was achieved by acid hydrolysis at high temperature. Results 

of the experiment showed that the system again demixes into casein rich and guar gum 

rich phases if a certain threshold of guar gum concentration is exceeded. Also similar to 

the previous experiment, the reduction of casein micelle volume fraction results in an 

enlargement of the guar gum threshold concentration. The main finding of the study was 

that reduction of the radius of gyration of guar gum also resulted in an increased polymer 

threshold concentration. Calculated phase boundaries using the Vrij model were close to 

the experimental ones. 

      Bourriot et al (1999) studied the microstructure of micelle casein/guar gum systems 

using confocal laser scanning microscopy. Again, phase separation was seen as a result of 

depletion flocculation if the guar gum threshold concentration was exceeded. 

Micrographs of the system with labeled casein micelles and guar gum at a concentration 

lower than the threshold showed that micelles were homogenously distributed in the 

medium. Increasing the amount of casein micelles caused the system to phase separate. 

Micrographs showed that in that case flocculated casein micelles were seen as large spots 

with a size more than 100 8m.  



 90 

      Langendorff et al (2000) studied the behavior of a milk/carrageenan system. Upon  

cooling iota and kappa carrageenan solutions from 60 to 20 °C, the conformation of these 

polymers undergoes a transition from disordered coil to helix. That transition causes an 

increase in the charge density of these polymers as a result of exposure of negative 

charges in the helix conformation. At 20 °C in milk/iota carrageenan and milk/kappa 

carrageenan systems, carrageenans create complexes with casein micelles at the natural 

pH of milk. The complex formation is a result of attraction, electrostatic in nature, 

between positive charge patches on the C-terminal end of #-casein (even at the natural pH 

of milk) and high negative charges on carrageenans in the helix conformation. However 

at 60 C° carrageenans are present as random coils and do not adsorb on the surface of 

micelles. Experiments showed that the mentioned systems phase separate at both 20 and 

60 °C. However, at 20 °C phase separation is caused by bridging flocculation and at 60 

°C by depletion flocculation. de Kruif & Tuinier (1999) investigated the behavior of 

aggregated whey protein colloid particle (AWC)/EPS systems. AWC in that study were 

achieved by heat treatment of whey protein isolate solution (2 h at 68.5 °C). The radius of 

AWC measured by size-exclusion chromatography was 27 ± 3 nm. Mixing of stock 

solutions of AWC and EPS in different proportions resulted in a number of samples with 

various concentrations, EPS up to 10 gL-1 and AWC up to 100 gL-1. The authors found 

that depending on composition, the system can remain stable or separate into two phases, 

AWC-rich and EPS-rich. Visual monitoring of samples with different compositions 

resulted in a phase diagram where EPS concentration was plotted against concentration of 

AWC. Relative viscosity ('r) measurements were taken by Ubbelohde capillary 

viscometer as a function of EPS concentration. The 'r of two systems were measured: 



 91 

- EPS/(NaNO3 solution) system, where the viscosity of NaNO3 solution (0.10 M) was 

taken as '0, and 

- EPS/(AWC in NaNO3 solution) systems, where viscosity of AWC (15 gL-1) in NaNO3 

solution (0.10 M) was taken as '0.  

As the concentration of EPS was increased, the EPS/(AWC in NaNO3 solution) system 

showed higher values of 'r than the EPS/(NaNO3 solution) system. The authors 

suggested that phase separation in EPS/(AWC in NaNO3 solution) systems was caused by 

a depletion flocculation mechanism, where the AWC represent flocculating particles in 

the presence of non-adsorbing polymer EPS. The attraction between AWC particles 

caused an increase in relative viscosity in the EPS/(AWC in NaNO3 solution) systems. 

      Depletion flocculation can also occur in non-dairy emulsions as well. Parker et al 

(1995) studied the stabilizing effect of xanthan on a model salad dressing. First of all it 

was found that at low concentration of xanthan (0.01 g/L), the dressing creams much 

faster than control (without xanthan). Authors concluded that addition of gum promotes 

aggregation of oil droplets due to depletion flocculation and as a result these oil 

aggregates cream much faster. Secondly, an increase of xanthan concentration from 0.5 

to 2 g/L results in a decrease of creaming evolution. That decrease was assumed to be due 

to two factors: 

- Rheology change of the aqueous phase, where the droplets were dispersed, and  

- Network formation, where oil droplets flocculate due to a depletion flocculation 

mechanism creating a particle network. 

Thirdly, a significant effect of oil phase concentration on creaming was seen. Increasing 

the concentration of the oil phase from 20 to 40 % delayed creaming from 200 to 400 h. 
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If the concentration of the oil droplets is low, then only a weak and low-density network 

can be formed. Such a network under buoyancy forces gets broken into individual fast 

creaming flocs (oil droplet aggregates). That is why all low fat salad dressings suffer 

from low stability. In systems with a higher concentration of droplets, a stronger high-

density network gets formed. That network does not get broken into flocs so that it 

maintains its integrity during the whole period of storage. The network gets slowly 

compressed as a result of reattachments of flocculated oil droplets under buoyancy 

forces. For this reason, samples that have a high concentration of oil droplets creamed at 

a slow constant rate. Thus to produce a stable salad dressing it is necessary to create a 

network arranged of oil droplets, because a network structure creams much slower than 

individual oil droplets. Such a network can be created by addition of a sufficient amount 

of non-adsorbing polymer, which would cause depletion flocculation of droplets. 

Additionally, polymer would increase the viscosity of the dispersion medium which 

would also reduce the rate of creaming. In order to decrease creaming of salad dressing 

even more, the oil fraction is increased to result in a denser network.     

      A system consisting of a dispersion of 147 nm polysterene latex particles and 

hydroxyethyl cellulose (HEC), which is a non-adsorbing polymer (Mw 1x106), was 

studied by Faers (2003) and later extensively reviewed by Faers et al (2006). Changes in 

the phase behavior of the system were seen with increasing concentration of the polymer 

as follows.  

      1. (Very low polymer concentration). At zero and very low polymer concentrations 

latex particles remained stable. Addition of non-adsorbing polymer causes the appearance 

of a force pushing two colloidal particles together causing their attraction (section 2.6.2). 
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If the concentration of polymer is very low then the attraction is too low to compete with 

thermal motions (low polymer concentration results in low osmotic pressure and thus 

lower attraction between particles), thus the particles remain unflocculated and the 

system is perfectly stable.   

      2. (Low polymer concentration). Increasing concentration of polymer caused 

aggregation of some particles due to depletion flocculation. The higher concentration of 

polymer in this case causes stronger attraction between particles which dominates over 

thermal motions, so that the particles aggregate. Aggregates individually sediment 

resulting in a visually distinguishable phase on the bottom while unflocculated particles 

remained in suspension in the upper phase which made it look turbid.  

      3. (High polymer concentration). Further increase of polymer concentration resulted 

in particle network formation. If the concentration of polymer is even higher, then the 

attraction between particles is high enough that all particles present in the system 

flocculate and form a network. That network slowly gets compressed under gravity. The 

system separates into a clear upper phase and an amorphous sediment. The evolution of 

phase separation is slower when particles create a network than the separation in a 

previous case (2). The mechanism of separation in a high polymer concentration region is 

shown in Figure 2.18. The authors showed two possible outcomes, (Figure 2.18 ii) 

network compression with polymer trapped inside without releasing it, (Figure 2.18 iii) 

network compression with gradual polymer diffusion to the upper phase through network 

pores. However it was concluded that case (Figure 2.18 iii) is more probable because in 

(Figure 2.18 ii) the osmotic imbalance would re-swell the sediment which is not found in  

practice.        
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Figure 2.18. Behavior of particle network formed due to depletion flocculation as a result 
of high concentration of polymer. (i) initial network, (ii) and (iii) two possible outcomes.   
© Faers MA, Choudhury TH, Lau B, McAllister K, Luckham PF (2006). Syneresis and 
rheology of weak colloidal gels. Colloids and Surfaces A:Physicochemical and 
Engineering Aspects. 288. p.176. Figure 9 used with permission from Elsevier on March 
26, 2010. 
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3. Materials and methods 

3.1. Materials 

3.1.1. Starter culture 

      Commercial freeze-dried starter culture YO-MIXTM 495 LYO 100 DCU (Y495) 

(Danisco) for direct vat inoculation, which contained Streptococcus thermophilus and 

Lactobacillus delbrueckii subsp. bulgaricus, was used to prepare yogurt samples. In order 

to prevent undesired changes in the quality of starter culture due to exposure to varying 

temperatures and contamination, an initial quantity of culture was distributed into sterile 

polystyrene 5 ml tubes (FALCON, No 352054) and stored at – 20 °C. The distribution 

process was carried out under the laminar flow hood which allowed maintenance of 

sterile conditions. For each new batch of yogurt a new tube with culture was used.  

 Inoculation rate recommended by the culture supplier was 10-20 Danisco Culture Units 

(DCU)/100 L of vat milk. The weight of one DCU was unknown, thus the following 

procedure was implemented in order to express recommended inoculation rate in grams: 

(1) sachet with yogurt culture, containing 100 DCU was weighed,  

(2) empty sachet was weighed again after quantity of culture was removed, 

(3) weight difference was calculated (sachet with culture – empty sachet) providing 

the weight of 100 DCU.  

The recommended inoculation rate expressed in grams per 1 L of milk was found as 

0.017-0.033 g/L milk. 

 

3.1.2. Source of !-glucan 

      A commercial product, GlucagelTM (PolyCell Technologies LLC) which is high in !- 
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glucan and made from hulless barley was used as a source of !-glucan. The chemical 

composition of Glucagel was determined in this study and is summarized in Table 3.1. 

Each test was performed three times and a mean with standard deviation were reported. 

 

3.1.3. Skim milk powder 

      Low heat skim milk powder (SMP) was obtained from a local store. Low heat refers 

to a spray-drying process that does not denature any of the proteins. The chemical 

composition of SMP was determined in this study and is summarized in Table 3.2. Each 

test was performed three times and a mean with standard deviation were reported. 

 

3.1.4. Lichenase  

      Lichenase or endo-(1&3)-(1&4)-!-D-glucan 4-glucanohydrolase (EC 3.2.1.73) from 

Bacillus subtilis from a Megazyme assay kit was used. Contaminants were a-amylase at 

less than 0.0001%. The lichenase (1000 U/mL) was diluted with sodium phosphate buffer 

(pH 6.5) to achieve specific activity of 50 U/mL.  

 

3.1.5. YOP Tropixs Vanilla 

      Three bottles 200 mL each (batch 1) of commercially available yogurt drink YOP 

Tropixs Vanilla (Yoplait) were purchased in a local store and three bottles of the same 

product (batch 2) were purchased roughly one month later. Each bottle at the day of 

purchase was shaken manually to achieve homogeneity. 100 mL of product was poured 

into each of four 100 mL graduated cylinders (Pyrex, No 3075), previously washed with 

sanitizer, rinsed with autoclaved water, and covered with laboratory film (Parafilm “M”).  
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Table 3.1. Chemical composition of Glucagel “as is”. 
 

 

 

 

 
Table 3.2. Chemical composition of skim milk powder “as is”. 
 

