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ABSTRACT 

Dairy industries are actively working on the development of new dairy ingredients and 

products with novel functional and physical properties. Enzymatic modification via protein 

crosslinking using transglutaminase (TG) is an effective way to achieve such properties. Milk 

is commonly used in the manufacture of a variety of dairy products and it contains casein 

proteins which are good substrates for TG-induced crosslinking. The main aim of this thesis 

is to determine the effect of TG treatment on the changes in the physico-chemical properties 

of low heat skim milk under acidic (~pH 6.7 to 4) and alkaline (~pH 6.7 to 10) conditions, 

and with added ethylenediaminetetraacetic acid (EDTA) (0 to 50 mM).  

 

Reconstituted skim milks untreated and treated with TG (~pH 6.7; 2.5 to 30% w/w), and 

incubated at 30oC for 15 h, were used. The susceptibility of proteins to TG crosslinking and 

degree of crosslinking in casein micelles in milk were determined. The changes in physico-

chemical properties of milks with and without TG-induced crosslinks under acidic and 

alkaline conditions, and with added EDTA, were analysed by different analytical physical 

and chemical methods. Physical methods included monitoring the viscoelastic properties 

during acid gelation by rheology, determining the degree of syneresis of acid milk gels, 

measuring the viscosity by capillary viscometry and particle size by dynamic light scattering, 

analysing the casein micelle fine structures by small angle X-ray scattering, and examining 

the casein micelles by cryogenic-transmission electron microscopy and the acid milk gels’ 

microstructures by confocal laser scanning microscopy. Chemical methods included 

determining the distribution of proteins using reversed-phase high performance liquid 

chromatography, determining the distribution of minerals (Ca2+, Mg2+, K+, Na+ and inorganic 

phosphate (Pi)) using atomic absorption and emission spectroscopy, colorimetry and 31P-

nuclear magnetic resonance (31P-NMR), and characterising the calcium phosphate phases 

using Raman spectroscopy. The ion speciation in milk was calculated using the modified Carl 

Holt model.    

 

TG treatment did not alter the pH profiles and solubilisation of colloidal calcium phosphate 

(CCP) that would normally occur during acidification at 30, 35, 40 and 45oC. However, 

compared to 10% (w/w) TG untreated milk, TG treated milk (10% w/w) when acidified at 

≥35oC induced differences in the elastic modulus (Gʹ) versus time curves, particularly by 

inhibiting the formation of the shoulder (Gʹshoulder). The G'shoulder is here proposed to be the 
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transition of the first increase in Gʹ due to the aggregation of soluble protein complexes at 

early stage of acidification, to the second increase in Gʹ due to further aggregation of casein 

micelles (and aggregated soluble complexes) as acidification progressed. TG treatment 

produced firmer milk gels which were less prone to breakage at large deformation.  

 

TG treatment in milk (10% w/w) prevented the dissociation of caseins from casein micelles 

due to micellar swelling between ~pH 6.7 and 8. Above ~pH 8, TG treatment resisted full 

disruption of casein micelles and reduced the extent of casein dissociation. TG treatment 

demonstrated the stabilisation of casein micellar network against alkaline-induced disruption.  

  

Although TG treatment in milk altered the distribution of caseins between serum and micellar 

phase during acidification and alkalinisation, the mineral equilibrium was independent of the 

presence of TG-mediated crosslinks. Acidification resulted in the solubilisation of CCP; 

whereas alkalinisation resulted in the precipitation of calcium phosphate for both types of 

milk (with and without TG). Raman spectroscopy demonstrated that alkalinisation did not 

result in the transformation of amorphous calcium phosphate into crystalline phases. 

 

TG treatment in milk (10% w/w) did not influence the solubilisation of CCP upon the 

addition of EDTA, but reduced the extent of micellar disruption when >15 mM EDTA was 

added. In addition to the use of colorimetry method to measure the soluble Pi concentration, 

31P-NMR was shown to be an adequate and rapid method to measure Pi without the need to 

remove the milk proteins. The ion equilibria in milk systems with added EDTA were 

successfully predicted using the modified Carl Holt model on the speciation of milk minerals, 

taking into account the addition of EDTA.  

 

The findings of this thesis might be used in industrial applications. For example, TG 

crosslinking of caseins might be used in yogurt manufacture to minimise syneresis; and the 

addition of EDTA to dissociate caseins might be used to improve the heat stability of milk-

based systems.    
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Chapter 1.  
Introduction and overview 

 

1.1 Introduction 

In the dairy industry, milk is manufactured to be consumed soon after production, or 

processed into many other dairy products including dietary supplements. The range of milk-

derived dairy products includes whipping cream, yogurts, cheeses, low-calorie ice creams, 

spray-dried milk proteins, milk protein concentrates and so on (Anema, 2009a). Milk is a 

highly nutritious and complex biological aqueous solution secreted by the females of all 

mammalian species (Fox and McSweeney, 1998a). It is a dynamically balanced mixture of 

chemical constituents that is used to provide nourishment and immunological protection to 

the new born species (Hargrove and Alford, 1978; Vaia et al., 2006; Walstra et al., 2006a). 

 

There is increasing attention to the development of new dairy ingredients and products with 

novel functional and physical properties in the dairy industry (Sharma et al., 2001). The 

product characteristics can be achieved by means of physically, chemically or enzymatically 

modifying the macromolecular building blocks of milk such as proteins (Faergemand et al., 

1998; Sakamoto et al., 1994). Amongst the three types of modifications, enzymatic 

modification is the most effective due to high specificity of enzymatic reaction and low 

potential risk for formation of toxic products (Matheis and Whitaker, 1987). In this thesis, 

enzymatic modification via protein crosslinking using transglutaminase (TG) is the main 

focus. Although there is a range of protein crosslinking enzymes such as lipoxygenase, 

polyphenol oxidase, peroxidase, lysyl oxidase, protein disulfide reductase, protein disulfide 

isomerase and sulfhydryl oxidase (Matheis and Whitaker, 1987), TG, which induces covalent 

bonds between proteins, is the only one that is currently available on a commercial scale 

(Dickinson, 1997). In addition, TG has been used for protein crosslinking in foods, as a 

replacement to the traditionally used glutaraldehyde which is not permitted for use due to its 

toxicity (Anderson et al., 1984).  

 

Caseins, the principal proteins in milk (mostly present in the form of colloidal particles 

known as casein micelles), are good substrates for TG-induced crosslinking due to their open 

confirmation and low degree of tertiary structure (Lorenzen et al., 1998; Matsumura et al., 

1996). The whey proteins can also be good substrates individually, but in a mixed system like 
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milk which contains both whey proteins and caseins, due to their compact globular structures, 

they are less preferentially crosslinked compared to caseins when they are in their native 

forms (Sharma et al., 2002). The whey proteins are rendered more susceptible to TG 

crosslinking after modification, for instance, by heat treatment (O'Sullivan et al., 2002a), 

alkalinisation (Faergemand et al., 1997), high pressure treatment (Lauber et al., 2003) or 

treatment with reducing agents such as dithiothreitol (Coussons et al., 1992; de Jong and 

Koppelman, 2002).  

 

TG is also known as R-glutaminyl-peptide amine γ-glutamyl-transferase (EC 2.3.2.13) 

(Gauche et al., 2008; Ikura et al., 1980; Lauber et al., 2000; Law, 2010; Zhu et al., 1995). It 

catalyses acyl-transfer reactions by linking peptide-bound glutamine residues, as acyl donors, 

with peptide-bound lysine residues, as acyl acceptors. The resulting covalent bond formed 

between protein substrates is known as an ɛ-(γ-glutamyl)-lysine isopeptide bond, in which 

polypeptide protein chains are polymerised and crosslinked (de Jong and Koppelman, 2002; 

Nonaka et al., 1989). TG can be extracted from many biological sources (e.g. animals, plants, 

fish and microorganisms) (Dickinson, 1997). In contrast to other biological sources, 

microbial TG is Ca2+ independent, has a higher reaction rate, has a broader substrate 

specificity for the acyl donor, and is easier to purify (Benjakul et al., 2012; de Jong and 

Koppelman, 2002; de Jong et al., 2001; Shimba et al., 2002). In this thesis, microbial TG is 

used.   

 

The application of TG in the manufacture of dairy products has been shown to improve their 

functional properties. For example, it increased the firmness and improved the water holding 

capacity of milk gels (Faergemand and Qvist, 1997), and improved the physical properties of 

whipping cream (Lorenzen et al., 1998). The use of TG in yogurts resulted in the increase in 

gel strength, improvement of texture, and the decrease in permeability and whey drainage 

(Faergemand et al., 1999; Lauber et al., 2000; Lorenzen and Schlimme, 1998). In the case of 

cheeses, the yield increased and whey separation decreased, and its addition to low fat and 

sugar-free ice creams improved their textures (Motoki and Seguro, 1998). The use of TG in 

milk was also capable of increasing the stability of casein micelles against disruption upon 

addition of urea, citrate, sodium dodecyl sulfate, heat treatment, heat treatment in the 

presence of ethanol, and high pressure treatment (O'Sullivan et al., 2002a, b; O'Sullivan et al., 

2001; Smiddy et al., 2006).  
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The improved functional properties offered by TG, when used in milk under different 

conditions, are related to its interactions with the casein micelles. Casein micelles are 

colloidal macromolecular assemblies comprising predominantly caseins (αs-, β- and κ-

caseins) and minerals (mainly calcium and phosphate complexed in salts known as colloidal 

calcium phosphates (CCPs)) (Gaucheron, 2005). The structure and stability of casein micelles 

determine the overall properties of the milk system. When milk is submitted to changes in 

composition and technological treatments (e.g. pH adjustment, mineral addition, addition of 

calcium chelating agents, temperature and high pressure treatment), the physico-chemical 

properties of the casein micelles are altered, particularly the distribution of proteins and 

minerals between the aqueous and micellar phase of the milk (Augustin and Clarke, 1991; 

Gaucheron, 2005).  

 

The extent of alterations in the protein-mineral equilibria is dependent on the processing 

parameters involved. Acidification, alkalinisation and addition of ethylenediaminetetraacetic 

acid (EDTA) are three environmental conditions that affect the structure and stability of 

casein micelles in milk in different ways. Acidification solubilises CCPs, dissociates caseins 

into the aqueous phase and aggregates casein clusters to form a gel network extending 

throughout the aqueous phase (Lee and Lucey, 2010). Alkalinisation disrupts casein micelles 

and precipitates CCPs (Ahmad et al., 2009). The sequestration of Ca2+ by addition of EDTA 

results in the demineralisation and disruption of casein micelles (Casiraghi and Lucisano, 

1991; Ward et al., 1997). 

 

The scope of this thesis is aimed at investigating the effect of TG treatment on the changes in 

the physico-chemical properties of skim milk under acidic and alkaline conditions, and with 

added EDTA. Under these conditions, the interactions between proteins and minerals, and the 

TG added in the milk system, are explored. More specifically, the following objectives are 

addressed: 

1. Investigating the combined effect of TG treatment, acidification temperature and total 

solids content on the rheological properties of acid milk gels. 

2. Characterising the changes in the physico-chemical properties of TG treated milk at 

high pH. 

3. Investigating the effect of TG treatment on the distribution of minerals and calcium 

phosphate phases in milk as a function of pH. 
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4. Characterising the changes in the physico-chemical properties of TG treated milk with 

added EDTA. 

 

The findings of this thesis will contribute to the fundamental knowledge on the structure of 

casein micelles, which is still currently not fully elucidated, under different stressors (e.g. pH 

and EDTA addition). The findings will also contribute to understanding the effect of TG 

under these conditions, which in turn might find applications in the manufacturing of dairy 

products. 

 

1.2 Thesis overview 

This thesis comprises eight chapters. Chapter 1 briefly introduces the background of the 

research topic, provides the main objectives and outlines the thesis structure. Chapter 2 

presents a general review covering details of the milk proteins and minerals in both aqueous 

and micellar phases, the consequences of milk system under various conditions and the 

details of TG. Where appropriate, some of the information covered in this chapter will be 

mentioned briefly again in the Introduction sections of the upcoming chapters. Chapter 3 

describes the materials and experimental methods used in this thesis. This chapter is sub-

divided into three sections: (1) sample preparation for analyses; (2) methods for physical 

analysis; and (3) methods for chemical analysis. Note that Chapters 4 to 7 also have a short 

Materials and methods section where the materials and experimental methods used are 

referenced back to those described in Chapter 3 as appropriate. This is done to enable the 

reader to go through the working chapter without having to refer constantly to Chapter 3. 

Chapter 4 examines the combined effect of TG addition, acidification temperature and total 

solids content on the rheological properties, microstructures and degree of syneresis of acid 

milk gels. It also focuses on explaining the presence of G'shoulder, a shoulder region that occurs 

on the elastic modulus (G') versus time profile during the early stage of acid gelation at 

elevated acidification temperatures (≥35oC). Chapter 5 investigates the influence of TG 

treatment on the changes in physico-chemical properties of skim milk at alkaline pH. Chapter 

6 presents results on the effect of TG treatment on the mineral balance and calcium phosphate 

phases of milk as a function of pH. Chapter 7 explores the effect of TG treatment on the 

changes in physico-chemical properties of skim milk with added EDTA. Chapter 8 concludes 

the main findings obtained from Chapters 4 to 7 and covers recommendations for future 
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research. After Chapter 8, a list of references and appendices comprising additional 

experimental data related to the subjects in the previous chapters are presented. 
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Chapter 2.  
Literature review 

 

2.1 Principal constituents of milk 

The chemical constituents of milk vary between species as the nutritional and physiological 

requirements for each species is different (Fox and McSweeney, 1998a; Horne, 2002). The 

most frequently consumed milks of the principal dairying species come from cow, buffalo, 

sheep and goat (Fox and McSweeney, 1998a). In this thesis, bovine milk is the main focus.  

 

The chemical constituents in milk are distributed either in the micellar phase or in the 

aqueous phase (serum). In the micellar phase almost all of the total caseins and a small 

quantity of the minerals are present in the form of casein micelles. Therefore, the micellar 

phase also implies casein micelles. These casein micelles are dispersed in the aqueous phase 

which predominantly comprises water, fat, lactose, whey proteins and a small quantity of 

miscellaneous materials (e.g. minerals, enzymes, gases and vitamins). Table 2.1 shows the 

principal components in milk. The quantities of these principal components in milk vary 

between species, and due to individuality of the species, breed, health, nutritional status, 

lactation period, growth factors, feeds consumed and milking intervals (Fox and McSweeney, 

1998a). The composition of milk is of high importance as it determines the nutritional value, 

the extent of growth of microorganisms, the flavour and the chemical reactions that can occur 

in its final product (Walstra et al., 2006a). To minimise the variability in milk composition, 

only skim milk powder from the same batch was used during the research project. 
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Table 2.1. Principal constituents in milk1 (Walstra et al., 2006a). 

Component 
Average content in milk 

(% w/w) 

Range2 

(% w/w) 

Average content in 

dry matter (% w/w) 

Water 87.1 85.3 - 88.7 - 

Solids-non-fat 8.9 7.9 - 10.0 - 

Fat in dry matter 31 22.0 - 38.0 - 

Lactose 4.5 3.8 - 5.3 36 

Fat 4.0 2.5 -  5.5 31 

Protein3 3.3 2.3 - 4.4 25 

casein 2.6 1.7 - 3.5 20 

Mineral substances 0.7 0.57 - 0.83 5.4 

Organic acids 0.17 0.12 - 0.21 1.3 

Miscellaneous 0.15 - 1.2 

1 Distinctive for milks of lowland breeds.   

2 These values will rarely be exceeded, e.g. in 1 to 2% of samples of separate milkings of 

healthy individual cows, excluding colostrums and milk drawn shortly before parturition. 

3 Non-protein nitrogen compounds are excluded.  

 

2.2 Lipids  

Milk lipids consist predominantly of triglycerides, small quantities of diglycerides, 

phospholipids, sterols (cholesterol and cholesteryl esters), and some traces of free fatty acids, 

polar lipids (ceramides, cerobrosides, gangliosides) and hydrocarbons (carotenoids and fat-

soluble vitamins) (Fox and McSweeney, 1998a; Johnson, 1978; Walstra and Jenness, 1984a). 

Table 2.2 shows the composition of lipids and their approximate concentrations in whole 

milk.  
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Table 2.2. Approximate composition of lipids and their concentrations in whole bovine milk (Walstra 

et al., 2006a). 

Lipid class Alcohol residue Other constituent Milk fat (% w/w) 

Neutral glycerides   98.70 

Triglycerides Glycerol  98.30 

Diglycerides Glycerol  0.30 

Monoglycerides Glycerol  0.03 

Free fatty acids -  0.10 

Phospholipids (Ph)1  Phospho group 0.80 

Ph. Choline Glycerol Choline 0.27 

Ph. Ethanolamine2 Glycerol Ethanolamine 0.26 

Ph. Serine2 Glycerol Serine 0.03 

Ph. Inositide3 Glycerol Inositol 0.04 

Sphingomyelin4 Sphingosine Choline 0.20 

Cerebrosides3,4 Sphingosine Hexose 0.10 

Gangliosides Sphingosine Hexose5 0.01 

Sterols   0.32 

Cholesterol -  0.30 

Cholesteryl esters Cholesterol  0.02 

Carotenoids and vitamin A -  0.002 

1 Approximately 1% is present as lysophosphatides. 

2 Ph. Ethanolamine + Ph. Serine = cephalin. 

3 Glycolipids. 

4 Sphingolipids. 

5 Also neuramic acid. 

 

The primary function of lipids in milk, just like other dietary lipids, is to serve as an energy 

source for the mammalian young. Furthermore, milk lipids can also supply a source of 

essential fatty acids and fat soluble vitamins, and contribute flavour and textural properties to 

dairy products (Fox and McSweeney, 1998a). Milk lipids are structured in the form of 

spheres or droplets, with diameters ranging from 2 to 5 µm, containing a lipid core enclosed 

by a membrane. This membrane serves as a barrier between the serum and the lipids in the 

globules, and protects the fat globules against flocculation and coalescence. It comprises 
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water, proteins, phospholipids, cerebrosides, lipids such as glycerides and fatty acids, 

enzymes, and trace elements. The principal proteins within the globule membrane include 

xanthine oxidase, butyrophilin and glycoprotein B, while the majority of phospholipids are 

made up of phosphatidylcholine, phosphatidylethanolamine and sphingomyelin in an 

approximate ratio of 2:2:1 (Fox and McSweeney, 1998a). 

 

2.3 Carbohydrates  

Lactose is the principal carbohydrate in milk, along with traces of other carbohydrates such 

as glucose, fructose, glucosamine, galactosamine, neuraminic acid, and neutral and acidic 

oligosaccharides, although there are no polysaccharides. Lactose can provide sweetness to 

milk and serve as a substrate for Lactobacillus bacteria during acidification processes 

(Spreer, 1998). Lactose is commonly known as 0-4-D-galactopyranosyl-(1,4)-glucopyranose. 

It is a disaccharide made up of D-glucose and D-galactose, both of which are in the pyranose 

ring form. It is formed when the aldehyde group of galactose is linked to the C-4 group of 

glucose via a β-1,4-glycosidic bond (Belitz et al., 2009; Johnson, 1978; Walstra et al., 2006a). 

The structure of lactose is shown on Figure 2.1. 

 

 

Figure 2.1. Structure of lactose in milk (Walstra et al., 2006a). 

 

2.4 Proteins 

Proteins are of great importance in the dairy industry as they supply the essential amino acids 

required for the growth and development of muscular and other protein-containing tissues to 

the mammalian young (Fox and McSweeney, 1998a). They are also critical for the functional 

and rheological properties of dairy products (Phadungath, 2005). The proteins in milk consist 

mainly of two fractions: caseins (80%) and whey proteins (20%) (Gordon and Kalan, 1978). 

The approximate composition of proteins in milk is shown in Table 2.3. Caseins are mainly 

categorised into four types: αs1-casein (αs1-CN); αs2-casein (αs2-CN); β-casein (β-CN); and -
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casein (-CN). The principal whey protein fractions are α-lactalbumin (α-Lac), β-

lactoglobulin (β-Lg), bovine serum albumin, immunoglobulin and proteose peptone 

(Whitney, 1988).  

 

Table 2.3. Approximate composition of proteins in milk (Walstra et al., 2006a). 

Protein Content in milk (% w/w) 

Casein 2.60 

αs1-casein 1.07 

αs2-casein 0.28 

β-casein 0.86 

ĸ-casein 0.31 

-casein 0.08 

Whey protein 0.63 

α-lactalbumin 0.32 

β-lactoglobulin 0.12 

Bovine serum albumin 0.04 

Proteose peptone 0.08 

Immunoglobulin (Ig) 0.08 

IgG1, IgG2 0.07 

IgA 0.01 

IgM 0.01 

Miscellaneous 0.09 

Lactoferrin 0.01 

Membrane proteins 0 

Enzymes 0.07 

 

2.4.1 Caseins 

2.4.1.1 Properties of caseins 

Caseins are relative small proteins, with molecular weights between approximately 20 and  

25 kDa (Chakraborty and Basak, 2007). They are unstructured milk proteins, which are often 

characterised by low overall hydrophobicity and high net charge (Farrell Jr et al., 2004; 

Uversky, 2002). They are mostly associated into colloidal aggregates in the form of casein 

micelles, where they occur as four major casein fractions (Qi et al., 2004): αs1-CN; αs2-CN; β-
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CN; and ĸ-CN, in an approximate weight ratio of 4:1:4:1 (Whitney, 1988). Apart from these 

four main casein fractions, a trace amount of -caseins (a β-CN fragment) is also present. -

casein is formed by the action of plasmin, an enzyme that hydrolyses peptides and esters 

containing amino acids such as arginine and histidine of β-CN (Whitney, 1988). Although 

most of the caseins exist in the casein micelles, a small amount (<5%) of these can also be 

present as free molecules in the aqueous phase (Walstra and Jenness, 1984b). The chemical 

properties of the major caseins are presented in Table 2.4.  

 

Table 2.4. Chemical properties of major caseins in milk (Augustin et al., 2011). 