A third bottle of YOP was used to complete fill up of the last volumetric cylinder since 

two bottles were not enough. Each batch test had 648 h of shelf life from the day when 

the product was purchased until its expiry date limitation. 
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3.2. Methods 

3.2.1. Determination of SMP solution volume  

     The increase of volume of SMP solution depending on the amount of SMP dissolved  

in deionized water was determined. Amounts (from 25 to 140 g) of SMP were 

reconstituted in 500 mL (V1) of deionized water (measured by 500 mL volumetric flask) 

at room temperature using magnetic stirring for 2 h. Then solutions were placed in a 

refrigerator for 2 h to allow the foam which was formed during SMP solubilization to 

destabilize and vanish. The volumes of the resulting SMP solutions (V2) were measured 

using a 500 mL volumetric flask and 100 mL graduated cylinder. The increase in SMP 

solution volume (y) compared with the initial volume of deionized water in which SMP 

was dissolved (500 mL) was expressed in %, calculated using Equation 3.1. 

                                                                                                          (3.1) 

                   

The experiment was repeated three times for each of the SMP concentrations used in this 

study (from 50 to 280 g/L of deionized water); the mean and standard deviation for each 

concentration were found. 

 

3.2.2. Determination of pH  

      The pH measurements of the samples were taken using a Corning pH meter 430 

(Corning Inc.) at a specified temperature. The pH meter was calibrated using pH 7.0 and 

4.0 buffer solutions.  
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3.2.3. Yogurt milk, set yogurt and yogurt drink preparation 

      The characteristics of three yogurt systems fibre-enriched with Glucagel were  

evaluated in the course of these studies - yogurt milk (the same ingredients as in set  

yogurt and yogurt drink but without starter culture), set yogurt, and yogurt drink (where 

the gel structure of the yogurt was broken to create a fluid). A detailed description of 

preparation of these products is presented in the paragraphs of subsequent sections and an 

overview of the process schemes for the three yogurt systems is shown in Figure 3.1. In 

order to assure the repeatability of the results, each yogurt system (yogurt milk, set yogurt  

and yogurt drink) with a specific composition was prepared twice (two batches).  

 

3.2.3.1. Yogurt milk preparation  

      The preparation of the yogurt milk started by separately dissolving the Glucagel and 

SMP in two equal volumes (500 mL) of deionized water. Different concentrations of the 

Glucagel were dissolved for 40 min at 90 °C using magnetic stirring in a 1000 mL glass 

beaker (Lazaridou & Biliaderis, 2009; Kontogiorgos et al, 2009b). Preliminary 

experiments showed that Glucagel was dispersed faster if the magnetic bar was larger and 

rotation speed was higher. Thus Glucagel was dispersed using a magnetic bar 

(Fisherbrand, 14-513-68) at ~1000 rpm. The highest concentration of Glucagel used 

during this preparation step was 25 g of Glucagel per liter of solvent (~ 15 g of !-glucan 

per liter of solvent). Higher concentrations of Glucagel were not used due to the 

possibility of insoluble agglomerate formation (Kontogiorgos et al, 2009b). To recover 

water which evaporated during Glucagel solubilization, the solution was first cooled 

down to ~30 °C using magnetic stirring (to prevent film formation on the surface of the  
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Figure 3.1. Scheme of preparation: yogurt milk, yogurt drink and set yogurt. 

 



 101 

Glucagel solution during cooling) at room temperature (cooling helps avoid damage to 

the volumetric flask), then it was placed in a 500 mL volumetric flask. After that, the 

glass beaker where Glucagel was dissolved with the magnetic bar inside was rinsed three 

times with deionized water (to ensure that no Glucagel was left). Each set of rinse water 

was placed in the volumetric flask with the Glucagel solution. The volume in the 

volumetric flask was made up to 500 mL with deionized water. Finally, 500 mL of 

solution was placed back in a 1000 mL glass beaker, covered with aluminum foil (to 

prevent water evaporation) and warmed up to 85 °C in a water bath.  

      SMP solutions with different volume fractions of casein micelles (#) were prepared 

by reconstitution of different weights of SMP in 500 mL of deionized water in a stainless 

steel vessel at room temperature using magnetic stirring for 2 h. The SMP solutions were 

covered with aluminum foil and warmed up to 85 °C in a water bath.  

      To create solutions containing both SMP and Glucagel, essentially all of the 500 mL 

of the Glucagel solution, which was at 85 °C at that point, was added to the stainless steel 

vessel with all of the SMP solution (also at 85 °C). The solution was magnetically stirred 

for 5min and went through essentially the manufacturing process for yogurt by heat-

treating at 85 °C for 30 min in a water bath (Tamime & Robinson, 2007a) followed by 

cooling down to 42 °C in a tank with circulating cold water. The resulting product was 

called yogurt milk. The mean pH of the freshly prepared yogurt milks was determined 

according to the procedure described in 3.2.2 at a temperature of 42 °C. The pH was 6.52 

± 0.02, which is close to the pH of natural milk ( 6.6 (Swaisgood, 2003).  

      The yogurt milks were supplemented with preservatives (NaN3 0.1g (BDH, B30111) 

and tetracycline 0.125 g (Sigma, T3258-25C)) in order to restrict growth of 
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microorganisms which could occur during storage. NaN3 is known for its ability to inhibit 

growth of gram-negative bacteria (Lichstein & Soule, 1943) and tetracycline for ability to 

inhibit growth of broad-spectrum of gram-negative and gram-positive bacteria (Unusan, 

2009; Ruyck & Ridder, 2007; Wang et al, 2007). Preservatives were dissolved in freshly 

prepared yogurt milks using magnetic stirring for 10 min. Yogurt milks supplemented 

with preservatives were poured into four 100 mL graduated cylinders treated with 

sanitizer (as described earlier) (Pyrex, No 3075) and covered with laboratory film 

(Parafilm “M”). Addition of preservatives to yogurt milk was found to slightly reduce the 

pH by 0.01 (procedure 3.2.2) when compared to freshly prepared samples without 

preservatives. It also successfully prevented microbial growth in samples for a minimum 

720 h (standard plate count < 30 cfu/mL). Afterwards, cylinders were placed in  

a cold room at 4 °C for 720 h (approximate shelf life of yogurt under refrigeration 

conditions (Viljoen et al, 2003)). 

     

3.2.3.2. Set yogurt 

      Yogurt milk (without preservatives) was inoculated with 0.033 g of Y495 and it was 

magnetically stirred for 10 min to ensure equal distribution of starter culture in the 

product. Produced samples were poured into four 100 mL graduated cylinders (Pyrex, No 

3075) that had been treated with sanitizer (as described earlier) and covered with 

laboratory film (Parafilm “M”). The additional 35 mL of the same sample was poured 

into a 50 mL glass test tube and covered with a plastic lid. Graduated cylinders and test 

tube were placed in a water bath in such a way that parts occupied with yogurt milk were 

fully submerged in water. To prevent cylinders from movement in the water bath, they 
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were locked in specially designed racks. Cylinders and test tube were held in a water bath 

at 42 °C (recommended by the supplier of this culture) until the pH (procedure 3.2.2) at 

42 °C in the test tube reached 4.6 (the end point of fermentation) (Lee & Lucey, 2006). In 

cases when the sample in the test tube separated into two phases before the pH was 

measured, the test tube was manually shaken until its contents became homogeneous. 

When the pH of a sample in a test tube reached 4.6 it was assumed that the pH of samples 

in each cylinder reached a value of 4.6 as well. Afterwards graduated cylinders were 

placed in a cold room at 4 °C for  720 h. 

 

3.2.3.3. Yogurt Drink 

      As in a set yogurt preparation procedure, yogurt milk was inoculated with 0.033 g of 

Y495, and was magnetically stirred for 10 min to ensure equal distribution of starter 

culture in the product. 35 mL of the produced sample was poured into a 50 mL glass test 

tube and covered with plastic lid. The rest of the inoculated yogurt milk was left in a 

stainless steel vessel. The vessel and test tube were placed in a water bath in such a way 

that parts occupied with yogurt milk were fully submerged in water. To prevent vessel 

movement in the water bath it was locked in place in specially designed racks. Vessel and 

test tube were held in a water bath at 42 °C until the pH (procedure 3.2.2) at 42 °C in the 

test tube reached 4.6. In cases when the sample in a test tube separated into phases before 

pH was measured, the test tube was manually shaken till its contents became 

homogeneous. When the pH in a test tube reached 4.6 it was assumed that the pH in the 

vessel reached a value of 4.6 as well. Immediately after incubation, the gel in the vessel 

was cut with a knife into cubes (~ 1.5 cm3) to make it pourable (without this procedure 
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the gel could not be poured into the feeder of the homogenizer). Then the contents of the 

vessel underwent homogenization at 150 bar (Tromp et al, 2004; Sejersen et al, 2007) 

using a two-stage laboratory homogenizer (31MR APV Gaulin). The resulting product 

was called yogurt drink. The yogurt drink was gently stirred with a spoon in the case 

where some syneresis happened after homogenization and was immediately poured into 

four sanitized 100 mL graduated cylinders (Pyrex, No 3075) and covered with laboratory 

film (Parafilm “M”). Samples were placed in a cold room at 4 °C for 720 h. 

 

3.2.4. Measurements of phase separation 

      The impact of the volume fraction of casein micelles and the different Glucagel 

concentrations on the phase behavior of the yogurt systems was determined. The method 

used for separation measurement was similar to the method used by Koksoy & Kilic 

(2004). The height of the top phase in a volumetric cylinder was measured using a pair of 

compasses and converted to volume (preliminary experiments showed that for the 

volumetric cylinder used, 1 mm of height corresponds to 0.5535 mL) and then expressed 

as volume in total volume (100 mL).  

      As described earlier, each yogurt system was poured into four cylinders, thus for one 

batch, the mean of four cylinders was determined. The mean and standard deviation of 

the means of two batches represented the final result.   

      For samples with fairly rapid continuous changes of separation, measurements were 

taken every 24 h over the 720 h of the experiment. For samples where changes did not 

happen, or happened only at the beginning of storage, measurements were taken every 24 

h for the first 240 h and then every 120 h of storage. Phase separation values of the 
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commercial yogurt drink YOP Tropixs Vanilla were measured using the same procedure 

but only for 648 h due to its expiry date limitation.  

 

3.2.5. Depolymerization of !-glucan 

3.2.5.1. Depolymerization of !-glucan by homogenization 

      The impact of homogenization of Glucagel solution on the phase behavior of 

SMP/homogenized Glucagel solution system was investigated. The homogenization was 

used as a way to reduce the molecular weight of !-glucan. Two concentrations of 

Glucagel solution (20 g/L and high 50 g/L) were investigated in order to determine the 

impact of Glucagel concentration on the ability of homogenization to depolymerize !-

glucan. Only samples with # = 0.142 (in the final sample) were tested. 

 

3.2.5.1.1. Homogenization of 20 g/L Glucagel solution 

      Glucagel solution (20 g/L) was prepared as described in the section on yogurt milk 

preparation. After evaporated water was recovered, 125 mL of that solution was poured 

into a 200 mL graduated cylinder which was placed in a tank with water at 4 °C. Cooling 

water prevented heating up of the Glucagel solution during homogenization (without the 

water tank the Glucagel solution could reach up to 80 °C upon homogenization). The 

content of a cylinder was homogenized using a PowerGen 700 homogenizer at speed 4 

for 120 min. During that 120 min, the homogenizer head was moved up and down along 

the cylinder to ensure equality of solution treatment. At the end of homogenization the 

Glucagel solution was covered with aluminum foil and warmed up to 85 °C in a water 

bath. 
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      SMP (30 g) was reconstituted in 125 mL of deionized water in a 500 mL glass beaker 

at room temperature using magnetic stirring for 2 h. The reconstituted SMP was covered 

with aluminum foil and warmed up to 85 °C in a water bath. 