 

Protein 

 

Percentage 

(%) total 

casein 

Molecular 

weight (Da) 

Phosphate 

residues 

(mol/mol 

protein) 

Proline 

residues 

(mol/mol 

protein) 

Hydrophobic 

regions 

Sulfhydryl 

groups 

αs1-

casein 
44 - 46 

22,068 - 

23,724 
8 - 10 17 

1-44, 90-113, 

132-199 
- 

αs2-

casein 
12 25,230 10 - 13 10 

90-120, 160-

207 
2 

β-casein 32 - 35 
23,944 - 

24,092 
4 - 5 35 

2/3 of C 

terminal end 
- 

ĸ-casein 8 - 12 
19,007 - 

19,039 
1 20 5-65, 105-115 2 

 

All caseins are single polypeptide chains made up of varying number of amino acid residues 

on their primary structures, with each casein fraction having a different amino acid profile 

(Creamer, 2002). Although differing in amino acid composition, all casein fractions have a 

high content (~35 to ~45%) of non-polar amino acids including valine, leucine, isoleucine, 

phenylalanine, tyrosine and proline. The presence of these non-polar amino acids means that 

caseins are poorly soluble in water. However, the reduction in the solubility of caseins in 

water is offset when these are in combination with high contents of phosphate and 

carbohydrate content, and low level of sulfur containing amino acids on the primary 

structures. This makes caseins relatively soluble in the milk’s aqueous system at natural pH 

of 6.7 (Fox and McSweeney, 1998a).  
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Caseins lack secondary and tertiary structures and are therefore difficult to denature (e.g. by 

heat) (Walstra et al., 2006a). Since they are relatively small phosphoproteins that contain 

chemically bound phosphate residues, they are sensitive to minerals. They also contain 

~0.85% phosphorous as phosphate groups that are most frequently esterified to casein via the 

hydroxyl group on the serine residues, or to a lesser extent on the threonine residues. These 

phosphoserine or phosphothreonine residues on the caseins are arranged in tripeptide 

patterns: -Ser-X-A- or -Thr-X-A-, respectively, where Ser is serine, Thr is threonine, X is any 

amino acid and A is glutamate, or to a very minor extent, aspartate (Belitz et al., 2009). Since 

all the caseins have genetic variants, they also contain variable numbers of phosphoserine 

residues which are included in their primary chains, leading them in having different extents 

of phosphorylation (Phadungath, 2005). The phosphate groups on the phosphoserine residues 

are responsible for many characteristics of the casein molecules, particularly as the main 

binding sites for cations. The cation binding capacity of these phosphate groups is dependent 

on the number of phosphoserine residues present in the sequences of casein molecules. In 

milk, the cation binding capacity for different caseins are in the order of αs2-CN > αs1-CN > 

β-CN > κ-CN (Gaucheron, 2005). The most phosphorylated casein fraction is αs2-CN, 

consisting of 10 to 13 phosphate residues in its primary structure. The αs1-CN and β-CN are 

also highly phosphorylated, containing eight to 10, and four to five phosphate residues, 

respectively (Augustin et al., 2011). The least phosphorylated casein is -CN, with only one 

phosphoserine residue in its primary chain. As αs2-CN, αs1-CN and β-CN have high levels of 

phosphorylation, they are very sensitive to Ca2+, with higher Ca2+ binding capacity. When the 

Ca2+ concentration exceeds about 6 mM at 20oC, the Ca2+-sensitive caseins undergo 

precipitation with the excess Ca2+. In comparison to other caseins, -CN contains only one 

phosphoserine residue and the level of phosphorylation remains low (Horne, 2002), making it 

stable and insensitive to Ca2+ ions. The Ca2+-insensitivity of -CNs limits the growth of 

aggregates to colloidal dimensions when it is combined with other caseins (Horne, 2002). 

Therefore when all types of casein are combined together, the Ca2+-insensitive caseins (-

CN) can protect and stabilise the Ca2+-sensitive caseins (αs2-, αs1- and β-CN) from 

precipitation, as well as stabilising the casein micelles (Augustin et al., 2011; Phadungath, 

2005). 

 

In addition to phosphate groups, caseins contain proline groups. Proline residues affect the 

structure of the caseins as they can disrupt the formation of secondary structures such as α-



   Chapter 2 

 

14 

 

helices and β-sheets. Amongst all the casein fractions, β-CN contains the highest number of 

proline residues, and therefore the disruption in its formation of secondary structures would 

be the most significant, followed by -CN, then αs1-CN and αs2-CN (Phadungath, 2005).   

 

Caseins are amphiphilic molecules, meaning that they exhibit both hydrophilic and 

hydrophobic properties. On each casein molecule, there are both hydrophilic (polar) groups 

and hydrophobic (non-polar) groups. These groups allow the casein molecule to have self-

association properties when placed into an aqueous environment. Figure 2.2A shows the 

amphiphilic properties of four different casein fractions adsorbed on a planar hydrophobic 

interface. A planar hydrophobic interface is used to predict the behaviour of the caseins 

because it imitates a corresponding hydrophobic region of another casein molecule (Horne, 

1998). All the hydrophilic regions project out into the aqueous phase, either as loops or as 

tails at the end of the molecules (Horne, 2002).  

 

The hydrophilic regions in αs1-CN locate more in the centre of the molecule, while the 

hydrophobic residues are located at both ends of the molecular sequence. αs2-CN has a 

hydrophilic N-terminal tail, followed by a train of hydrophobic residues, then a hydrophilic 

loop and a hydrophobic C-terminal tail. In β-CN, the first quarter of the chain from the N-

terminus consists of hydrophilic regions; whereas the rest from residue 44 to C-terminus 

carry hydrophobic residues. -CN has a very hydrophilic C-terminus while the rest of the 

molecule is hydrophobic (Horne, 2002). When these casein fractions are put into an aqueous 

solution, these would self-associate to assemble as shown in Figure 2.2B. When neighbouring 

hydrophobic regions interact with each other, the hydrophilic regions of all caseins stick out 

into the aqueous phase. 
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Figure 2.2. (A) Amphiphilic properties of αs1-CN, αs2-CN, β-CN and ĸ-CN adsorbed on planar 

hydrophobic interfaces. Hydrophobic regions are denoted by “1”, while hydrophilic regions are 

denoted by “2”. (B) Schematic illustration of caseins both self-associated and associated with each 

other in aqueous solution. When in solution, caseins can polymerise at their hydrophobic interfaces 

and their hydrophilic regions stick out into solution. The colloidal calcium phosphates (yellow 

triangles) present in milk can also link hydrophilic regions of caseins for further polymerisation. 

Zoom shows polymerisation of (i) αs1-CN and αs2-CN, (ii) β-CN and (iii) ĸ-CN. 

 

2.4.1.2 Individual caseins 

Casein fractions exist in many different genetic variants, and the general chemical profiles of 

the different types of casein in milk are shown in Table 2.5. αs1-CN contains 199 amino acid 

residues, with molecular weight ranging from 22,068 to 23,724 Da. At the natural pH of milk 

(~6.7), it has the highest net negative charge of the caseins. The negative charges are 

attributed to the eight to 10 phosphoserine residues and 12 carboxylic groups present in the 

hydrophilic segment, which lies between residues 41 and 80 (Belitz et al., 2009; Whitney, 

1988). In the hydrophilic region where it is acidic, tight binding of Ca2+ and inorganic 
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phosphate (Pi) can occur (Creamer, 2002). The proline groups are distributed uniformly 

within the hydrophobic regions and no cysteine residues are present on its peptide chain 

(Walstra and Jenness, 1984b). 

 

αs2-CN has a molecular weight of ~25,000 Da and consists of 207 amino acid residues. It has 

two hydrophilic regions (1-80 and 126-170) and is the most phosphorylated casein, with 10 to 

13 phosphoserine residues. Hence, it is the least hydrophobic casein. Differing from other 

caseins, it contains two cysteine residues so that it is able to form a dimer with another αs2-

CN chain, producing an intra-chain disulfide bond between cysteine 36 and cysteine 40 

(Creamer, 2002).  

 

β-CN is the second most hydrophobic type of casein in milk. It has 209 amino acid residues, 

with molecular weight ranged between 23,944 and 24,092 Da. The phosphoserine residues 

(between four and five) are located at the hydrophilic N-terminus (1-43), where most of its 

negative charges reside. Unlike αs2-CN, β-CN does not contain any cysteine residues on its 

peptide chain sequence (Belitz et al., 2009). 

 

-CN, with a molecular weight of ~19,000 Da, contains 169 amino acid residues. It is the 

least phosphorylated casein containing either one or no phosphoserine residue and has a 

negatively charged hydrophilic C-terminus. Like αs2-CN, -CN also contains cysteine 

residues and the majority of -CN occurs as large disulfide-linked aggregates. It contains 

carbohydrates in its sequence; esterified to threonine, or at a lesser extent, to serine residues, 

in the hydrophilic C-terminal region, with an attached group of either a galactosamine, 

galactose, and one or two N-acetyl neuraminic acid residues (Walstra et al., 2006a).  
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Table 2.5. Chemical profiles of different types of casein obtained from their primary sequences 

(Jenness, 1988). 

Casein 
Residues 

considered 
Net charge1 

Charge 

frequency2 

Average 

hydrophobicity2 

αs1-casein 

1 - 40 +4 0.30 1340 

41 - 80 -23 ½ 0.58 641 

81 - 120 -2 0.38 1310 

121 - 160 -1 0.25 1264 

161 - 199 -4 0.15 1164 

αs2-casein 

1 - 41 -7 ½ 0.39 860 

42 - 80 -14 ½ 0.51 780 

81 - 125 +1 0.15 1460 

126 - 170 -5 0.49 861 

171 - 207 +6 ½ 0.24 1674 

β-casein 

1 - 43 -16 0.55 783 

44 - 92 -1 ½ 0.10 1429 

93 - 135 +1 0.28 1173 

136 - 177 +2 0.12 1467 

178 - 209 0 0.13 1738 

-casein 

1 - 34 0 0.34 1170 

35 - 68 +3 0.09 1640 

69 - 105 +2 ½ 0.16 1110 

106 - 137 -1 0.22 1190 

138 - 169 -8 0.22 870 

1 Serine phosphate = -2, histidine residue = +½. 

2 Values calculated using method described by Bigelow (1967). 

 

2.4.2 Whey proteins  

2.4.2.1 Properties of whey proteins 

The whey protein fraction of milk is predominantly made up of α-Lac and β-Lg, and small 

amounts of bovine serum albumin and immunoglobulin (Whitney, 1988). Table 2.6 displays 

the chemical profiles of the four types of milk whey protein. As with the caseins, they can 

possess a number of genetic variants. They are highly hydrophobic and globular proteins with 



   Chapter 2 

 

18 

 

compact folded peptide chains, and are naturally present in the aqueous phase of milk 

(Walstra et al., 2006a).  

 

Unlike caseins, whey proteins contain no phosphoserine residues. Also unlike caseins, whey 

proteins contain considerable amount of secondary and tertiary structure (α-helices and β-

sheets) and hence they are more sensitive to heat and less sensitive to minerals (Jenness, 

1988; Kailasapathy, 2008). When whey proteins are exposed to heat above 70oC, most of the 

major whey proteins, in particular α-Lac and β-Lg, unfold. More details of this will be 

covered in Section 2.7.1. 

 

Table 2.6. Chemical profiles of different types of whey protein in milk (Edwards et al., 2009; Farrell 

Jr et al., 2004). 

Whey protein 
Proportion 

by mass (%) 

Number of 

amino acids 

Molecular 

mass (Da)a 

Isoelectric 

point 

Disulfide 

bonds/ 

thiols 

α-lactalbumin 20 123 14,178b 4.80 4/0 

β-lactoglobulin 60 162 
18,277 -

18,363c 
5.35 2/1 

Bovine serum 

albumin 
3 583 66,399d - 17/1 

Immunoglobulin 10 >500 
150,000 - 

1,000,000e 
- - 

a Obtained from Farrell Jr et al. (2004). 

b Molecular mass for the B variant. 

c Molecular mass range for A and B variants. 

d Molecular mass for the A variant. 

e Molecular mass varies according to the class of immunoglobulin. For instance, 

immunoglobulin G1 (the major immunoglobulin) has molecular weight of 161,000 Da; 

whereas the other two classes (immunoglobulin M and immunoglobulin A) are present in 

much lower abundance, 1,000,000 and 385,000 - 417,000 Da, respectively. 
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2.4.2.2 Individual major whey proteins 

β-Lg is the major whey protein and it accounts for ~60% of the total whey proteins. It 

contains 162 amino acids, with molecular weight of ~18,000 Da. Its polypeptide chain 

comprises five cysteine residues and out of these, four are involved in S-S disulfide linkages. 

It also contains a free thiol group distributed between the cysteine residues at position 119 

and 121. This thiol group assists in bonding with other protein fractions including κ-CN and 

α-Lac, particularly in interactions during heat treatment (Walstra and Jenness, 1984b; 

Whitney, 1988). 

 

Under normal storage conditions (e.g. at refrigerated temperatures and at the natural pH of 

milk (~6.7)), β-Lg exists as a dimer of two identical monomers strongly held together by 

hydrophobic interaction. However, its structure changes when it is exposed to different 

temperatures, pH and ionic strengths. For instance, at high temperatures and pH (>7.5), it 

dissociates into two monomers; at lower pH values (<5.5), it forms an octamer; and at even 

lower pH values (<3.5), all associations cease (Walstra and Jenness, 1984b).  

 

α-Lac is a small, roughly spherical protein that makes up 25% of the total whey proteins in 

milk. Its molecular weight is ~14,000 Da and it comprises 123 amino acids, eight of which 

are cysteine (Whitney, 1988). It has a non-exposed binding site for Ca2+, which allows Ca2+ 

to be tightly bound and assists in stabilising its conformation. However, when pH of milk is 

dropped to below 4, the binding site loses the Ca2+ and hence, partial unfolding of α-Lac 

occurs and the susceptibility to heat denaturation increases (Walstra et al., 2006a).  

 

2.5 Minerals  

2.5.1 Distribution of milk minerals 

Milk contains a small fraction of minerals (~8 to 9 g∙L-1) (Cichoscki et al., 2002; Gambelli et 

al., 1999; Johnson, 1978; Lucas et al., 2006a, b; Park, 2000). The minerals are in dynamic 

equilibrium at different proportions between the aqueous and micellar phase. The mineral 

fraction contains both cations and anions. Cations include Ca2+, Mg2+, K+ and Na+, while 

anions include P, citrate, Cl-, sulfate and carbonate (Gaucheron, 2005; Gonzalez-Martin et al., 

2011; Morenorojas et al., 1994). Total P comprises colloidal Pi, casein organic phosphate 

(Po), soluble Pi, ester phosphate and phospholipids (Fox and McSweeney, 1998a). Minerals 

distributed in the aqueous phase are diffusible or soluble, while those present in the micellar 
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phase are non-diffusible or insoluble. Table 2.7 gives the approximate quantities of the 

minerals distributed in both phases of milk in its native state. 

 

Table 2.7. Approximate mineral composition and distribution between the aqueous and micellar 

phase in bovine milk (Holt and Jenness, 1984). 

Constituent 
Total concentration 

(mM) 

Concentration in 

aqueous phase (mM) 

Concentration in 

micellar phase (mM)* 

Ca2+ 29.4 9.2 20.2 

Mg2+ 5.1 3.3 1.8 

K+ 37.4 37.4 - 

Na+ 24.2 24.2 - 

Pi 20.9 11.2 9.7 

Citrate 9.2 8.2 1.0 

Cl- 30.2 30.2 - 

* Concentrations shown as (-) imply concentration is not measurable. 

 

2.5.2 Minerals in the micellar phase  

In its native state the minerals in the micellar phase of milk are principally ~70% of total 

Ca2+, ~50% of total Pi, ~40% of total Mg2+ and ~10% of total citrate, and trace levels of other 

minerals (K+, Na+, Cl-) (Fox, 2003). Table 2.8 shows the approximate composition of 

minerals within the casein micelle. All these minerals can combine to form complex salts 

known as the colloidal calcium phosphates (CCPs).  

 

Table 2.8. Approximate composition of minerals in casein micelles (Belitz et al., 2009). 

Component Concentration (%) 

Casein 93.2 

Ca2+ 2.9 

Mg2+ 0.1 

K+ 0.3 

Na+ 0.1 

Pi 2.9 

Po 2.3 

Citrate 0.4 
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Figure 2.3 shows the location of CCP in the casein micelles. CCP plays an important role in 

the structure and stability of casein micelles. It serves as a neutralising agent to positively 

crosslink the phosphoserine residues on the negatively charged sites of casein molecules, and 

cement the caseins that form the casein micelle. Depending on the number of phosphoserine 

residues present on the casein fractions, the CCP binding capacity on individual caseins can 

vary. For instance, more CCP can be bound to αs2-CN, followed by αs1-, β- and ĸ-CN due to 

the decreasing order of phosphoserine residues they contain (Gaucheron, 2005). As well as 

the colloidal Pi present in the CCP, Po, the phosphate groups that are esterified to serine (or 

less frequently to threonine) residues on caseins, are also present (Fox and McSweeney, 

1998a). It is important to note that Pi is the phosphate that is only partially associated with the 

caseins in the micelles. Mg2+ in the micelles is partitioned quantitatively similarly to Ca2+. 

That is, it is partly bound directly to casein molecules, as magnesium caseinate, and partly 

incorporated into the CCP (Holt et al., 1982). 

 

 

Figure 2.3. Schematic expanded view of CCP cementing between casein molecules via the 

phosphoserine residues in the casein micelles dispersed in the aqueous phase (serum).  

 

2.5.3 Minerals in the aqueous phase  

When milk is in its native state, the inorganic ions in the aqueous phase consist 

predominantly of >95% of total K+, >95% of total Na+, >95% of total Cl-, >90% of total 
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citrate, ~30% of total Ca2+, ~50% of total Pi and ~60% of total Mg2+. These inorganic ions 

can exist in free or uncoordinated form in solution, or in different associations (e.g. 

associated with counterions or proteins). Free ions imply that they are solvated and 

surrounded by H2O molecules (Harris, 2007). The concentrations of the free cations and 

anions, and their complexes present in the aqueous phase of milk are listed in Table 2.9. 

Soluble complexes are formed according to the reaction (Brantley, 2008; Sposito, 2008a): 

𝑀𝑚+(𝑎𝑞) + 𝐿𝑙−(𝑎𝑞) ⇌ 𝑀𝐿(𝑚−𝑙)(𝑎𝑞)      (2.1) 

where Mm+ and L1- are cationic and anionic species, respectively. In addition, a small amount 

of Ca2+ is bound to α-Lac, and a trace amount of other minerals are bound to fats and lactose 

in the aqueous phase (Gaucheron, 2005; Walstra and Jenness, 1984c). 

 

In the aqueous phase, Ca2+ can exist in three forms: as ionic calcium (free ion); complexes 

with counterions; and bound to proteins, fat globules or lactose (Holt et al., 1981a; Lin et al., 

2006). Those in free or complex forms contribute ~30% of total Ca2+ in milk; whereas those 

bound to proteins make up ~69%. The majority of Ca2+ in the aqueous phase forms stable 

complexes with citrate (Cit3-), and less frequently with Pi (H2PO4
- and HPO4

2-) and Cl-. In 

similar fashion to the micellar phase, the interactions between Ca2+, Pi and Cit3- form calcium 

phosphates, as shown in Figure 2.4. However, the quantity of calcium phosphate complexes 

in the aqueous phase remains relatively low as their solubility is low. As well as interacting 

with Ca2+ to form calcium phosphates, soluble Pi can also exist in various forms: as free 

H2PO4
-, HPO4

2-, and PO4
3-; partly bound to organic components; either esterified to serine 

and threonine residues on free casein molecules; or bound to smaller molecules such as 

hexoses, glycerol and phospholipids (Walstra and Jenness, 1984c). Mg2+ reacts similarly to 

Ca2+, forming complexes with Cit3-, Pi and Cl-. Other cations such as K+ and Na+ exist mainly 

in the free ion form, and to a lesser degree are associated with anions including Pi, Cit3- and 

Cl- to form complexes such as NaCl and KCl (Gaucheron, 2005; Holt, 1981).    
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Table 2.9. Calculated inorganic ion concentrations (free and complexed) (mM) in typical milk 

diffusate (Holt et al., 1981a). 

Anion Free ion 
Cation complexa 

Ca2+ Mg2+ Na+ K+ 

H2Cit-* +b + + + + 

HCit2-* 0.04 0.01 + + + 

Cit3-* 0.26 6.96 2.02 0.03 0.04 

H2PO4
- 7.50 0.07 0.04 0.10 0.18 

HPO4
2- 2.65 0.59 0.34 0.39 0.52 

PO4
3- + 0.01 + + + 

Glc 1-PH-* 0.50 + + 0.01 0.01 

Glc 1-P2-* 1.59 0.17 0.07 0.10 0.14 

H2CO3 0.11 -b - - - 

HCO3
- 0.32 0.01 + + + 

CO3
2- + + + + + 

Cl- 30.90 0.26 0.07 0.39 0.68 

HSO4
- + + + + + 

SO4
2- 0.96 0.07 0.03 0.04 0.10 

RCOOH* 0.02 - - - - 

RCOO-* 2.98 0.03 0.02 0.02 0.04 

Free ion  2.00 0.81 20.92 36.29 

a Calculated total species concentration (mM) for: [Ca] = 10.2; [Mg] = 3.4; [Na] = 22.0; [K] 

= 38.0; [Cit] = 9.4; [Pi] = 12.4; [Glc 1-P] = 2.6; [CO2] = 0.44; [Cl] = 32.3; [H2SO4] = 1.2; and 

[RCOOH] = 3.1. pH = 6.70; and ionic strength = 0.073 M (calculated from molar 

concentrations and charges of ion species (Equation 2.8)). Complexes are formed according 

to the basis of Reaction 2.1. 

b Concentrations shown as (+) are <0.005 mM; and (-) is not determined.   

* H2Cit- = dihydrogen citrate ion; HCit2 = hydrogen citrate ion; Cit3- = citrate anion; Glc 1-

PH- = phosphate ester monoanion; Glc 1-P2- = phosphate ester dianion; RCOOH = carboxylic 

acid; and RCOO- = carboxylate ion.  
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Figure 2.4. Schematic representation of equilibrium of Ca2+, Pi and Cit3- between the aqueous and 

micellar phase of milk at its native state. The values indicate the inorganic ion concentrations in free 

and complex forms (Adapted from Gaucheron (2005)). 

 

2.5.4 Dissolution-precipitation reactions of minerals 

Whether a mineral undergoes either a dissolution or a precipitation reaction in a solution is 

determined by the solubility product constant (Ksp). Ksp in turn governs the solubility of a 

mineral, that is, the amount of mineral that dissolves to establish an equilibrium between the 

mineral in solid phase and its components in solution (Deutsch, 1997). The dissolution of a 

mineral can be described by the reaction (Sposito, 2008b): 

𝑀𝑎𝐿𝑏(𝑠) ⇌ 𝑎𝑀𝑚+(𝑎𝑞) + 𝑏𝐿𝑙−(𝑎𝑞)      (2.2) 

where MaLb is the mineral in solid form, and aMm+ and bLl- are the respective dissociated 

cationic and anionic components. The mineral solubility is dependent on factors related to the 

system, including temperature, pressure, pH, saturation, ionic strength and solution 

composition. Ksp, at equilibrium, for Reaction 2.2 is given by (Sposito, 2008b):  

𝐾𝑠𝑝 =
{𝑀𝑚+}𝑎{𝐿𝑙−}𝑏

{𝑀𝑎𝐿𝑏}
= {𝑀𝑚+}𝑎{𝐿𝑙−}𝑏      (2.3) 

The curly parentheses represent ion activity, the effective concentration of the species. This 

deviates from the ion concentration due to the electrostatic shielding by other ions in the 

solution (Graham and Farmer, 2007). As solid is a pure substance, so its activity is equal to 

unity (i.e., MaLb = 1) (Logan, 1999). Hence, Ksp can then be further reduced to {Mm+}a{Ll-}b, 

as shown in Equation 2.3. The activity of a mineral is calculated using the relationship 

between the molar activity coefficient (γ) and the concentration (m) of the individual ions 

(Sposito, 2008b): 

{𝑀𝑚+}𝑎{𝐿𝑙−}𝑏 = (𝑚𝑀𝑚+ ∙ 𝛾𝑀𝑚+)𝑎 ∙ (𝑚𝐿𝑙− ∙ 𝛾𝐿𝑙−)𝑏      (2.4)  
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where γ acts as a factor for correcting the differences between the activity and the 

concentration of the ion, due to the electrostatic shielding by other ions. The single ion 

concentration (mi) can be calculated from its total concentration (mT) and the percentage of 

the free ion of its total concentration (fi) is: 

𝑚𝑖 = 𝑚𝑇 × 𝑓𝑖         (2.5) 

The activity coefficient of single ion (γi) is determined based on the extent of ionic strength in 

the solution. In solutions where ionic strength is lower than 0.1 M, the extended Debye-

Hückel equation can be applied (Stumm and Morgan, 1996): 

𝑙𝑜𝑔𝛾𝑖 = −𝐴𝑧𝑖
2 √𝐼

1+𝐵�̇�√𝐼
        (2.6)  

Whereas in solutions with ionic strength below 0.5 M, the Davis equation can be used 

(Stumm and Morgan, 1996): 

𝑙𝑜𝑔𝛾𝑖 = −𝐴𝑧𝑖
2 [

√𝐼

1+√𝐼
− 0.2𝐼]       (2.7) 

In Equations 2.6 and 2.7, A and B are temperature dependent constants (A ≈ 0.5 and B ≈ 0.33 

in water at 25oC), zi is the charge of the ion, ȧ is the size of the ion in Angstroms, and I is the 

ionic strength of the solution. Ionic strength (I) is calculated using the following (Graham and 

Farmer, 2007): 

𝐼 =
1

2
∑ 𝑚𝑖𝑧𝑖

2         (2.8) 

where mi and zi account for the concentrations and charges of all the ionic species in solution, 

respectively. 