      The Glucagel solution, which was at 85 °C at that point, was added to the beaker with 

SMP solution which was at 85 °C as well. The product was magnetically stirred for 5 min 

and went through heat treatment (85 °C, 30 min in a water bath) and was afterwards 

cooled down to 42 °C. The yogurt milk made in this manner had the following 

composition: # = 0.142 and Glucagel 10 g/L.  

      Yogurt milk was supplemented with preservatives (NaN3 0.025 g (BDH, B30111) 

and tetracycline 0.031 g (Sigma, T3258-25C)) which were dissolved during 10 min using 

magnetic stirring. Yogurt milk supplemented with preservatives was poured into two   

100 mL graduated cylinders treated with sanitizer (as described earlier) (Pyrex, No 3075) 

and covered with laboratory film (Parafilm “M”). Cylinders were put into a water bath at 

42 °C for 5 h (corresponds to the mean incubation time of yogurt in this study) and 

afterwards were placed in a cold room at 4 °C. 

 

3.2.5.1.2. Homogenization of 50 g/L Glucagel solution 

      Glucagel solution (50 g/L) was prepared as described in the section on yogurt milk 

preparation, and homogenized as described in 3.2.5.1.1. The treated solution was diluted 

down with deionized water to achieve a concentration of Glucagel of 20 g/L. Then      

125 mL of that solution was placed in a glass beaker covered with aluminum foil and 

warmed up to 85 °C in a water bath. The protocols for creating a yogurt milk of the 

following composition: # = 0.142 and Glucagel 10g/L is exactly as described in 3.2.5.1.1. 
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3.2.5.2. Depolymerization of !-glucan by autoclaving 

      The impact of autoclaving of Glucagel solution on the phase behavior of SMP/  

autoclaved Glucagel solution system was investigated. The autoclaving was used to  

reduce the molecular weight of !-glucan by applying high temperature.  

      Glucagel solution (20 g/L) was prepared as described in the section on yogurt milk 

preparation. After evaporated water was recovered, 125 mL of that solution was poured 

in a glass flask covered with aluminum foil and underwent autoclaving at 121 °C for 120 

min. The procedures for mixing the autoclaved Glucagel with SMP and monitoring of 

phase behavior are those described in 3.2.5.1.1 and 3.2.5.1.2. Only samples with # = 

0.142 (in the final sample) were tested. 

 

3.2.5.3. Enzymatic hydrolysis of !-glucan 

      Glucagel (5 g) was dissolved in 200 mL of deionized water at 90 °C in a 500 mL  

glass beaker with constant magnetic stirring for 40 min. To recover water which 

evaporated during the Glucagel solubilization step, the sample was cooled down to      

~30 °C using magnetic stirring at room temperature, placed in a 200 mL volumetric flask 

and made up to 200 mL with deionized water. Solution (200 mL) was returned to a 500 

mL glass beaker. After that the beaker was placed in a water bath at 20 °C for 15 min 

which allowed the Glucagel solution to cool down to 20 °C. 

      A 10 8L (0.5 U) aliquot of lichenase was added to the solution and mixed 

magnetically and continuously for 2 min. The end of that stirring period was treated as 

the starting point of the incubation time (0 min). The resulting product was divided into 

four parts of 50 mL each. Each part was placed in a 500 mL glass flask (Kimax, No 



 108 

26500) (a relatively large flask was used to allow faster heat distribution through the 

Glucagel solution) with a magnetic bar inside, covered tightly with four layers of 

aluminum foil and put back in the water bath at 20 °C for incubation. At various 

incubation periods, flasks were taken from the water bath and lichenase was inactivated 

by submerging the flask in 100 °C water for 2 h with constant stirring (Gomez et al, 

1997). After the enzyme inactivation step, solutions in the flasks were cooled down to 

~30 °C using magnetic stirring at room temperature. 

      A total of 11 incubation times of Glucagel mixtures were performed (from 0 min up 

to 165 min) in this study. The initial concentration of Glucagel was 25 g/L, and to 

achieve lower concentrations the cooled (~30°C) enzyme-hydrolyzed Glucagel solutions 

were diluted with deionized water.   

 

3.2.6. Construction of phase diagram of yogurt milk with hydrolyzed !-glucan  

      The impact of the concentration and incubation time with lichenase of Glucagel on 

the phase behavior of yogurt milk was determined. Only samples with # = 0.142 casein 

micelles (in the final sample) were tested.  

      Yogurt milk samples were prepared similarly to the procedure described in section 

3.2.3.1 with the exception that enzyme-treated Glucagel solution was prepared according 

to procedure 3.2.5.3 and the volumes of the resulting fibre-enriched yogurt milk samples 

were smaller (( 20 mL). The volumes of samples were smaller to facilitate preparation of 

a greater number of treatments, and because measurement of the evolution of phase 

separation with time was not evaluated for the enzyme-treated Glucagel. 

      The SMP solution was not prepared for each sample separately, instead the needed  
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volume of SMP solution for each sample was withdrawn from a stock solution of SMP. A 

test tube with a sub-sample of the SMP stock solution was warmed up to 85 °C in a water  

bath. 

      Enzyme-treated Glucagel solution (10 ml) with a particular incubation time and 

concentration prepared according to procedure 3.2.5.3. was withdrawn by pipette into a 

second 50 mL glass test tube and covered with a plastic lid. The test tube with Glucagel 

solution was warmed to 85 °C in a water bath. 

      To create solutions containing SMP and Glucagel, the Glucagel solution, which was 

at 85 °C at that point, was added to the test tube with SMP solution which was at 85 °C as 

well. The product was vortexed for 20 sec and went through heat treatment (85 °C, 30 

min in a water bath). Afterwards it was cooled down to 42 °C. The resulting yogurt milk 

was supplemented with preservatives (NaN3 0.002 g (BDH, B30111) and tetracycline 

0.0025 g (Sigma, T3258-25C)) which were dissolved by vortexing for 20 sec. 

      Test tubes with samples were placed into a water bath at 42 °C for 5 h and afterwards 

were stored in a cold room at 4 °C for 720 h. Even though volumes of yogurt milk 

samples were relatively small, this volume served the purpose of the experiment which 

was to determine whether phase separation occurred; accurate separation values were not 

measured in this part of the study. The systems were simply divided into one of two 

categories: stable (no separation during 720 h at 4 C°) or unstable (separated). 
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4. Results and Discussion 

4.1. Expression of volume fraction of casein micelles and Glucagel concentration  

4.1.1. Determination of skim milk powder solution volume 

      The relationship between the volume of the final skim milk powder (SMP) solution 

and the amount of dissolved SMP was determined. The percent of volume increase 

(procedure 3.2.1) was plotted against the corresponding concentration of dissolved SMP 

(in g of SMP per L of solvent) in Figure 4.1. A linear regression was plotted for the 

experimental points on the graph. That regression represents the correlation between the 

percent of volume increase and the amount of SMP dissolved:  

                                                          (4.1)                                                                    

where y is percent of volume increase and x is SMP concentration in g per L of solvent. 

The Equation (4.1) was used to estimate the final volume of SMP solution knowing the 

initial volume of deionized water and the weight of SMP which was dissolved (for SMP 

concentration range from 50 to 280 g per L of solvent). The final volume of SMP 

solution was calculated in the following way: 

1. Concentration of SMP (expressed in g per L of solvent) was determined based on the 

known initial volume of deionized water and the weight of SMP which was dissolved in 

that water.  

2. The concentration was used to calculate the percent of volume increase (y) using 

Equation 4.1.  

3. The final volume of SMP solution (Vsolution) was calculated from y and the known 

initial volume of deionized water (V1), (Equation 4.2). 

                                                                                                     (4.2)
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Figure 4.1. Relationship between % of volume increase and concentration of dissolved 
SMP (g of SMP per 1 L of solvent).  

                                                                                                                          
 

4.1.2. Calculation of volume fraction of casein micelles 

      For a given amount of SMP the Vsolution was calculated from Equation 4.2. The 

volume fraction of casein micelles (!) was calculated using Equation 4.3, similar to the 

equation used by Alexander et al (2002). 

                                                                                                                                        (4.3)                                                                                        

 

where m(SMP) is weight of dissolved SMP (g), 0.3587 is a factor (corresponding to the 

percent of total protein in SMP, taken from Table 3.2) used to compute the weight (g) of 

total protein in a given amount of SMP, 0.8 is a conversion factor from total protein to 

casein (casein represents ( 80 % of total protein of normal bovine milk (Swaisgood, 

2003)), 4.4 mL/g is the voluminosity of casein micelles (de Kruif, 1998; Alexander et al, 

2002; de Kruif & Holt, 2003) used to convert the weight of casein into volume (ml) and 

Vsolution is the total volume (ml) of the SMP solution. Heat treatment of skim milk slightly 
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(( 6%) increased the volume fraction of casein micelles (de Kruif, 1998). That change 

was not accounted for in this study.  

 

4.1.3. Glucagel concentration 

      Glucagel concentration was expressed in g/L on the assumption that the initial 

concentration  was diluted by a factor of 2 in the final solution (when it was added to the 

SMP solution).  

 

4.2. Yogurt milk 

      Several researchers have reported textural problems in !-glucan enriched yogurts 

(Lazaridou et al, 2008; Gustaw, 2008; Vasiljevic et al, 2007). However, there is no 

information available on the properties of milk/!-glucan systems to compare its 

properties with those of the final product yogurt. In the present study, experiments on 

yogurt milk (standardized and heat treated milk for yogurt manufacturing without starter 

culture) were performed to discern how yogurt properties are affected by !-glucan 

enrichment. 

 

4.2.1. Phase behaviour of barley !-glucan enriched yogurt milk 

      Preliminary experiments showed that if certain values of volume fraction of casein 

micelles (#) and Glucagel concentrations (cGlucagel) were exceeded, yogurt milk separated 

into two phases. The bottom phase was always white and opaque and the top phase was 

varying in appearance from turbid to transparent depending on # and cGlucagel. Also 

visually the bottom phase was firmer in consistency compared to the watery top phase.  
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Phase-separated yogurt milks could be brought to homogeneity by stirring. However,  

these milks after some period of time always separated back into two phases.  

      Separated yogurt milks showed reversible behaviour when the top phase was replaced 

with deionized water. In these experiments, the top phase of the phase-separated yogurt 

milk with composition of # = 0.142, cGlucagel = 10 g/L was removed with a pipette and 

replaced with the same volume of deionized water. These systems with the replaced top 

phase were supplemented with preservatives and magnetically stirred. No separation was 

seen in the resulting system during at least 720 h of cold storage (4 °C).  

      When the bottom phase was resuspended in deionized water and its pH was reduced 

to 4.6 by addition of 5% acetic acid (measured using procedure 3.2.3 at room 

temperature) visible coagulation resulted. That coagulation was attributed to coagulation 

of caseins as it is known that casein micelles coagulate at a pH close to 4.6 (de Kruif & 

Holt, 2003; Lucey & Singh, 2003). When the initially removed top phase had its pH 

reduced in the same manner the same effect was not observed. Thus it was confirmed that 

the bottom phase in separated yogurt milks was a casein rich phase and the top phase was 

poor in casein.                                