 

In order to estimate the degree of saturation of a solution with respect to a mineral, the 

saturation index (SI), defined by the ratio between the ion activity product (IAP) and Ksp, can 

be calculated. The equation is displayed as (Sposito, 2008b): 

𝑆𝐼 = 𝑙𝑜𝑔
𝐼𝐴𝑃

𝐾𝑠𝑝
         (2.9)   

where IAP denotes the actual (measured) activities of {Mm+}a{Ll-}b. If SI = 1 (i.e., IAP = 

Ksp), the solution is regarded as saturated with respect to the mineral or the solution is in 

equilibrium conditions. If SI < 1 (i.e., IAP < Ksp), the solution is regarded as undersaturated, 

hence Reaction 2.2 proceeds to the forward direction, and dissolution occurs. If SI > 1 (i.e., 

IAP > Ksp), the backward direction is preferred, and thus, precipitation takes place (Sposito, 

2008b).  
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2.5.5 Calcium phosphate  

2.5.5.1 Properties of calcium phosphates  

Calcium phosphates are usually insoluble salts but can be present in both aqueous and 

micellar phases in milk. The aqueous phase contains less than 1 mM calcium phosphate, 

while there is ~20 mM in the micellar phase. The very low content of calcium phosphate in 

the aqueous phase is due to its low solubility. In the micellar phase, the calcium phosphates 

are present in the form of nanoclusters associating with Po and Pi (Gaucheron, 2012).  

 

Calcium phosphates are complex mineral salts. The complexity arises due to the presence of 

different forms in nature: ortho- (PO4
3-); meta- (PO3-); poly- ((PO3)n

n-); and pyro- (P2O7
4-) 

phosphates. Regardless of the form, they are all white solids and tend to have low solubility 

in water. Some forms can be very insoluble, but all forms have high solubility in acidic 

environments (Elliot, 1994; Wang and Nancollas, 2008). Amongst all the forms of calcium 

phosphates, calcium orthophosphate exists most frequently in biological systems; hence, it 

will be the main focus in this research. Calcium orthophosphate comprises three major 

elements: Ca (oxidation state +2); O (oxidation state -2); and P (oxidation state +5). 

Hydrogen may also be present as the acidic orthophosphate anion (e.g. HPO4
2- or H2PO4

-). In 

addition, water may also be incorporated, for instance, in the form of dicalcium phosphate 

dihydrate [DCPD, CaHPO4∙2H2O]. Calcium orthophosphates can exist in amorphous or 

crystalline phases, and have many compositions (different ratios of Ca/P), stabilities and 

solubilities depending on the environmental factors including Ca2+ and Pi concentrations, 

temperature, pH and ionic strength. 

 

In milk, calcium phosphate can be strongly modified to different phases depending on the 

physico-chemical conditions. There are many studies on the analysis of the different calcium 

phosphate phases. The various phases that have been postulated, however, may have arisen 

due to the differences in the environmental conditions in each study (Mekmene et al., 2012). 

The potential calcium phosphate phases are: amorphous calcium phosphate [ACP, 

Ca3(PO4)2∙xH2O]; dicalcium phosphate dihydrate [DCPD, CaHPO4∙2H2O]; tricalcium 

phosphate [TCP, Ca3(PO4)2]; octacalcium phosphate [OCP, Ca8H2(PO4)6∙5H2O]; and 

hydroxyapatite [HAP, Ca5(PO4)3OH]. Each of these will be described in more detail in the 

next section. All of these calcium phosphate phases have their own unique composition with 

a Ca/P ratio ranging between 0.5 and 2.0. This gives rise to the differences in their solubility 
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and stability (Table 2.10). In general, the lower the Ca/P ratio, the higher the solubility in 

water, and the more acidic the calcium phosphate phase is (Chow, 2001). 

 

Table 2.10. Chemical properties of potential calcium phosphate phases in aqueous phase of milk 

(Holt, 2004). 

Compound Formula Ca/P ratio -log10(IAP) SIa 

 ACP Ca3(HPO4)0.2(PO4)1.87∙xH2O 1.45 24.8 0.2 

 DCPD CaHPO4∙2H2O 1.0 6.59 6 

 TCP Ca3(PO4)2 1.50 28.9 200 

 OCP Ca8H2(PO4)6∙5H2O 1.33 96.6 60 

HAP Ca5(PO4)3OH 1.67 58.4 8x108 

a Calculated using Equation 2.9. 

 

2.5.5.2 Different calcium phosphate phases 

As mentioned above, the possible calcium phosphate phases are: ACP; DCPD; TCP; OCP; 

and HAP. ACP is the most commonly occurring calcium phosphate phase in biological 

systems. It lacks crystalline order and its structure remains uncertain. It differs widely in 

composition, with Ca/P ratios ranging from 1.15 to 1.67 depending on the pH of the solution 

(Somrani et al., 2005). For instance, at pH 6.6, Ca/P ratio is 1.18; whereas at pH 11.7, Ca/P 

ratio becomes 2.5. The most stable form of ACP is known as amorphous tricalcium 

phosphate (Ca/P ratio = 1.5). In comparison to other calcium phosphate forms, ACP is the 

most soluble but least stable and it is often the first phase that is precipitated from a 

supersaturated solution. ACP can then be converted to other phases by further precipitation 

depending on factors such as pH and temperature. For example, between pH 7 and 9, ACP 

firstly becomes the precursor to OCP, then proceeds to a more stable form such as HAP. 

When the pH is raised above 9, ACP converts directly to HAP (Dorozhkin and Epple, 2002; 

Eanes, 1998; McGann et al., 1983b). 

 

DCPD, also referred to as brushite, is present in a “corrugated sheet” structure containing 

chains of CaHPO4 stacked together with H2O molecules occupying the spaces between the 

sheets (Tung, 1998). It has relatively high solubility and is regarded as an acidic calcium 

phosphate (Dorozhkin and Epple, 2002; Mandel and Tas, 2010). Above 80oC, DCPD can be 

transformed into dicalcium phosphate anhydrous. Similar to OCP, it occurs as an 

intermediate in the process of precipitation to HAP (Abhyankar et al., 2011).  
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TCP has three polymorphic forms (β, α and α'). β-TCP has a rhombohedral structure. It does 

not form in aqueous systems during precipitation; instead, it can only be made by calcination 

above 800oC. It is heat stable up to 1125oC. Above 1125oC, it transforms into α-TCP (Elliot, 

1994).    

 

OCP is a triclinic lattice, which is composed of an alternating sequence of apatite layers and 

hydrated layers. This lattice, with the formulation Ca8H2(PO4)6∙5H2O, is made up of apatite 

layers consisting of six Ca2+ and two H2PO4
- ions, hydrated layers consisting of the two 

remaining Ca2+, one H2PO4
- ion and H2O molecules, and the rest of the H2PO4

- ions in the 

junctions between the apatite and hydrated layers. Each apatite or hydrated layer has a 

thickness of 0.8 nm and every lattice is comprised of approximately 100 layers. OCP can be 

formed by hydrolysing DCPD or α-TCP. The presence of apatite layers allows OCP to have 

similar properties as HAP; hence when formed, it acts as a transient intermediate phase 

during precipitation to undergo further hydrolysis, nucleate and grow into HAP, a more stable 

calcium phosphate phase (Dorozhkin and Epple, 2002; Mandel and Tas, 2010).  

 

HAP is a rare, but the most stable and basic calcium phosphate phase. Amongst all calcium 

phosphate phases, it has the highest Ca/P ratio. It exists as a monoclinic lattice, however, it 

transforms into a hexagonal lattice above 250oC. HAP can be prepared synthetically in 

numerous ways, for example, by precipitating Ca2+ and Pi under alkaline conditions (> pH 9), 

followed by boiling, filtration and drying. It can also be formed via precipitation of Ca2+ and 

Pi, transforming from the less stable calcium phosphate phases such as TCP and OCP.   

 

2.5.5.3 Composition of milk CCP 

Despite previous studies conducted to explore the composition of CCP, it still remains 

difficult to precisely determine its exact composition due to the presence of phosphate groups 

on caseins and the non-elucidated location of Mg2+ and citrate ions. Hence, different results 

have been obtained to postulate the CCP composition, for instance, the Ca/P ratio and acidity 

of the calcium phosphate (Holt, 2004). By excluding the casein phosphate groups in the 

calculations, CCP was determined to be in the most basic HAP phase, with all the phosphate 

ions being trivalent, giving the Ca/P ratio between 1.5 and 2 (McGann et al., 1983b; McGann 

et al., 1983c). On the other hand, when the casein phosphate groups are included, the 

calculations gave a more acidic calcium phosphate phase such as DCPD and OCP, with the 

Ca/P ratio lying between 1 and 1.3 (Holt, 1997; Holt et al., 1982; Holt et al., 1989). This was 
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also evident in a study by Holt et al. (1986a), where it was revealed that the calcium 

phosphate fraction isolated from milk had a Ca/P ratio comparable to that of an acidic 

calcium phosphate (following extensive enzymatic hydrolysis, dialysis and freeze-drying).  

 

2.5.5.4 Cluster model of CCP 

CCP has been described as being hydrated clusters of Ca2+ and P ions surrounded by casein 

phosphate centres (PCs) that are distributed throughout the micellar matrix (Holt, 1997, 

2004). PCs are nuclei of three or more phosphoserine residues present in a short sequence on 

caseins (Holt, 2004; Lenton et al., 2014). The CCP clusters, with diameter of ~2.5 nm, 

contain 66 Ca2+ ions, 132 H2O molecules, 66 P moieties including Pi and Po of Ca2+-sensitive 

caseins such as αs-CNs and β-CNs, and Mg2+ and citrate ions. Their densities are 2.31 g/cm3 

(Holt and Hukins, 1991) and Ksp of CCP is defined by (Holt, 1982, 2004):  

𝐾𝑠𝑝 = {𝐶𝑎2+}{𝑃𝑂4
3−}

0.2
{𝐻𝑃𝑂4

2−}
0.7

= 1.58 × 10−7   (2.10) 

For a micelle that has ~6% of its weight occupied by CCP, approximately five caseins are 

bound to CCP clusters via their PCs. αs2-CNs and αs1-CNs are more likely to crosslink the 

clusters as they each contain three and two PCs, respectively, higher than that of β-CNs (one 

PC). Note that κ-CNs do not have PCs (Davies and Law, 1977). The CCP clusters have a 

longer life time than typical calcium phosphate present in a supersaturated solution, and a far 

longer life time than individual or paired ions. The long life time of the clusters is due to their 

high stability attributed to their size related to the “lattice” energy effect, and to the 

interaction with casein molecules slowing down transport between their surfaces (Holt, 

1997).   

    

2.5.5.5 Growth and phase transformation of calcium phosphate 

Milk is supersaturated with respect to calcium phosphate that can exist in multiple phases. As 

calcium phosphates have different solubility and stability values, they can undergo phase 

transformation under various environmental conditions to spontaneously convert from one 

phase to another. In particular, this is the case for the crystallisation of calcium phosphates.  

Crystallisation follows the Ostwald’s rule of stages where it is proposed that the least stable 

form is produced first, followed sequentially by the forms of increasing stability (Threlfall, 

2003), and at the end forming the most thermodynamically stable phase. The stepwise phase 

transformation of calcium phosphate is illustrated in Figure 2.5. Crystallisation begins with 

the formation of solids of the least stable of the polymorphs, e.g. ACP (Figure 2.5A). Over 
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time, this polymorph passes through numerous unstable or metastable stages, with each stage 

resulting in calcium phosphate with either increasing stability or decreasing solubility (Figure 

2.5B). The phase transformation continues with the development to more stable phases, 

simultaneously with the dissolution and shrinkage of the less stable phases. The driving force 

which promotes the growth of the more stable phases and the dissolution of the less stable 

phases is the concentration gradient established by the difference in the equilibrium 

concentration between polymorphs. In this way, the dissolved solid shrinks and then grows to 

become a more stable polymorph (Figure 2.5C). At the end of the phase transfer, the most 

stable crystals such as HAP are formed in the absence of any less stable and soluble phases 

(Figure 2.5D) (Railsback, 2006).  

 

 

Figure 2.5. Schematic representation of stepwise phase transformation of calcium phosphate from a 

more soluble (less stable) to a less soluble (more stable) polymorph according to Ostwald’s rule of 

stages (Adapted from Railsback (2006)). 

 

Factors such as the concentration of Mg2+ and citrate, numerous phosphate-containing 

compounds and phosphonates, the presence of phosphoproteins (e.g. caseins), the degree of 

saturation, temperature and pH may affect the growth of calcium phosphate (Little and Holt, 

2004). In particular, caseins act as powerful inhibitors of calcium phosphate growth by 

stabilising them, thus preventing them from undergoing phase transformation (Holt et al., 

1986b; Holt and Hukins, 1991). In the absence of caseins, the unstable amorphous or crypto-

crystalline form of ACP is usually the first phase formed. It later experiences crystallisation, 

as displayed in Figure 2.5, where the growth of more crystalline phases such as HAP 

commences, with the dissolution of ACP (Holt, 1997). When the casein concentration is low, 

phase transformation is delayed. However, more crystalline phases will still be subsequently 
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formed. On the other hand, at high casein concentration calcium phosphate clusters remain 

stable without phase transformation (Holt, 2004).  

 

2.5.6 Ion speciation model 

Ion speciation models are tools for calculating the ion equilibria between the aqueous and 

micellar phase of milk. These are useful for understanding the relationship between the 

change in ionic species and physico-chemical properties of casein micelles in milk under 

different environmental conditions. Such models have been developed for calculating the ion 

equilibria in milk-like systems by Holt et al. (1981b), Lyster (1981) and Wood et al. (1981). 

Wood et al. (1981) developed a model suitable for a simulated milk salt solution at pH below 

5.0, in the absence of Mg2+ ions and proteins, and assumed that K+ and Na+ ions are 

equivalent. A model calculation for a wider pH range was developed by Lyster (1981) based 

on an extension of the Wood et al. (1981) model. This model took into account the Mg2+ ions 

and solid phases (e.g. Ca3(PO4)2), however, in the absence of proteins. A model to describe 

the ion equilibria in milk diffusate was developed by Holt et al. (1981b), where the inputs 

included most of the important constituents of milk diffusate, but still exclusive of proteins.  

 

Despite the absence of proteins and other important constituents such as CCP, these earlier 

models have been used as a start for the construction of more complete and complicated 

models to describe the salt equilibria in milk that are used currently. In the absence of 

proteins and CCP, model for the calculation of mineral speciation in milk systems is 

restricted. An improved model that cater for more dairy applications was developed with the 

help of an equilibrium thermodynamic model that enables the calculation of salt equilibria in 

solutions containing complexes of calcium phosphate nanoclusters (CPNs) and casein 

phosphopeptides (Little and Holt, 2004). Using the same model, Holt (2004) modelled the 

salt equilibria in milk and compared the calculated values with those reported experimentally 

by White and Davies (1958). It was assumed that CCP and CPN are equivalent, and proposed 

that the nanocluster complexes are made of calcium phosphates as the core, which are 

surrounded by a shell of casein phosphopeptides. The calcium phosphates are connected to 

the casein phosphopeptides via PCs (Little and Holt, 2004). The CPN was defined by a 

generalised empirical formula with different molar ratios of ions (Ca2+, Mg2+, Pi, citrate) 

linked to the PC (Holt, 2004). Although CCPs and proteins are included, more compositional 
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information for the milk system is required for modelling the salt equilibria under different 

environmental conditions.  

 

Mekmene et al. (2009) developed a model based on that of Holt et al. (1981a) for calculating 

the partition of ions in milks enriched with different salts such as CaCl2, NaCl, Na2HPO4 and 

trisodium citrate, at a fixed pH of 6.75. This model accounted for the ion interactions and 

included input data such as calcium phosphate solubility and ionic strength. The modelled 

data was shown to be in agreement with the experimental results. However, this model did 

not differentiate between the caseins in the aqueous and micellar phase, and the maximum 

concentration of CaHPO4 complex in the aqueous phase was limited to 0.60 mM. Mekmene 

et al. (2010) then extended this model to calculate the salt equilibria in milk from native pH 

(~6.7) down to the acidic range (~pH 2.2). As with their initial model, this model was 

validated by comparing to the results obtained experimentally.  

 

2.6 Casein micelles 

Casein micelles serve an important role of sequestering the high content of calcium 

phosphates so that the mammary gland is protected against calcification (de Kruif and Holt, 

2003a; Holt and Sawyer, 1993). They are roughly spherical, porous, hydrated and dynamic 

complex macromolecular assemblies. They are polydisperse, with diameters ranging from 50 

to 500 nm, holding volumes of approximately 1.4 x 106 nm3 and weighing approximately 107 

to 109 Da (de Kruif, 1998; Holt et al., 2003). Each casein micelle is composed mainly of 

water (2-3g H2O/g protein) (Fox, 2003), excess of 20,000 polypeptide chains of individual 

casein molecules, ~3 x 103 microgranules of CCPs, and a trace amount of proteinase and 

lipase (Gaucheron, 2005; Walstra et al., 2006a). More than 95% of the total caseins are 

present in the casein micelles. On a dry basis, the protein content and the mineral constituents 

occupy ~94% and ~6% of the casein micelle, respectively (Ahmad et al., 2009; de Kruif, 

1998; Fox, 2003; Gaucheron, 2005).  
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2.6.1 Structure of casein micelles 

The structure of casein micelles has been studied extensively and numerous models have 

been proposed. Despite extensive research, there still remains a lot of debate and conjecture 

about the casein micelle structure. There is not a universally accepted model that can explain 

all the properties and define the exact structure of the casein micelle assembly. Of all the 

proposed structures, the submicelle or subunit model, the nanocluster model and the dual-

binding model are mostly accepted. These models are described here.  

 

2.6.1.1 Submicelle or subunit model 

The submicelle model, also referred to as the subunit model, of Slattery and Evard (1973) and 

Slattery (1976), elaborated by Schmidt (1980), describes the casein micelles as roughly 

spherical structures built up of many smaller uniform sized particles known as submicelles or 

subunits. Each submicelle has an approximate diameter ranging between 10 and 20 nm, and 

contains 15 to 25 casein molecules (van Dijk, 1992). There are two main types of submicelle 

distributed in two different regions of the micelle. The type that contains only αs1-CN, αs2-CN 

and β-CN is located in the interior, while the other containing αs1-CN, αs2-CN and -CN 

occupies the micellar surface (Walstra, 1999; Walstra and Jenness, 1984d). For submicelles 

containing κ-CNs, the hydrophilic C-termini of κ-CNs protrude like “hairs” and stick out of 

the surface and help to prevent aggregation as they are hydrophilic and negatively charged 

(Belitz et al., 2009). This “hairy” layer on the micellar surface maximises steric and 

electrostatic repulsion, restricts the growth of the micellar network and helps to maintain 

micellar stability against flocculation. The size of the casein micelle will continue to grow 

until gelation occurs or until there are no further κ-CNs to protect the other caseins buried 

inside the micelles. The submicelles are linked to each other to form larger micellar structures 

by CCP bridges. Figure 2.6 shows the schematic cross section of the casein micelle structure 

proposed in the submicelle model. 
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Figure 2.6. Schematic representation of cross section of the casein micellar structure from the 

submicelle model proposed by Schmidt (1982). To differentiate the two different types of submicelle, 

those located in the interior and on the micellar surface are indicated in black and blue, respectively. 

Yellow triangles are CCPs. Zoom shows a casein submicelle with its surface containing protruding κ-

CN “hairs”.  

 

2.6.1.2 Nanocluster model 

The nanocluster model, proposed by Holt (de Kruif and Holt, 2003b; Holt, 1992, 2004) 

describes the casein micelle is made up of casein phosphopeptides and small domains of 

calcium phosphates termed CPNs. The CPNs are randomly distributed throughout the micelle 

and they crosslink Ca2+-sensitive casein phosphopeptides (αs1-CN, αs2-CN and β-CN) via 

their phosphoserine residues (Horne, 2006), to form an extended three-dimensional network 

structure (Horne, 2009). The CPNs contain calcium phosphates with approximate radii of   

2.3 nm and are surrounded by ~50 casein phosphopeptides (Holt et al., 1998). As -CNs lack 

phosphoserine residues, they cannot participate in the formation of CPNs. Instead, they 

occupy the casein micelle surface layer, act as a terminating agent for micelle growth and 

stabilise the CPN assemblies (Dalgleish and Corredig, 2012). Figure 2.7 is a schematic 

representation of the nanocluster model.  
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Figure 2.7. Schematic depiction of the nanocluster model for the casein micelle structure. 

 

2.6.1.3 Dual-binding model 

The dual-binding model is the most recent casein micelle structure model postulated by 

Horne (1998). This model involves the assembly and growth of the micelles by a 

polymerisation process, using two types of binding mechanism. These include the 

crosslinking of casein molecules via their hydrophobic regions and cross bridging CCPs 

between phosphoserine residues on caseins (Lucey, 2004). These two binding mechanisms 

are dependent on the interaction energy and the self-association properties of the different 

casein fractions (Horne, 2002). 

 

The interaction energy is important for this model as it determines the degree of 

polymerisation and the growth of the casein micelle. Interaction energy is the sum of 

electrostatic repulsion and hydrophobic attraction, given in the following equation (Horne, 

1998):  

𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑡𝑎𝑡𝑖𝑐 𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛 + 𝐻𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛      (2.11) 

In this model, the casein micelles form when the amount of hydrophobic attraction is greater 

than that of the electrostatic repulsion. Hydrophobic interaction is the driver of the self-

association properties of caseins. Each casein is self-associated in different chain 

arrangements that interact hydrophobically with other caseins to form polymer links in the 

micellar core, as depicted in Figure 2.8. The polymer chains in the casein micellar core 

continue to grow in size until the electrostatic repulsion exceeds the hydrophobic attraction. 