      Descriptions of interactions of a similar nature, between casein micelles and non-

adsorbing polymers such as extracellular polysaccharides and guar gum and anionic 

carrageenan, were found in the literature (Tuinier & de Kruif, 1999; Tuinier et al, 2000; 

Bourriot et al, 1999; Langendorff et al, 2000). All cases describe separation of the system 

into a casein rich phase on the bottom and a polymer rich phase on the top. The authors 

claim that separation of their systems was caused by so-called depletion flocculation, i.e., 

flocculation of colloidal particles (such as casein micelles (de Kruif, 1998)) in the 
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presence of non-adsorbing polymers. Systems separating due to depletion flocculation are 

known to be reversible on dilution (de Hek & Vrij, 1981), a phenomenon that was 

observed in yogurt milk in this study. Additionally, Lazaridou et al (2008) described 

interruption of network formation during gelation of yogurt milk supplemented with 

barley !-glucan. The authors attributed that interruption to depletion flocculation of 

casein micelles caused by !-glucan. Thus in the present study it was concluded that !-

glucan (the main component of Glucagel) caused reversible flocculation of casein 

micelles in yogurt milk. 

      Another component of Glucagel which can be present at relatively high 

concentrations is starch. The starch polymers could have potential influence on phase 

separation as well. To test that hypothesis, an experiment with )-amylase (starch 

hydrolysing enzyme) was performed. Porcine pancreas )-amylase (23 U) was added to 

300 mL of freshly prepared yogurt milk supplemented with preservatives and had the 

following composition # = 0.142, cGlucagel = 10 g/L. After addition of enzyme, the yogurt 

milk was stirred for 5 min and incubated in a water bath at 37 °C for 1 h with short 

periods of stirring every 15 min. After that the yogurt milk was magnetically stirred for 

10 min at room temperature, poured into graduated cylinders and placed in a cold room at 

4 °C for 720 h. After only a few hours of storage, separation in yogurt milk was 

observed, as happened in a non-treated sample. That experiment confirmed that any 

starch in the Glucagel was not responsible for phase separation in yogurt milk. 

      These preliminary experiments and analyses of the literature allowed us to conclude 

that: 

- Phase separation in yogurt milks was the result of a depletion flocculation process,  
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where barley !-glucan, acting as a non-adsorbing polymer, caused flocculation of casein  

micelles,  

- As an outcome of that flocculation, two phases formed, casein-rich on the bottom and  

!-glucan-rich on the top. 

      The casein is not the only component present in SMP, thus the possibility of 

interaction of other components with !-glucan needs to be considered. One component is 

whey protein. Kontogiorgos et al (2009b) found that oat !-glucan and whey protein (non-

dentured) are highly incompatible. However, the procedure for yogurt milk preparation in 

the present study included a heat treatment step (85 C° during 30 min) during which 

whey proteins get denatured (Tamime & Robinson, 2007a; Williams et al, 2003). Thus 

the finding of Kontogiorgos et al (2009b) cannot be applied in the present study. 

Nonetheless, another possible outcome needs to be considered. During heat treatment of 

milk at its natural pH of 6.6 (Swaisgood, 2003), 60 % (Anema & Li, 2003) to 80% 

(Oldfield et al, 2000) of whey proteins present in the milk associate with casein micelles. 

The other part of whey proteins (not associated with casein micelles) stay present in a 

serum phase in the form of particle-like complexes (Donato and Dalgleish, 2006). These 

whey protein heat-induced complexes can aggregate and further precipitate due to 

depletion flocculation in the presence of non-adsorbing polymers (de Kruif & Tuinier, 

1999). Thus it is difficult to state with high a degree of certainty if whey protein 

complexes flocculated and precipitated as casein micelles or stayed dispersed. 

Unfortunately no information on whey protein complexes/!-glucan systems is available. 
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4.2.2. Phase diagram 

4.2.2.1. Defining the phase regions 

      There are three parameters which govern the phase behaviour of dispersions of 

colloidal particles (Lietor-Santos et al, 2010; Zaccarelli et al, 2008; Lu et al, 2008; Lu et 

al, 2006): 

-  volume fraction of colloidal particles (!), 

- interparticle attraction strength (U) (well depth) and 

- range of that attraction (well width).  

      The addition of non-adsorbing polymer to a colloidal dispersion system results in 

short range forces causing attraction of particles which can be explained by the depletion 

flocculation theory of Asakura & Oosawa (1958). The strength or magnitude (U) of the 

attraction force between a pair of particles represents the energy of that attraction and is 

proportional to "pV, where V is the overlap volume between particles and "p is the 

osmotic pressure of polymer solution. Thus U can be tuned by the polymer concentration 

(cp) through change of the "p. The range of that force (the distance between particles 

when the attraction occurs) depends on the thickness of the depletion zone around a 

particle, and this is governed by the size of the polymer, which in the present study was 

controlled by the molecular weight of !-glucan (Lietor-Santos et al, 2009).                                                                                     

      The present section focuses on the impacts of U (controlled by !-glucan 

concentration through cGlucagel) and !. The impact of the range of the attraction will be 

discussed in section 4.2.3.3. If U is strong enough to dominate over thermal motion of 

colloidal particles at a sufficient !, the flocculation of particles takes place, resulting in 

phase separation (Poon et al, 1997). Thus, a system composed of dispersed colloidal 
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particles in a solution of non-adsorbing polymer can exist in equilibrium (no phase 

separation) or non-equilibrium (phase separation occurs). The non-equilibrium phase 

additionally can be subdivided into subphases with distinct microstructures and 

behaviour. Several authors including Lietor-Santos et al (2010), Lu et al (2008), Faers et 

al (2006), Lu et al (2006), Verhaegh et al (1999), and Parker et al (1995) distinguished 

numerous scenarios of the phase behaviour of colloidal particle/non-adsorbing polymer 

systems. Yogurt milk was studied in the present work to show its differences in 

behaviour depending on the composition. 

      To create a phase diagram, a series of yogurt milk samples with # from 0.062 to 

0.225 and cGlucagel from 2.5 to 12.5 g/L were prepared and monitored during 720 h storage 

at 4 C°. Three different types of phase behaviour were observed: equilibrium type (1), 

called stable, and two types of non-equilibrium, gel (2) and sedimentation (3), that were 

distinguished visually (Figure 4.2). 

   

1. Stable phase region. This was detected as when the system remained in equilibrium, 

without phase separation, during at least 720 h of storage. Samples in this region usually 

had low cGlucagel and low !. The casein micelles in samples from the stable phase region 

stayed homogeneously dispersed as a result of thermal motion dominating over attraction 

forces represented by U (Faers et al, 2006).  

 

2. Gel phase region. This non-equilibrium phase was evident when an interface line in a 

sample moved from top towards bottom with time as shown in Figure 4.3. Another 

feature of this region is that the top phase of yogurt milk was always much more  
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Figure 4.2. Three different types of phase behaviour of yogurt milk which were 
distinguished visually.  
 

transparent than the top phase in the sedimentation phase region samples. This type of 

behaviour usually occurred in samples with high # and high cGlucagel.  

 

3. Sedimentation phase region. The other non-equilibrium phase particularly occurred 

when the interface line in a sample rose from the bottom of container towards the top 

with time, as shown in Figure 4.3. The separation in that region was usually occuring 

very fast, during the first 24 h, and after that  remained with little changes till the end of 

the storage period. Another feature of the samples from this region was that the top phase 

was always turbid (thus distinguishing it from the gel phase). Sedimentation phase 

behaviour usually occurred at intermediate # and cGlucagel, when U was high enough to 

cause flocculation of casein micelles but too low to cause network formation.  

 

4.2.2.2. Constructing the phase diagram 

      To examine the mechanisms of stability or phase separation in yogurt milk according  
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Figure 4.3. Images showing state of phase and time dependent behaviour of yogurt milk with various volume fractions of casein 
micelles and concentrations of Glucagel, at 4°C. Numbers under images represent time (hours) since samples were made. 
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to the degree of enrichment by Glucagel, the phase behaviour was examined as a function 

of Glucagel concentration and volume fraction of casein micelles (Figure 4.4). 

 

1. Stable phase region. 

      It can be seen from Figure 4.4 that the stability of yogurt milk depends on both ! and 

cGlucagel (thus !-glucan). In particular, there is a minimum polymer concentration (cp min) 

which is required to induce phase separation. This concentration grows with decrease of 

!. That change was a result of an increase of available volume for the polymer with 

decrease of !. A similar trend was observed by Tuinier et al (2000), de Kruif & Tuinier 

(1999), Tuinier & de Kruif (1999), Langendorff et al (2000), Poon et al (1997), and De 

Hek & Vrij (1981). According to these authors it would be expected that at ! < 0.062 the 

stable-sedimentation phase border line would go sharply up, i.e., at low ! very high 

cGlucagel are required to induce phase separation.  

 

2. Gel phase region. 

      Similar features to the dairy gel phase region were also observed in the already 

mentioned colloid particles/non-adsorbing polymer systems by Lietor-Santos et al (2010), 

Faers et al (2006), Lu et al (2006), Verhaegh et al (1999), Poon et al (1997), Parker et al 

(1995). Gelation is associated with formation of a percolating network of particles across 

the sample, resulting in a soft-solid-like gel structure due to a sol-gel transition. These 

authors also observed that a gel forms only at high # and cp. The high cp results in a 

higher U while a high # results in a higher number of interactions between particles in the 

system, thus a combination of both these effects results in a network. In the case of the  
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Figure 4.4. Phase diagram of yogurt milk. Circles represent experimentally found ( ) 
stable, ( ) sedimentation and ( ) gel phases. 
 

present study, the casein micelles as the colloidal particles formed that network as well. 

Such gels are often called “transient gels” because of their weakness and because the 

structures easily reorganize (Haw et al, 1995). 

      The difusion-limited cluster agregation (DLCA) model has been used by some 

researchers to explain gelation mechanisms of both (1) strong gels with permanent bonds 

between particles (when U = *), which can occur at very low !, and (2) weak gels with 

finite U, such as depletion flocculation induced gels, which can be formed only at far 

higher !, and which can be broken by thermal fluctuations (Haw et al, 1995; Lu et al, 

2006). 

      Using a DLCA model, Haw et al (1995) found that gelation of colloidal particles with 

finite U is basically similar to gel formation where particles bond irreversibly. However, 

in the first case the gel structure was much more loose. Theory predicts that randomly 

walking particles bond upon their collision forming clusters. For bonds that are weak, it is  

probable that some of them can be broken apart by thermal fluctuations. The fractal 

dimensions of these clusters depend on U.  If U is strong enough to compete with thermal  
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Figure 4.5. Highly schematic picture of yogurt milk behaviour with time increasing from 
left to right. Where, (   ) - !-glucan, (     ) – casein micelle and (         ) – cluster of 
micelles. a. Stable phase. b. Gel phase. I. “delayed” disintegration II. “creeping” 
disintegration. c. Sedimentation phase. 
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rearrangements (the case of the gel phase region) then branched or ramified clusters get 

formed. Over time, the average cluster size (Rc) grows as more particles and other 

clusters join them. Further growth slows down and conclusively stops when Rc = Rgel, 

Rgel#a!1/(df-3), where df is a cluster fractal dimension (df !1.9) and a is the radius of the 

colloid particle (Manley et al, 2005). At that moment clusters start touching each other 

spanning all available space and forming a gel structure. As a result colloidal particles get 

dynamically arrested preventing phase separation (Lu et al, 2008). It is generally acepted 

that the sol-gel transition of a dispersion of colloidal particles in non-adsorbing polymer 

solution is a result of spinodal decomposition (Dickinson, 2003).  

      The bonds between colloidal particles in transient gels are weak, of the order of the 

thermal fluctuation energy, which leaves particles some freedom of movement. As a 

result of thermal fluctuations particles get detached and attach again at more stable 

positions where they can create multiple bonds with other particles. These 

rearrangements result in network coarsening and gel disintegration (Verhaegh et al, 1999; 

Poon et al, 1997; Haw et al, 1995). 