When this happens, the growth of the polymer chains is inhibited due to the repulsion by 
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negatively charged phosphoserine residues in the hydrophilic regions pushing up the 

interaction free energy. To prevent growth inhibition, calcium phosphates bridge between the 

phosphoserine residues neutralising their charges, forming CCPs, and thus shifting the 

interaction free energy in favour of the hydrophobic attraction. This neutralisation enables 

more of the caseins to bind to the hydrophobic regions located around the CCPs, supplying 

more paths for polymerisation and hence resuming the extension of the polymer chain in the 

micellar core. Up to four or more phosphoserine residues from different caseins can bind to 

each CCP.  

 

 

Figure 2.8. Schematic depiction of a two-dimensional polymerisation process of different casein 

fractions. The bar configuration, denoted as “1”, represents the hydrophobic regions; whereas “2” 

represents the hydrophilic regions containing phosphoserine residues. “C” represents the 

macropeptide of ĸ-CN at its hydrophilic region. The linking possibilities of casein molecules can be 

achieved via their hydrophobic regions and cross bridging CCPs between phosphoserine residues 

(Adapted from Horne (2002)). 

 

β-CNs form polymer links by interactions between their hydrophobic regions with those 

surrounding them and by crosslinking their phosphoserine residues on the hydrophilic regions 

with CCPs. This works in the same way for αs1-CNs which have two blocks of hydrophobic 

regions and one hydrophilic region and for αs2-CNs which have two blocks of each. However, 
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it is not the case for -CN as it can only form polymer links in the micellar network through 

its N-terminal hydrophobic region but not via its hydrophilic C-terminal macropeptide, of 

which only one phosphoserine residue is present. Because of this self-association chain 

property of -CN, it acts as a polymer chain terminator for the casein micelle as it possesses 

neither phosphoserine residues for binding via CCP, nor another hydrophobic anchor point to 

permit further extension. This leaves the hydrophilic regions of -CN sticking out, forming 

the putative “hairy” layer on the outer surface of the casein micelles (Horne, 1998). 

Consequently, -CN acquires an external surface position where its main role is to sterically 

stabilise the casein micelle (Lucey, 2004). The schematic representation of the dual-binding 

model for the casein micelle structure is given in Figure 2.9.  

 

 

Figure 2.9. Schematic representation of the dual-binding model for the casein micelle structure 

(Adapted from Horne (1998)). 

 

2.7 Parameters affecting the physico-chemical properties of milk 

The structure and stability of the micelles are maintained by the presence of CCPs and the 

balance between hydrophobic and electrostatic interaction. During processing which may 

require applying different environmental conditions to the milk system (e.g. change in pH, 

use of temperature and high pressure, and addition of chelatants), these forces are altered 

which in turn can influence the stability of the micelles (Augustin and Clarke, 1991; 

Gaucheron, 2005). Some of the different ways in which micellar stability is affected are 

considered in the following sections.   
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2.7.1 Heat treatment  

During heat treatment of milk, casein micelles remain relatively stable (Gaucheron, 2005). 

Heat treatment, however, can result in reactions including the denaturation and aggregation of 

whey proteins, the alteration of salt equilibria, the inactivation of enzymes, the destruction of 

heat-sensitive vitamins, the initiation of undesirable reactions such as non-enzymatic 

browning and Maillard reactions, and the reduction of redox potentials (Lucey and Singh, 

1997). In particular, the denaturation and aggregation of whey proteins via heat treatment are 

important in affecting the texture and rheology of acid milk gels (Rodriguez del Angel and 

Dalgleish, 2006). 

 

When milk is in its native conditions, whey proteins are typical globular proteins which 

generally do not interact with other whey proteins or with the casein micelles. However, upon 

heating milk above 70oC, α-Lac and β-Lg unfold and are denatured. This results in the 

exposure of their hydrophobic regions and thiol groups (Vasbinder et al., 2003a), and 

therefore causes whey proteins to interact with themselves or with ĸ-CNs to form 

intermediate aggregates (Havea, Watkinson & Kuhn-Sherlock, 2009; Havea, Singh, Creamer 

& Campanella, 1998). There are two types of bonding involved in the formation of these 

intermediate aggregates, namely covalent bonding and non-covalent bonding. Covalent 

bonding includes inter- and intra-molecular disulfide bonds formed by linkages between 

cysteine residues (Monahan, German & Kinsella, 1995). Non-covalent bonding includes 

hydrophobic interaction, hydrogen bonding, ionic and other interactions, all of which are 

relatively weak (Havea et al., 1998).  

 

The whey protein-ĸ-CN intermediate aggregates formed can be located on the surface of the 

casein micelles or in the serum. The micelle-bound aggregates have an approximate diameter 

of 20 nm; whereas the respective approximate diameter and molecular weight of those 

present in the serum range from ~30 to ~100 nm and ~3.5x106 to ~2x107 Da (Donato et al., 

2007; Guyomarc'h et al., 2003; Jean et al., 2006; Rodriguez del Angel and Dalgleish, 2006; 

Vasbinder et al., 2003b). The micelle-bound aggregates can act as nucleation sites for further 

complex formation (Dalgleish, 1990). The compositions of the two types of aggregate are 

slightly different, where the micelle-bound and serum aggregates are composed of 0.5-3.5:1 

and 1-5:1 molar or mass ratio of whey proteins : ĸ-CNs, respectively (Anema, 2007; Donato 

and Dalgleish, 2006; Guyomarc'h et al., 2003; Jean et al., 2006; Renan et al., 2006). There are 
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multiple pathways proposed for the formation of these aggregates. The micelle-bound 

complexes can be formed by binding denatured primary whey protein-whey protein 

aggregates (e.g. β-Lg-α-Lac and β-Lg-β-Lg) to micellar ĸ-CNs (Dalgleish et al., 1997a; 

Dalgleish et al., 1997b; de Jong and van der Linden, 1998; Guyomarc'h et al., 2003), and by 

the direct interaction between denatured whey proteins and micellar ĸ-CNs in the absence of 

primary whey protein aggregates. Serum aggregates, however, can be formed from the 

binding of micellar ĸ-CNs dissociated after heat treatment with denatured soluble whey 

proteins, and the micelle-bound complexes formed then further dissociate from the micellar 

surface into the serum (Donato and Guyomarc'h, 2009).   

 

The use of denatured whey proteins in milk has the most influence on the rheological or 

textural properties of acid milk gels. A number of studies have shown that acid milk gels 

formed with unheated milk have lower dynamic rheological properties (e.g. storage or elastic 

modulus, G′) in comparison to those formed with heated milk (Lucey et al., 1999; Lucey et 

al., 1998a; Lucey et al., 1997a; Schorsch et al., 2001; van Vliet and Keetels, 1995). When 

unheated milk is acidified, the casein micelles go through extensive rearrangements to form 

dense and irregular clusters, which then aggregate to form a gel. Due to the dense 

arrangements of aggregated casein micelles, it is difficult for these micelles to contribute to 

the crosslinking of the gel, hence its G′ during gelation remains low. In contrast to this, when 

milk is heated, denatured whey protein aggregates actively participate in the gel structure and 

increase the covalent crosslinking of proteins, and thus are responsible for the higher G′ (Lee 

and Lucey, 2003; Lucey et al., 1997a). Heat treatment also alters the degree of syneresis, the 

extent of whey separated out of the acidified milk after gelation due to gel shrinkage. It is 

related to the instability of the gel network and is regarded as a defect in the manufacture of 

acidified milk products (Lucey et al., 1998b). Acid milk gels prepared with heated milk have 

been shown to have lower syneresis than those prepared with unheated milk (Davies et al., 

1978; Mottar et al., 1989). In addition, the mineral equilibrium is also affected (Gaucheron, 

2005). For instance, serum Ca2+ and Pi become less soluble during heat treatment and thus are 

shifted from the serum to the micellar phase (de la Fuente, 1998; Wahlgren et al., 1990).  
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2.7.2 Gelation temperature 

As well as heat treatment, another variable considered to be important in the manufacture of 

acid milk gel is gelation temperature (Robinson and Tamime, 1993). It influences the rate of 

acidification, the gelation pH and the time of gelation (Anema, 2008a; Lee and Lucey, 2004). 

In comparison to low gelation temperatures (≤30oC), the use of high gelation temperatures 

(>30oC) increases the acidification rate and gelation pH, and decreases the gelation time 

(Anema, 2009b; Lee and Lucey, 2003, 2004). Depending on the gelation temperature, the 

microstructure and physical properties of the protein networks are more or less affected. 

When gels are formed at high temperatures, extensive rearrangement of the protein particles 

and clusters occurs, which results in the formation of a coarse gel network with large pores 

and a greater extent of syneresis. In contrast, protein aggregation occurs more slowly at low 

temperatures so that more protein-protein bonds are formed resulting in less protein 

rearrangement. The protein gel networks formed are highly crosslinked and branched with 

small pores, and a low degree of syneresis (Lee and Lucey, 2003, 2004). The acid milk gels 

prepared at low temperatures tend to be firmer than those prepared at higher temperatures. 

This is because at low temperatures, the voluminosity of the caseins is high, resulting in an 

increase in the contact area at which the proteins can aggregate, contributing to the higher gel 

firmness. Viscosity is also higher for gels prepared at lower temperatures, such as those 

below 40oC (Beal et al., 1999; Lee and Lucey, 2006; Martin et al., 1999; Sodini et al., 2004). 

 

2.7.3 Acidification 

Acidification of milk is a common step in making acid milk gels, and is the basis for the 

production of common dairy products such as yogurts and soft cheeses (Ehssein et al., 2004). 

Industrially, acidification of milk is often performed by bacterial cultures, which ferment the 

lactose present in the milk to lactic acid (Robinson and Tamime, 1993). This reduces the pH 

of the milk. As bacterial fermentations have low reproducibility, a lot of research has been 

conducted using an acidifying agent known as glucono-δ-lactone (GDL) as an alternative. 

Acidification via the use of bacterial cultures takes longer as the pH only changes very 

slightly at the start of acidification, but undergoes rapid pH reduction during fermentation; 

whereas acidification with GDL reduces the pH at a constant and rapid rate as a function of 

the amount added. The use of GDL offers better control of the acidification rate than the use 

of bacterial cultures as the GDL-induced gels reach their final pH as a function of the GDL 

quantity initially added to the milk. However, bacterial cultures acidify milk by reducing the 
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pH below 4.0 until the cultures are inhibited by the low pH (Lucey and Singh, 1997). Hence, 

for better control of the acidification rate, only GDL is used in this thesis. GDL is an ester, 

and it hydrolyses itself to gluconic acid when added into milk. As it is a weak acid, it can be 

further dissociated to reduce the pH. The reaction of GDL hydrolysis is described by an 

equilibrium reaction (de Kruif, 1997): 

𝐺𝐷𝐿 + 𝐻2𝑂 ↔ 𝐺𝐻 ↔ 𝐺− + 𝐻+      (2.12) 

where GH is gluconic acid, G- is gluconate ion and H+ is proton. When the pH of milk is 

higher than 4.6 (isoelectric point (pI) of caseins), the concentration of GH remains relatively 

low, and hence the forward reaction is favoured. If an adequate amount of GDL is added to 

the milk, H+ will be produced, leading to protein aggregation and eventually gelation (de 

Kruif, 1999; de Kruif, 1997). 