      As well as particle rearangment, transient gels begin slowly to settle under the 

gravitational stress which is opposed by network elasticity. Additionally in order for the 

gel to compress it needs to expel the fluid from the network. That fluid backflow limits 

the compression of the deforming gel as well (Haw et al, 1995; Manley et al, 2005). 

Further disintegration of the transient gel can occur according to one of two mechanisms: 

“delayed” or “creeping” (Figure 4.5b), depending on ! and cp, and these mechanisms will 

be described in detail in section 4.2.3.1. In both cases the interface line in a sample moves 

from the top towards the bottom as the gel collapses or gets compressed. Finally phase 
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separation stops at the moment when the gravitational stress and the elastic stress of 

network get balanced (Manley et al, 2005). The observed transparent top phase in 

samples that form a gel region can be described by the fact that in the gel region the 

majority of colloidal particles in a system have joined the network, which means that 

only a negligible amount of unflocculated particles are left in the top phase (Lu et al, 

2006; Poon et al, 1997; Parker et al, 1995). 

 

3. Sedimentation phase region. 

      The sedimentation phase region, also called “classical” phase separation, was 

reported by several previously mentioned researchers (Lietor-Santos et al, 2010; Faers et 

al, 2006; Lu et al, 2006; Verhaegh et al, 1999) who observed separation of a system into 

two phases, liquid (concentrated in colloidal particle compact droplet-like aggregates) 

and gas (poor in colloid particles).  

      In the sedimentation phase, as in a gel phase region, clusters get formed as a result of 

particle bonding, however these clusters have different morphology. It was mentioned 

earlier that the fractal dimension of forming clusters depends on U (Haw et al, 1995). In a 

gel phase region ramified clusters get formed which with further growth span the 

container. However if U is lower and cannot compete with thermal rearrangements (the 

case of the sedimentation phase region) then particles need to establish more bonds with 

neighbouring particles to create a stable structure which would resist thermal fluctuations. 

Thus in the sedimentation phase region, during their growth, clusters get compactified 

resulting in creation of clusters with compact rather than ramified dimensions. These 

compact individual clusters cannot span the space and form a gel. Finally when clusters 
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become too large to be driven by thermal fluctuations, they sediment due to the density 

mismatch.  

      Phase separation in the sedimentation phase region proceeds to completion without 

being arrested (Lu et al, 2006). Poon et al (1997) mentioned that closer to the stable-

sedimentation phase line, separation in samples occurs as a result of nucleation and 

growth of binodal decomposition and further away from the phase line - as a result of 

spinodal decomposition.  

      Only some colloidal particles in samples from this phase region get flocculated into 

clusters. The colloidal particles which did not join clusters stay dispersed in the top phase 

causing a turbid appearance (Faers et al, 2006). The largest clusters precipitate first 

followed by smaller ones, which precipitate on top of them. The resulting  growth of the 

interface line in samples occurs from the bottom of the container towards the top (Figure 

4.5c), which was observed visually.  

      It can be seen from the phase diagram (Figure 4.4) that the sedimentation-gel phase 

boundary depends on both ! and cGlucagel (thus !-glucan). In particular, less cp is required 

at higher ! for transition of the system from the sedimentation to the gel state. A similar 

trend was observed by Lietor-Santos et al (2010) in a polystyrene 

particles/polyethyleneglycol system and Poon et al (1997) in a polymethylmethacrylate 

particles/polystyrene system. 

 

4.2.3. Evolution of phase separation of yogurt milk in gel phase  

      Legal standards of the chemical composition of yogurt in many countries require a 

minimum of 8.2 g 100g-1 solids-not-fat (SNF). However yogurt manufacturers often use 
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elevated levels of SNF to produce yogurt with better physical properties such as 

increased viscosity, consistency and reduction of syneresis. Thus the range of SNF 

concentration used in yogurt manufacturing starts from 8.2 g 100 g-1 to higher values. 

Several methods are used to increase SNF in yogurt. Supplementation of milk with SMP 

is one of the most common methods used for yogurt manufacturing (Tamime & 

Robinson, 2007a). Recalculation of the above mentioned range of SNF from g 100 g-1 to 

#, (if using the SMP employed in the present study) would give volume fractions of 

approximately 0.1 and higher. Since !-glucan is known for its possible health promoting 

effects, a high rate of yogurt supplementation with that component is desirable. 

Consequently yogurt milk which would be used for manufacturing of !-glucan enriched 

yogurt would be positioned in a region with high # and high cp, which is the gel phase 

region on the phase diagram (Figure 4.4). Thus, further investigation of yogurt milk 

focused on the behaviour of that system in the gel phase region. Particularly, the 

influence of # and cGlucagel on the evolution of phase separation was studied. 

 

4.2.3.1. Influence of  volume fraction of casein micelles on evolution of phase separation 

      The increase of SMP concentration in yogurt milk resulted in decreased evolution of 

phase separation (formation of transparent top phase). That effect is presumably due to 

increase of volume fraction of casein micelles (#). The lactose which is the most 

abundant component in SMP can also affect the observed decrease of evolution of phase 

separation by changing the physical properties of the solvent. Therefore an experiment 

was performed to test the influence of lactose on the evolution of phase separation in 

yogurt milk. The yogurt milk with # = 0.108 was supplemented with lactose powder, in 
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such an amount that the concentration of lactose in the sample would be equal to the 

concentration of lactose in yogurt milk with # = 0.163. The cGlucagel in both cases was 

fixed and equal to 12.5 g/L. Even though the lactose amount in the sample was "1.5 fold 

more it behaved absolutely identical to the sample with # = 0.108 without lactose (data 

not shown). It was thus concluded that lactose does not have a major influence on the 

evolution of phase separation.  

      Figure 4.6 represents some typical data of the evolution of phase separation in yogurt 

milks with various # and cGlucagel =12.5 g/L  (U is fixed) in a gel phase region. The 

obtained data indicate that an increase of # slowed down the top phase formation. 

Samples with cGlucagel = 7.5 and 10 g/L, in a gel phase region, showed similar trend (data 

are not shown). Analogous observations were made in the following systems, latex 

particles/hydroxyethylcellulose (Faers & Kneebone, 1999), polymethylmethacrylate 

particles/polystyrene (Poon et al, 1997) and oil (mixture of heptane and 

hexadecane)/xanthan (Parker et al, 1995).  

      Two regimes of the evolution in phase separation were observed:                                                         

1. At lower volume fractions of casein micelles (# $ 0.163) phase separation proceeded 

in two steps. In the initial step, the evolution occurred rapidly, then it reached a threshold 

(transition point) so that after that point separation continued at a very low rate. It was 

noticed that samples with lower # had a grater rate of formation of top phase in the initial 

step, and the threshold was at a higher value. 

2. At higher volume fractions of casein micelles (# > 0.163) the evolution of phase 

separation occurred very slowly and smoothly without rapid changes during the whole 

period of storage. The difference between samples with various ! and cGlucagel =12.5 g/L  
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Figure 4.6. Evolution of phase separation in yogurt milk samples with cGlucagel =12.5 g/L 
and # from 0.085 to 0.205. 
 

after 720 h of cold storage can be seen in Figure 4.7. 

      Several researchers have reported that there are two mechanisms of disintegration of 

transient gels, which in the literature are called “delayed” and “creeping” (Lietor-Santos 

et al, 2010; Manley et al, 2005; Starrs et al, 2002, Parker et al, 1995).   

      1. The “delayed” disintegration happens at lower ! and cp, when the particles can 

create only a weak network which supports itself for only a short period. In the beginning 

the network exhibits a “latency” period during which gel remains intact and slowly 

settles. During that interval most of the stress is borne by fluid that is trapped in the gel. 

With time that fluid escaping the gel moves to the top until the moment when the gel is 

not be able to support its own weight anymore resulting in a dramatic gel collapse, as 

gravitational stress becomes higher than the yield stress of the gel (Manley et al, 2005).   

Verhaegh et al (1999) using CSLM found that with time the structure of transient gels  
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Figure 4.7. Images of yogurt milk samples with cGlucagel =12.5 g/L and various ! 
(numbers under the images) taken at 720 hours of storage. 
  

gets disordered by the development of localized fractures. The number of these fractures 

grows with time until the moment when the disrupted weak gel collapses. Dark-field 

observations by Starrs et al (2002) showed that there was formation of solvent expelling 

channels in the gel as the gel slowly settled under gravity during the latency period. The 

solvent in these channels pushed upward to the surface deforming the network structure 

on its way. Formation of the channels starts at the top of the gel. These channels grow 

deeper with time, bringing with the stream of solvent broken fragments of the particle 

network to the top. At a certain point the gel is not able to tolerate such structural 

disturbances and collapses. Particularly during collapse, the gel gets broken up into large 

discrete sedimenting flocs causing the state of the system to change from gel back to fluid 

(Figure 4.5.b.I). 

      That collapse results in the observed dramatic rapid formation of top phase during the 

initial stage. Furthermore, discrete flocs which occurred as a result of gel collapse, 

sediment to the bottom of the container again forming a gel-like structure (Kilfoil et al, 
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2003). During the final stage the newly formed structure gets slowly compressed 

resulting in a slow rate of top phase formation. That compression finally stops at the 

moment when gravitational stress and the elastic stress of that structure become balanced.  

      2. “Creeping” disintegration occurs at higher ! and cp, when the network is denser 

and stronger. That network under the stress of gravity exhibits very slow and steady 

compression behaviour (Figure 4.5.b.II) and never looses its structural gel integrity in 

contrast to the samples with “delayed” disintegration. Starrs et al (2002) did not observe 

any localized fractures and channels in these type of samples. The phase separation 

during “creeping” disintegration also stops at the moment when gravitational stress and 

elastic stress of the network get balanced (Manley et al, 2005). In the present study even 

720 h was not long enough for disintegrating by “creeping” samples to come to that 

balance of stresses, as phase separation was observed even after 720 h of storage. The 

results of Figure 4.6 and 4.7 indicate that the Glucagel-enriched yogurt milk system can 

be brought from “delayed” to “creeping” type of disintegration by increasing the volume 

fraction of casein micelles. The reduction of the evolution of phase separation in gels 

disintegrating by “creeping” with increase of # is due to an increase in the gel elasticity 

as the number of interparticle interactions grows in the network (Kamp & Kilfoil, 2009).  

 

4.2.3.2. Influence of Glucagel concentration on evolution of phase separation 

      The increase of cGlucagel from 7.5 to 10 g/L did not result in differences in the  

evolution of phase separation of yogurt milk samples with # = 0.142 (Figure 4.8). The 

increase of cGlucagel from 10 to 12.5 g/L resulted in slower evolution of phase separation 

during the initial phase and a lower value of the threshold (transition point between fast  
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Figure 4.8. Evolution of phase separation in yogurt milk samples with # = 0.142 and 
cGlucagel from 7.5 to 12.5 g/L. 
 

and slow steps) (Figure 4.8). The same observations were made for yogurt milk samples 

with # = 0.131 and 0.163 (data not shown). As can be seen from Figure 4.8, all samples 

had “delayed” type of disintegration. The increase of cGlucagel even to the highest value 

used in this study (12.5 g/L) could not bring samples with # < 0.184 from “delayed” to 

“creeping” disintegration. However the bringing of the system from “delayed” to 

“creeping” type of disintegration by increasing the polymer concentration from 5.94 to 

6.98 mg/cm3 was demonstrated by Starrs et al (2002) in polymethylmethacrylate 

particles/polysterene system. That effect was not seen in the present study probably due 

to the limitation of the Glucagel concentrations.  

      Lietor-Santos et al (2009), Kilfoil et al (2003) and Parker et al (1995) also reported a 

reduction in the evolution of phase separation in depletion flocculated induced gels with 
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an increase in cp. Lietor-Santos et al (2009) and Kilfoil et al (2003) believe that this effect 

is due to two factors: increase of U and increase in viscosity of the dispersion medium. 

The higher values of U probably keep the structure of settling flocs more elastic and 

ramified. When these flocs finally settle, they create a higher volume that is a less 

densely packed structure compared to samples with lower cp. Thus the threshold in 

samples with higher cp occurs at lower values of top phase volume. At the end of the 

storage period, the phase boundary is higher (the volume of top phase is lower) in 

samples with higher cp even though # in all samples is equal. This observed result occurs 

because of the effect of higher U which results in a more elastic structure and thus one 

that is more resistant to gravitational compression (Kilfoil et al 2003). 

 

4.2.3.3. Influence of molecular weight of !-glucan on the evolution of phase separation 

      The influence of guar gum and exocellular polysaccharide (EPS) molecular weight 

(Mw) on the behaviour of a dispersion of casein micelles has been studied by Tuinier et al 

(2000) and Tuinier & de Kruif (1999). The influence of !-glucan Mw on the same 

systems has not been reported yet according to our knowledge. Thus in the present work 

the impact of different !-glucan Mw on the phase behaviour of yogurt milk was 

investigated. Three possible !-glucan depolymerisation methods including 

homogenization, autoclaving and enzymatic hydrolysis were chosen and their 

effectiveness was tested.  

 

4.2.3.3.1. Depolymerisation of !-glucan by homogenization 

      High pressure shearing, such as occurs in homogenizers, is known to degrade the  
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molecular weight of large Mw polymers including !-glucan (Kivela et al, 2010). 

Homogenization of Glucagel solutions for 120 min with both cGlucagel = 20 g/L and 50 g/L 

did not show successful results. The yogurt milk samples with # = 0.142 and added 

homogenized Glucagel were phase-separating in the same way that non-treated Glucagel 

samples were.  

   

4.2.3.3.2. Depolymerisation of !-glucan by autoclaving 

        High temperature and pressure, such as occurs during autoclaving, is enough to 

depolymerise cereal !-glucan (Wang et al, 2001). Autoclaving of Glucagel solutions for 

120 min showed some, but not satisfying, results. The evolution of phase separation in 

yogurt milk samples with the autoclaved Glucagel was slower than in the case of samples 

with non-treated Glucagel. For samples with # = 0.142  and cGlucagel = 10 g/L, complete 

separation occurred only on the second day of storage (autoclaved Glucagel samples), 

with the baseline separation occurring at the first day (nonautoclaved samples). However 

the autoclaving method was considered ineffective due to its long time and high energy 

requirements.   

 

4.2.3.3.3. Enzymatic hydrolysis of !-glucan 

      Lichenase (35 U) was added to 300 mL of freshly prepared yogurt milk with the 

following composition # = 0.142, cGlucagel = 10 g/L. After addition of enzyme, yogurt 

milk was stirred for 5 min and incubated in a water bath at 50 C° for 1 h with short 

stirrings every 15 min (as recommended by the Megazyme assay procedure). One hour at 

50 °C at the !-glucan/lichenase ratio used in the study should allow complete hydrolysis 
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of !-glucan into oligomers. After that the yogurt milk was magnetically stirred for 10 min 

at room temperature, poured into graduated cylinders and placed in a cold room at 4 °C 

for 720 h. No separation was seen in this yogurt milk during the whole period of storage. 

Phase separation in yogurt milk with the same composition (# = 0.142, cGlucagel = 10 g/L), 

but without the lichenase treatment, could be seen visually after only a few hours of 

storage. This experiment also confirmed that !-glucan had a direct influence on the 

stability of yogurt milks.  

      The successful result of the experiment with lichenase (where !-glucan was 

completely hydrolysed into oligomers) showed that enzyme can also be employed to 

achieve !-glucan with lower molecular weight (Mw) through the partial hydrolysis of the 

polymer. Roubroeks et al (2000), Tosh et al (2004), Manzanares et al (1993) and Gomez 

et al (1997) demonstrated that !-glucan with different Mw can be achieved by controlling 

the duration of incubation of high Mw !-glucan treated with lichenase. The same method 

was used in the present work.  

      Yogurt milk samples containing different concentrations of Glucagel showed varying 

phase behaviour depending on incubation time intervals. Particularly, with an increase of 

incubation time, minimum polymer concentration required to induce flocculation of 

colloidal particles (cp min) was increasing. If the incubation period was 135 min and 

higher, the yogurt milk samples even with the highest Glucagel concentration (12.5 g/L) 

remained stable. Figure 4.9 represents data for yogurt milk samples with # = 0.142 where 

Glucagel solution with different incubation times was employed. It is believed that the 

observed effect is a result of !-glucan Mw reduction. Tuinier & de Kruif (1999) and 

Tuinier et al (2000) also observed that decreased Mw of EPS and guar gum resulted in a  
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Figure 4.9. Phase diagram of yogurt milk with # = 0.142. The concentration of Glucagel, 
cGlucagel = 7.5, 10 and 12.5 g/L was subject to various incubation times to prepare these 
yogurt milk samples, where ( ) stable and ( ) unstable phases and * control, non treated 
by lichenase Glucagel solution, are denoted. 
 

 shift of the stable/unstable phase border line to a higher polymer concentrations region 

(cp min increases) in casein micelle/polymer systems. 

      Interestingly, yogurt milk samples made with Glucagel solutions which were 

incubated for zero minutes had higher cp min = 10 g/L compared to samples where 

control (non-treated by lichenase) Glucagel was used which had cp min = 7.5 g/L (Figure 

4.8). That result was attributed to that fact that yogurt milk sample with Glucagel which 

had zero minute treatment had lower Mw of !-glucan than yogurt milk sample where 

native Glucagel was used. The reduction of the !-glucan Mw in the zero minute treated 

Glucagel solution probably occurred as a result of:  

- lichenase hydrolysis, which could occur before the enzyme in Glucagel solution was 

deactivated, and/or  

- severe heat treatment (100 °C water for 2 h) for the enzyme deactivation procedure.  

      The theory of Asakura & Oosawa (1958) predicts that an increase of polymer Mw 

results in an increase in the depletion layer around particles and thus an increase in the 
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range of the interparticle attraction force (assuming that increase of polymer Mw leads to 

an increase in its radius (rp)), if weight concentration of the polymer is constant. Thus 

with increase of polymer Mw one would expect increased number of flocculated particles 

in a system. Therefore increase of polymer Mw results in a decrease of cp min, if the 

radius of the particles is constant (De Hek & Vrij, 1981). However the increase of 

polymer Mw should be in the limits of the following condition a >> rp, where a is radius 

of casein particles (Asakura & Oosawa, 1958). The polymer with low Mw or monomers 

cannot induce depletion flocculation of colloidal particles. Probably the Mw of !-glucan 

in yogurt milk samples where Glucagel was incubated for 135 min and longer was too 

low to cause depletion flocculation of casein micelles.        

      The cp min is also influenced by the radius of particles (a) (De Hek & Vrij, 1981). 

Therefore for convenience the dimensionless size ratio $ = rp/a is commonly used rather 

than rp alone. Depletion-induced attraction is usually short-range where $ < 0.1 (Lu et al 

2008). In this section only stable and unstable phases were distinguished depending on !-

glucan degree of hydrolyses. However subphases such as sedimentation and gel phases 

also depend on the rp (Bergenholtz et al, 2003). 

 

4.3. Yogurt 

4.3.1. Evolution of phase separation in set yogurt 

      The cGlucagel and # influenced the values of top phase volume of set yogurt samples 

also. However, the evolution of phase separation during storage was not seen because 

separation did not progress during storage. 
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4.3.1.1. Influence of Glucagel concentration on evolution of phase separation 

      The set yogurt samples with # = 0.108, 0.142 and 0.163 showed differences in values 

of top phase volume depending on cGlucagel (Figure 4.10 and Figure 4.11). The behaviour 

of samples can be divided into two categories depending on cGlucagel.  

      1. When cGlucagel $ 5 g/L no signs of dramatic separation were observed in set yogurt 

samples during the whole storage period, the exception being only samples with # = 

0.108 where small (maximum 0.35%) values of top phase volume were detected. The 

formation of top phase in this case (# = 0.108) was a result of gel syneresis. An analogy 

can be drawn with the results of experiments with yogurt milk samples, where phase 

separation was not seen for samples with cGlucagel $ 5 g/L and # < 0.184. 

      2. When 5 g/L < cGlucagel $ 12.5 g/L then dramatically high values of top phase 

volume were observed. Again, at this cGlucagel interval the same dramatic effect was seen 

in experiments with yogurt milk as well. Additionally, it was noticed that the phase 

separation in set yogurt samples occurs already during the incubation step, and then 

during the whole course of storage it was not changing. Thus the phase separation 

occurred in the interval between the beginning of incubation (when the system was in 

equilibrium), until the gelation point (when pH " 4.6) as long as samples were in a liquid  

(yogurt milk) state. The mechanism of that separation is believed to be the same as in 

yogurt milk samples, i.e., due to depletion flocculation. The occurrence of gelation  

arrested further separation as casein micelles formed an acid-induced network (Figure 

4.11).  

      The dramatic physical changes in set yogurt samples enriched with !-glucan were 

also observed by Lazaridou et al (2008), Gustaw (2008) and Vasiljevic et al (2007).  
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Figure 4.11. Images of the set yogurt samples with ! = 0.142 and various cGlucagel 

(numbers under the images) taken at 720 hours of storage. 
 

These changes were also seen by Volikakis et al (2004) in low fat white-brined cheese. 

The authors reported that these changes occur only after exceeding a certain 

concentration of !-glucan (cp min) which were 0.5% w/w, 0.1% w/v, 0.3% w/v and 0.6% 

w/w respectively. The sample with cGlucagel = 7.5 g/L would give concentration of !-

glucan 4.5 g/L, as Glucagel contains ( 60 % of !-glucan (section 3.1.2.). Thus cp min in 

present study was in the same range " 0.45% w/v. The observed dramatic changes are 

believed to be caused by the interruption of network formation due to depletion 

flocculation of casein micelles in the presence of !-glucan (Lazaridou et al, 2008). The 

severe interruption of the set yogurt gel was observed in the present study as well, with 

samples where 5 g/L < cGlucagel $ 12.5 g/L having large readily visible disruptions in the 

network (Figure 4.12).  

      In order to reduce separation values in set yogurt with cp > cp min, the following 

technique can be recommended. Incubated inoculated yogurt milk needs to be brought 

back to homogeneity by stirring it at some point during incubation when the pH  is close  
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Figure 4.12. Typical disruptions of the network of set yogurt with 5 g/L < cGlucagel $ 12.5 
g/L. 
 

to the pH =4.6. That procedure would reduce the amount of time for the system to 

separate until gelation occurs.       

      The reduction of the top phase volume values with increase of cGlucagel in the interval 5 

g/L < cGlucagel $ 12.5 g/L in set yogurts was not seen as it would be expected based on the 

experiments with yogurt milk samples. It is believed that this difference is a result of the 

gel formation, which occurs earlier than any difference between samples with various 

cGlucagel could be seen. Another factor that needs to be considered is that according to the 

procedure the incubation temperature is 42 °C which is much higher than the storage 

temperature of yogurt milk (4 °C). The increase of cp reduced the evolution of phase 

separation in yogurt milk samples as a result of two factors: increase of U and viscosity 

increase of the dispersion medium (Lietor-Santos, 2009; Kilfoil et al 2003). Thus the 

effect created by Glucagel viscosity will be reduced during incubation of the set yogurt as 
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a result of high temperature. Nonetheless Lazaridou et al (2008) observed the reduction 

of separation in !-glucan-enriched set yogurt with increase of !-glucan concentration 

from cp min to higher values (from 0.5 to 2 % w/w). 

      The exception was only a sample with # = 0.108 and cGlucagel = 7.5 g/L which showed 

lower top phase volume values than samples with cGlucagel = 10 and 12.5 g/L (# = 0.108).  

The yogurt milk with # = 0.108; cGlucagel = 7.5 g/L belongs to the sedimentation phase 

region (Figure 4.4), while yogurt milk samples with; cGlucagel = 10 g/L and cGlucagel = 12.5 

g/L (# = 0.108) belong to the gel phase region. That difference (sedimentation versus gel 

region) most probably influenced the behaviour of the yogurt system resulting in a 

different outcome. As mentioned, in the sedimentation phase region some part of casein 

micelles sediment on the bottom in form of flocs while the remaining part stays dispersed 

in the top phase, whereas in the gel phase region all casein micelles settle collectively. 

Thus, probably the dispersed casein micelles in a sedimentation phase region (# = 0.108 

and cGlucagel = 7.5 g/L) created a network when the pH reaches 4.6 causing the observed 

low values of separation. 

 

4.3.1.2. Influence of the volume fraction of casein micelles on the evolution of phase 

separation 

      The volume fraction of casein micelles (#), also showed an effect on values of top 

phase volume in set yogurt samples (Figure 4.10). That effect was also dependent on 

cGlucagel. 

      1. When cGlucagel $ 5 g/L a top phase was formed only in set yogurt with the lowest    

# =0.108. The volume of top phase in that sample was very little (maximum 0.35%) and 
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was a result of only gel syneresis, as depletion flocculation does not occur at such low 

cGlucagel. In set yogurt samples with higher #, a top phase was not formed (sample was 

homogeneous). That is due to the fact that the set yogurt samples with lower # are 

weaker and thus more vulnerable to syneresis (Tamime & Robinson, 2007a).  

      2. When 5 g/L < cGlucagel $ 12.5 g/L increase of # resulted in decreased values of top 

phase volume in set yogurt samples. That effect is due to the slower evolution of phase 

separation in inoculated yogurt milk before gelation with increase of #, as was observed 

in yogurt milk samples. Thus for samples with higher #, separation gets arrested by 

gelation at lower values of top phase volume. Lazaridou et al (2008) also observed the 

reduction of phase separation in !-glucan enriched set yogurt with an increase in the 

amount of SMP used for yogurt manufacturing. 

 

4.3.2. Evolution of phase separation in yogurt drink 

      Oppositely to set yogurt, yogurt drink samples showed changes in values of top phase 

volume during storage. It was found that these changes are affected by both cGlucagel and # 

(Figure 4.13). Additionally the evolution of phase separation of a commercial product,  

Yop, was carried out to compare it with the evolution of !-glucan enriched yogurt drink 

made in the present study. According to our knowledge, the behaviour of !-glucan 

enriched yogurt drink has not been reported before. In yogurt drink samples the particle 

phase consists of acid-induced casein aggregates, fragments of broken gel (Laurent & 

Boulenguer, 2003) with much larger size than individual casein micelles. Additionally, 

yogurt drink systems are not stable, even without the presence of polymer; they phase 

separate during storage due to sedimentation of casein aggregates on the bottom  
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oppositely to the yogurt milk system where casein micelles stay dispersed during all 

periods of storage. 

 

4.3.2.1. Influence of Glucagel concentration on the evolution of phase separation 

      Depending on cGlucagel, the behaviour of yogurt drink samples can be divided into two 

categories (Figure 4.13 and Figure 4.14).  

      1. When cGlucagel $ 5 g/L values of top phase volume grew slowly during the whole 

period of storage, faster at the beginning and slower at the end. Even at the end of 720 h 

of storage, the phase separation in these samples was not complete. Also evolutions of 

phase separation for samples with all three # were close to their control samples. Thus 

the phase separation in these yogurt drink samples was probably the result of 

sedimentation of casein aggregates usual for that type of product (Amice-Quemeneur et 

al, 1995; Tamime & Robinson, 2007b; Laurent & Boulenguer, 2003). Additionally in 

samples with cGlucagel $ 5 g/L top phase formation always occurred much slower and 

samples had much lower values of top phase volume than samples with 5 g/L < cGlucagel $ 

12.5 g/L. Nonetheless even these lower values were at least two fold higher than values  

for the commercial product Yop. 

      2. When 5 g/L < cGlucagel $ 12.5 g/L dramatic phase separation of yogurt drink 

samples was observed. Particularly, complete separation occurred rapidly after which 

values of the top phase volume remained constant till the end of the storage period. The 

phase separation in these samples (5 g/L < cGlucagel $ 12.5 g/L) could occur as a result of 

one of two mechanisms. The first possible mechanism is a depletion flocculation of 

casein aggregates. The casein aggregates (not casein micelles) in this case are considered  
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Figure 4.14. Images of yogurt drink samples with ! = 0.142 and various cGlucagel (numbers 
under the images) taken at 720 hours of storage. 
 

to be the flocculating particles in the presence of !-glucan. However, the size of the 

particles in the yogurt drink case (casein aggregates) should be much larger than the size 

of individual casein micelles in the case of yogurt milk (Sejersen et al, 2007). That would 

result in a different size ratio $ (radius of polymer/radius of particle) in these two systems 

and thus different threshold values (cp min) of cGlucagel. However the cp min in yogurt milk 

and yogurt drink systems were equal (5 g/L). Thus the phase separation in yogurt drink 

samples with cGlucagel > 5 g/L was not due to a depletion flocculation mechanism. 

Secondly, dramatic phase separation in yogurt drink samples with cGlucagel > 5 g/L could 

be due to dramatic sedimentation of higher density casein aggregates. In section 4.3 

dramatically high values of top phase volume were observed in set yogurt samples with 

cGlucagel > 5 g/L. That means that the gel part of these set yogurt samples had higher 

density as it had more casein micelles per unit of gel volume than samples of set yogurt 

with cGlucagel $ 5 g/L, as a result of rapid phase separation occurring prior to particle gel 

formation. The yogurt drink production procedure requires first preparation of set yogurt 
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which further undergoes mechanical treatment by homogenization. Also, the number of 

casein aggregates would be expected to be smaller in the yogurt drink samples with 

cGlucagel > 5 g/L than in the samples with cGlucagel $ 5 g/L. Oppositely, the homogenization 

of lower density gels (samples with cGlucagel $ 5 g/L) probably resulted in a higher number 

but less dense casein aggregates. During storage of yogurt drink samples with cGlucagel > 5 

g/L dramatic phase separation was observed probably as a result of rapid precipitation of 

the higher density casein aggregates. A lower number of casein aggregates in these 

samples also assisted their fast precipitation as the crowding effect was reduced.  

      An increase in cGlucagel in the interval 5 g/L < cGlucagel $ 12.5 g/L resulted in decrease 

of evolution of phase separation. However the values for samples with cGlucagel = 7.5 and 

10 g/L were close, meanwhile samples with cGlucagel = 12.5 g/L had lower values. Similar 

observations were made in yogurt milk samples (section 4.2.3.2). That reduction is 

believed to be due to the increase of dispersion medium viscosity. The present study used 

a maximum cGlucagel = 12.5 g/L, so that perhaps a further increase of cGlucagel (cGlucagel > 

12.5 g/L) would result in even slower rates of top phase formation.  

      The exception was in yogurt drink samples with # = 0.108 where results for samples 

with cGlucagel = 10 and 12.5 g/L were close. The reduction of # reduced the effect of the 

cGlucagel. However in yogurt drink samples with cGlucagel = 7.5 g/L the evolution of 

separation was slower than for samples with cGlucagel = 10 and 12.5 g/L. Again, that 

results from the relation of yogurt milk sample with  # = 0.108 and cGlucagel = 7.5 g/L 

which is in the sedimentation phase region (Figure 4.4). 
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4.3.2.2. Influence of the volume fraction of casein micelles on the evolution of phase 

separation 

      Increased # resulted in decreased evolution of phase separation in yogurt drink 

samples for all cGlucagel (Figure 4.13). That decrease is probably due to the increase in the 

number of interparticle interactions in the network as was seen in the yogurt milk 

samples. The increase of # from 0.108 to 0.163 in samples with cGlucagel $ 5 g/L brought 

the values of top phase volume close to those of the Yop samples. However values of top 

phase volume in samples with 5 g/L < cGlucagel $ 12.5 g/L were much higher than Yop 

even at the highest # (# = 0.163).   

 

4.3.3. Influence of molecular weight of !-glucan on the evolution of phase separation in 

set yogurt and yogurt drink 

      The Mw of !-glucan in set yogurt and yogurt drink samples also affected phase 

behaviour as it was seen in yogurt milk. The enzymatic hydrolysis of !-glucan by 

lichenase was chosen as a method to reduce Mw of the polymer. However differently 

from yogurt milk studies, only one incubation time was used, which was 90 min, and one 

cGlucagel = 10 g/L. The yogurt milk had the following composition: # = 0.142 and cGlucagel 

= 10 g/L where Glucagel solution was incubated for 90 min, a condition that resulted in a 

phase separating system turning into a stable system (Figure 4.9). Thus it was of interest 

to explore the behaviour of set yogurt and yogurt drink samples with the same 

composition (# = 0.142 and cGlucagel = 10 g/L) where Glucagel solution was incubated 

with lichenase. 

The result of the experiment showed that: 
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      1. The set yogurt (# = 0.142 and cGlucagel = 10 g/L) made with Glucagel solution 

incubated for 90 min, did not show any signs of phase separation during the whole period 

of storage (data not shown). The set yogurt with the same composition but with Glucagel 

solution not incubated with lichenase, had high (( 45%) values of top phase volume 

(Figure 4.10.b). Thus the experiment confirmed that the Mw of !-glucan that had been 

incubated for 90 min was too low to cause depletion flocculation of casein micelles in the 

inoculated yogurt milk during incubation.  

      2. The yogurt drink (# = 0.142 and cGlucagel = 10 g/L) made with Glucagel solution 

incubated for 90 min did not show the same dramatic phase separation as yogurt drink (# 

= 0.142 and cGlucagel = 10 g/L) made with non-treated Glucagel solution (data not shown). 

Instead yogurt drink (# = 0.142 and cGlucagel = 10 g/L) with incubated (90 min) Glucagel 

solution showed evolution of phase separation very close to the control yogurt drink (# = 

0.142 and cGlucagel = 0 g/L). The reduction of evolution of phase separation in yogurt drink 

where Glucagel solution incubated with lichenase was employed is believed to be due to 

the following mechanism. The reduction of Mw of !-glucan resulted in set yogurt with 

close to control values of top phase volume (no dramatic separation). The product of 

homogenization of such set yogurt was yogurt drink with a high number but a lower 

density of casein aggregates. In section 4.3.2.1 it was already discussed that yogurt drinks  

with such characteristics have slower evolution of phase separation. 

      The reduction of the Mw of !-glucan prevents the dramatic separation of the dairy 

systems highly enriched with !-glucan (cGlucagel > 5 g/L) in the set yogurt and yogurt 

drink. However the reduction of the Mw of !-glucan diminishes the health promoting 

benefits of that polymer (Wood, 2007). From the other perspective, current regulations of 



 149 

FDA do not specify a minimum Mw of !-glucan required to make a health claim on !-

glucan enriched products. 

      The production procedures (temperature and duration of extraction), and thus the Mw 

of !-glucan, in Glucagel like other high in !-glucan product-supplements can vary from 

manufacturer to manufacturer. Yogurt producers need to be aware that such variations in 

the Mw of !-glucan (particularly a switch from lower Mw to higher) can cause dramatic 

changes in the physical characteristics of !-glucan enriched yogurt products even though 

the weight concentration of the supplement and the volume fraction of casein micelles are 

held constant. 
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5. Conclusions  

5.1. Phase behavior of fibre-enriched milk systems  

      Depending on composition, yogurt milk supplemented with Glucagel can exist in 

equilibrium (no phase separation) or non-equilibrium (phase separation occurs). The 

phase separation in yogurt milk occurred only if a certain threshold of Glucagel 

concentration was exceeded at a particular volume fraction of casein micelles. That 

separation is believed to be due to flocculation of casein micelles triggered by the 

presence of barley !-glucan. The mechanism of separation in the casein micelle/!-glucan 

system can be described well by the depletion flocculation theory developed by Asakura 

& Oosawa (1958). The theory predicts that the addition of non-adsorbing polymer to a 

colloidal dispersion results in the occurrence of short-range forces causing attraction of 

colloidal particles. The attraction forces occur as a result of the imbalance of the osmotic 

pressure between the polymer bulk solution and the region between particles.  

      It was found that yogurt milk, depending on composition, could exist in one of three 

phases: equilibrium type, called stable phase, and two types of non-equilibrium: gel phase 

and sedimentation phase. 

$ The stable phase was when the system remained in an equilibrium state (no phase 

separation occurred) during the whole period of storage. In that phase region all casein 

micelles in a system stayed dispersed, and as a result such systems looked 

homogeneous. For yogurt milk systems to remain stable, there had to be a low volume 

fraction of casein micelles and a low Glucagel concentration. 

$ The gel phase was one of the non-equilibrium states (when separation occurred). In the 

gel phase, the majority of casein micelles from the system formed a space spanning 
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network. The interface line in such systems was always moving from top towards 

bottom, separating a system on the top that was clear from a turbid bottom phase. 

Yogurt milk systems in the gel phase had a high volume fraction of casein micelles and 

a high Glucagel concentration. 

$ The sedimentation phase was another non-equilibrium state. In the sedimentation phase 

some casein micelles formed casein micelle clusters, while other casein micelles stayed 

dispersed. The clusters created by the presence of the polymer did not form a network, 

instead they were individually sedimenting on the bottom. The interface line in such 

systems was always moving from bottom towards top, separating a system on the top 

that was cloudy from a turbid bottom phase. Yogurt milk systems in the sedimentation 

phase had an intermediate volume fraction of casein micelles and an intermediate 

Glucagel concentration. 

The constructed phase diagram suggests that with an increase in volume fraction of 

casein micelles the threshold concentration for destabilization with Glucagel reduces. In 

other words, less !-glucan was needed to bring the system from equilibrium to non-

equilibrium state. That change was a result of a reduction of available volume for the 

polymer with an increase in volume fraction of casein micelles. Increasing the volume 

fraction of casein micelles also resulted in a decrease of the Glucagel concentration 

required for transition of the unstable system from the sedimentation to the gel phase. 

      Yogurt milk which would be used for the manufacture of !-glucan enriched yogurt 

would be positioned in a region where there was a high volume fraction of casein 

micelles and a high Glucagel concentration. This corresponds to the gel phase region on 

the phase diagram of yogurt milk. Thus, further investigation of the yogurt milk system 
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focused on its behavior in the gel phase region. Increased volume fraction of casein 

micelles in yogurt milk in the gel phase region resulted in a slowing of the rate of phase 

separation. Additionally, it was found that depending on the volume fraction of casein 

micelles the network formed was disintegrating according to one of two mechanisms: 

delayed and creeping.  

$ Delayed disintegration occurred in yogurt milk samples that had a lower volume 

fraction of casein micelles. The following mechanism is proposed for that type of 

disintegration. Initially freshly formed gel stays intact for a short period of time, then it 

gets broken into flocs that sediment rapidly. As the flocs descend and become 

concentrated, at some point close to the bottom, the flocs again create a gel-like 

structure which gets slowly compressed.  

$ Creeping disintegration occurred in yogurt milk samples with a higher volume fraction 

of casein micelles. Contrary to delayed disintegration, a gel that exhibits creeping 

disintegration does not lose its integrity during the whole period of storage, exhibiting 

instead very slow and steady compression behaviour. 

      The rate of phase separation in yogurt milk samples in the gel phase region was also 

reduced as Glucagel concentration increased, but only in the high range from 10 to 12.5 

g/L. That reduction was attributed to two factors: an increase in attraction between casein 

micelles and an increased viscosity of the dispersion medium. 

 

5.2. Manipulating the quality of fibre-enriched yogurt milk system 

      Limiting the phase separation of DF enriched dairy systems allows for quality 

improvement. The reduction of molecular weight of !-glucan, and thus its radius of 
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gyration, was achieved by partial hydrolysis of !-glucan with lichenase. By increasing 

the threshold concentration of Glucagel, more Glucagel could be added to create a higher 

DF drink. That effect was attributed to the reduction of the depletion layer around casein 

micelles due to smaller polymer size. The depletion layer thickness, which equals the 

radius of gyration of the polymer, controls the range of the attraction forces between 

casein micelles. When the lichenase incubation period for Glucagel was 135 min and 

higher, the yogurt milk samples containing Glucagel remained stable during the entire 

period of storage even with the highest Glucagel concentration (12.5 g/L). This 

observation was ascribed to the fact that incubation of Glucagel 135 min and beyond 

reduced the molecular weight of !-glucan to such an extent that flocculation of casein 

micelles did not occur. 

 

5.3. Evaluation of the phase behaviour of set yogurt systems 

      Dramatic phase separation was observed in set yogurt samples (# = 0.108, 0.142 and 

0.163) only if the concentration of Glucagel was higher than 5 g/L. It was also evident, 

that the phase separation only evolved during the incubation period due to depletion 

flocculation of casein micelles, i.e., when the “yogurt” was actually yogurt milk. When 

pH values were close to 4.6 network formation arrested further phase separation. After 

the gel was formed, further formation of the top phase stopped and the extent of phase 

separation remained unchanged for the whole period of storage. Increase of the Glucagel 

concentration in the interval from 5 g/L to 12.5 g/L did not show any reduction in the 

values of the top phase volume, a result expected based on the results of experiments with 

yogurt milk. Set yogurt samples with Glucagel concentration from 5 g/L to 12.5 g/L had 
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similar values of the top phase volume probably due to the formation of the gel at a point 

that was earlier than differences in volumes of top phase could be seen. Also the viscosity 

effect created by the Glucagel would be reduced during incubation as the temperature 

during the yogurt-making process is much higher (42 °C) than the storage temperature 

(4°C). 

      The increase in volume fraction of casein micelles in the interval of Glucagel  

concentration from 5 g/L to 12.5 g/L generally reduced the values of the top phase 

volume in set yogurt. The increase in volume fraction of casein micelles decreased the 

rate of phase separation of inoculated yogurt milk during incubation before gelation 

occurred (as happened in yogurt milk). Thus the phase separation in inoculated yogurt 

milks with higher volume fraction of casein micelles was arrested by gelation at lower 

values of top phase volume. 

 

5.4. Evaluation of the phase behaviour of yogurt drink systems 

      All yogurt drink samples were phase separating during storage as a result of 

sedimentation of casein aggregates. These aggregates arose from the disruption of the set 

yogurt to create a yogurt drink. However, samples with Glucagel concentration 5 g/L and 

lower had very low values of separation, whereas samples with Glucagel concentration 

from 5 g/L to 12.5 g/L exhibited dramatic phase separation. It was deduced that the 

pattern of phase separation (slow or dramatic) depends on the density and number of 

casein aggregates in yogurt drink. The density and number of casein aggregates are 

related to the gel density of set yogurt from which that yogurt drink was made. Phase 

separation was slower in yogurt drink samples with Glucagel concentration 5 g/L and 
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lower as a result of sedimentation of a higher number of lower density casein aggregates. 

The dramatic phase separation in yogurt drink samples with Glucagel concentration 

higher than 5 g/L was probably due to the rapid sedimentation of a lower number of 

higher density casein aggregates. Yogurt drink samples with Glucagel concentration 

between 7.5 and 10 g/L had similar evolutions of phase separation whereas samples with 

12.5 g/L had lower values. That reduction is believed to be due to the increase of polymer 

concentration which leads to an increase in the dispersion medium viscosity. The increase 

of volume fraction of casein micelles decreased the evolution of phase separation in the 

yogurt drink.    

 

5.5. Manipulating the quality of fibre-enriched set yogurt and yogurt drink systems   

      Dramatic phase separation in set yogurt and yogurt drink supplemented with high 

amounts of !-glucan can be avoided by reduction in the molecular weight of !-glucan. 

The yogurt milk supplemented with !-glucan of very low molecular weight was not 

phase separating, so that the progress of phase separation in the set yogurt and yogurt 

drink was similar to their controls (!-glucan free). This approach, however, may also 

reduce, or at least alter, the presumed beneficial health effects of added !-glucans: 

cholesterol reduction and satiety development (Wood, 2007), although it may enhance 

stimulation of the immune system (Pascoe & Fulcher, 2007). 
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6. Future work consideration  

     In the present work, the enzymatic hydrolysis of !-glucan was performed without 

determining the actual molecular weights of the partly hydrolyzed !-glucan. However, 

precise information about the molecular weight of !-glucan would be useful to be able to 

manipulate the trade-off between nutritional impact and quality impairment to good 

effect. From one perspective, the reduction of the molecular weight of !-glucan prevents 

the dramatic phase separation in yogurt products that are highly enriched with !-glucan. 

From the other perspective, the reduction of the molecular weight of !-glucan diminishes 

the health benefits of that polymer (Wood, 2007). Thus, the reduction of molecular 

weight of !-glucan for the production of !-glucan-enriched yogurt products can be 

recommended only in the case when the molecular weight of the polymer stays relatively 

large. 

      Increasing the volume fraction of casein micelles in set yogurt and yogurt drinks, and 

increasing Glucagel concentration up to the maximum value (12.5 g/L) resulted in a 

slower evolution of phase separation. Nonetheless, even these reduced separation values 

were unacceptably high compared to products on the market. Thus it would be useful to 

try to examine the effect of different techniques which would allow separation values of 

these yogurt products to be brought to an acceptable level. The following techniques may 

be useful, although they were not explored in this research: addition of more skim milk 

powder and whey protein powder. Supplementation with stabilizers, substances which 

maintain the homogeneity of the product, should be also considered. Particularly non-

adsorbing polysaccharides (xanthan gum, guar gum, locust bean gum and starch) which 

increase viscosity of dispersion medium and form secondary network can be 
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recommended for set yogurt and adsorbing polysaccharides (high-methoxyl pectin, 

carboxymethyl cellulose ans +-carrageenan) can be recommended for yogurt drink 

(Everett & McLeod, 2005).  

      In addition, the present study focused on the interaction of casein micelles with !-

glucan in a skim milk (fat free system). Another component, which is present in natural 

milk, is milk fat. Addition of non-adsorbing polymers to a dispersion of oil droplets can 

result in depletion flocculation of the droplets (Parker et al, 1995). Thus it would be 

useful to explore whether the phase diagrams developed for colloidal protein particles 

help us to understand the depletion flocculation of fat droplets triggered by the addition 

of !-glucan. 
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