 

Acidification affects the stability of casein micelles by influencing both the “hairs” (layer of 

-CNs) on the surface of the micelles and their internal fractions (Dalgleish and Corredig, 

2012). Acidification gradually lowers the pH of milk until it reaches the pI of caseins (4.6), 

where casein micelles undergo aggregation to sequentially form a gel (Lucey and Singh, 

1997). As the pH decreases from 6.7 to 6.0, the negative charges on the caseins are 

neutralised by H+ from the acid. This reduces the electrostatic repulsion between the charged 

groups and solubilises a small amount of CCP into the aqueous phase. Some caseins are 

dissociated from the casein micelles into the serum. However, the dissociation of caseins is 

incomplete as the H+ from the GDL neutralises the charges on the phosphoserine residues of 

the caseins, hence maintaining an attractive interaction in favour of the hydrophobic 

interaction (Peng et al., 2010). The size of the casein micelles remains unchanged at this pH 

range (Lee and Lucey, 2010). When the pH of milk decreases from 6.0 to 5.0, the “hairs” 

shrink due to the further reduction in the net negative charge on the casein micelles and the 

weakening of forces responsible for the stability of the casein micelles (electrostatic and 

steric repulsion). This thereby causes CCP to solubilise more, weakening the internal 

structure of the casein micelles. As the pH of milk approaches its pI value, the zeta potential 

on the casein micelle is reduced from a high initial negative value to zero, leading to the 

electrostatic repulsion between micelles to be completely screened (Lee and Lucey, 2010). 

This shifts the interaction free energy in favour of the hydrophobic attraction, allowing 

casein-casein attraction to increase. As a result, casein molecules and protein clusters 

aggregate, which in turn sequentially form an acid milk gel, three-dimensional gel network 
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extending throughout the aqueous phase (Bonanomi et al., 2004; Horne, 1998, 1999; Urbicain 

and Lozano, 1997).   

 

2.7.3.1 Mechanisms involved in acid milk gel formation 

Adhesive hard sphere, percolation, and fractal models are three theoretical mechanisms that 

have been used to model the formation of acid milk gels.  

 

2.7.3.1.1 Adhesive hard sphere model 

The adhesive hard sphere model describes the native casein micelles as hard spheres. Each 

hard sphere has a surface layer of -CNs, with their C-termini extending to the serum (de 

Kruif et al., 1992; Holt, 1992; Holt and Horne, 1996). This layer acts as a polyelectrolyte 

brush (or salted brush) in a high ionic strength environment, providing steric stability and 

keeping neighbouring micelles distant from each other (de Kruif, 1999). This model suggests 

that during acidification, when the pH is lowered close to the pKa of the carboxylic acid 

groups on the salted brush, the solvency of the -CNs decreases. As pH reaches the pI, the 

negative charges on the -CNs are neutralised, which turns the -CNs insoluble. Hence, the 

brush loses its steric stabilising capacity and undergoes a transition from an extended state to 

a collapsed state (Horne and Davidson, 1986). This results in an increase in attractive 

interaction between the casein micelles, allowing the effective hard spheres to become 

“adhesive”, which leads to aggregation and subsequent gelation (Horne, 1999). The extent of 

protein aggregation during acidification depends mainly on the strength of the adhesive 

attraction between the casein micelles and the pH of the milk system, with a relationship 

described as (de Kruif, 1999): 

 
𝜀

𝑘𝑇
=

1

𝑝𝐶−𝑝𝐻′
           (2.13) 

where ε is the strength of attraction between casein micelles, kT is the product of Boltzmann 

constant and temperature, pC is the critical pH of carboxylic groups on the 

glycomacropeptide part of the -CNs, and pH is the pH of the milk system. According to 

Equation 2.13, the strength of the adhesive attraction between neighbouring casein micelles 

and the pH of the milk system is an inversely proportional relationship.  

 

2.7.3.1.2 Percolation model 

The percolation model relates the mechanism of gelation to percolation (Stauffer, 1976). The 

model describes the development of the gel through aggregation and then the formation of 
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macroscopic clusters. It also demonstrates the relationship between strength growth and the 

quantity of casein micelles in the gel network (Horne, 1999).  

 

The percolation model assumes that the milk system is a large square lattice and all the 

micelles present in the milk are distributed uniformly over all the intersections of the lattice. 

These micelles can form bonds with the neighbouring micelles in close proximity to them, at 

random across the matrix. When the number of reacting bonds is small, the clusters of 

aggregated micelles remain small. However, as the number of reacting bonds increase, the 

clusters grow in size until reaching a critical threshold where the large clusters extend out of 

the lattice. The point at which the large clusters exhibit external extension is known as the gel 

point. Beyond the gel point, the reacting bonds and small clusters of casein micelles continue 

to be incorporated into the spanning clusters and thus increasing the elasticity of the gel 

(Horne, 1999). 

 

2.7.3.1.3 Fractal model 

The fractal model describes the formation of the acid milk gel using the concept of fractal 

geometry. This model is also based on the milk system as a large lattice, where casein 

micelles are located on each site on the lattice. The fractal structure on the lattice can be 

expressed using a mathematical equation (Bremer et al., 1989): 

𝑁𝑝 = (
𝑅

𝑎
)

𝐷

          (2.14) 

where Np is the number of casein micelles in an aggregate cluster, R is the size of the cluster, 

a is the primary micelle size and D is the fractal dimension. D is a constant related to the 

geometry of the aggregated cluster. It is always a non-integer and its value is less than the 

geometric or Euclidean dimension of 3. According to Equation 2.14, the number of lattice 

sites occupied by the casein micelle aggregate is proportional to the radius of the fractal 

cluster. When all the lattice sites are taken up by the casein micelle aggregates in a three-

dimensional lattice, the equation in relation to the volume fraction of space () occupied by 

that particular cluster can be defined as (Bremer et al., 1989): 

 =
𝑁𝑝×𝑚𝑜𝑛𝑜𝑚𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒

𝐴𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒 𝐸𝑢𝑐𝑙𝑖𝑑𝑒𝑎𝑛 𝑣𝑜𝑙𝑢𝑚𝑒
=

𝑁𝑝𝑎3

𝑅3       (2.15) 

The gel is formed when all the fractal clusters of casein micelles are joined together to 

occupy the total volume of the milk system, that is, according to the equations above, when 

all the lattice sites are occupied by casein micelle aggregates (Bremer et al., 1989). 



   Chapter 2 

 

44 

 

2.7.4 Alkalinisation 

Unlike acidification which has been extensively studied, only a few studies have focused on 

milk at alkaline pH. However, similar to acidification, when milk pH is adjusted to the 

alkaline range (>6.70), the mineral equilibria and the protein distribution between the 

micellar and aqueous phases of milk are altered. Alkalinisation leads to the precipitation of 

calcium phosphates, the dissociation of carboxyl groups and the ionisation of phosphoserine 

residues (Horne, 1999). In addition, the state of ionisation of proteins can also be changed. 

This increases the number of negative charges and the electrostatic repulsion between 

neighbouring proteins, thus leading to micellar disruption (Ahmad et al., 2009).  

 

2.7.5 Addition of ethylenediaminetetraacetic acid (EDTA) 

EDTA (Figure 2.10A) is a hexadenate ligand containing four carboxylic groups and two 

amino nitrogens. The carboxylic groups and amino nitrogens are involved in salt formation 

and chelation, or co-ordination, respectively. EDTA is a chelating agent which has the ability 

to sequester metal cations. This ability depends on the relative affinity of the cation to the 

chelatant, and the concentration of the cation in the system. Monovalent metals such as K+ 

and Na+ have very low affinity to EDTA, however, the divalent metals Mg2+ and Ca2+ have 

relatively high affinity, with Ca2+ being higher (log K = 10.7) than Mg2+ (log K = 8.7) 

(Rozema, 2001). When EDTA is added to milk, six pairs of unshared electrons, four from the 

oxygen radicals on the carboxyl groups and two from the amino groups, bind Ca2+ in a ring 

structure (Raj, 2008), as depicted in Figure 2.10B. Once the cation is incorporated into the 

EDTA complex, the reactivity of the cation is diminished (Rozema, 2001). The addition of 

EDTA into milk results in alterations in the protein-mineral equilibria between the micellar 

and aqueous phase (Udabage et al., 2000). This further leads to a reduction in free Ca2+  ions, 

dissolution of CCP from the micelles, dissociation of caseins (Casiraghi and Lucisano, 1991; 

Le Ray et al., 1998; Ward et al., 1997) and an increase in Ca2+ and Pi in the aqueous phase 

(Brulé and Fauquant, 1981; Udabage et al., 2000; Ward et al., 1997). Industrially, the 

addition of EDTA into milk improves the heat stability and shelf life during storage 

(Gaucheron, 2005).  
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Figure 2.10. Structure of (A) EDTA and (B) EDTA-calcium chelate (Raj, 2008).  

 

2.8 Transglutaminase (TG) 

Transglutaminase (R-glutaminyl-peptide amine γ-glutamyl-transferase; EC 2.3.2.13) (Gauche 

et al., 2008; Ikura et al., 1980; Lauber et al., 2000; Law, 2010; Zhu et al., 1995) has the main 

role of forming intra- and inter-molecular crosslinks between proteins (Lauber et al., 2000). It 

is widely distributed in animals (Aeschlimann and Paulsson, 1994; Ando et al., 1989; 

Arrizubieta, 2007; Ichinose et al., 1990; Ikura et al., 1980; Krig and Rice, 2000; Tsai et al., 

1996; Wilhelm et al., 1996), plants (Falcone et al., 1993; Folk, 1980; Kang and Cho, 1996; 

Serafini-Fracassini et al., 1995; Tsai et al., 1996; Villalobos et al., 2004; Yasueda et al., 

1994), fish (Yasueda et al., 1994) and microorganisms (Zhu et al., 1995). For further use, TG 

can be extracted from these sources and then purified. In early research, TG was isolated 

from mammalian tissues and body fluids (Folk and Cole, 1966; Ikura et al., 1985; Jiang and 

Lee, 1992). In the late 1980s, guinea pig liver TG was used as a texture enhancer in foods, 

however, it required extensive purification and Ca2+ for its activation, hence it was cost 

ineffective (Seguro et al., 1996). Another TG known as Factor XIII, isolated from blood, was 

also used sparingly in industrial applications due to the need of a specific protease known as 

thrombin for activation (Motoki and Kumazawa, 2000; Yokoyama et al., 2004). Ando et al. 

(1989) isolated TG from bacterium, Streptovericillium S-8112. Results showed that this 

microbial TG was Ca2+ independent, had a high reaction rate, a broad substrate specificity for 

the acyl donor, was easy to purify, and had a lower substrate specificity compared to those 

isolated from other sources (Benjakul et al., 2012; de Jong and Koppelman, 2002; de Jong et 

al., 2001; Shimba et al., 2002). Due to these benefits, and the effectiveness for it to be 

produced at low costs, it is widely used as a functional enzyme in the food industry. Hence, 

microbial TG is used in this research.  
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2.8.1 Properties of microbial TG 

Microbial TG can be extracted from numerous bacteria, most frequently from 

Steptoverticillium mobaraense and Steptoverticillium ladakanum (Ando et al., 1989; 

Benjakul et al., 2012; Gerber et al., 1994). TG can also be found in Bacillus species (e.g. 

Bacillus subtilis) and Physarum polycephalum (Tsai et al., 1996). It is firstly secreted from 

the bacterium’s cytoplasm membrane as a zymogen, an inactive enzyme precursor that has no 

enzymatic activity (Kashiwagi et al., 2002). It is then sequentially processed to become 

matured or active thus exhibiting its crosslinking behaviour (Arrizubieta, 2007; Kashiwagi et 

al., 2002). The maturation process is achieved by a proteolytic process utilising two 

endogenous enzymes (Zotzel et al., 2003). In contrast to other types of TG, microbial TG 

does not require Ca2+ ions for its activity and has a broad specificity for substrates 

(Arrizubieta, 2007). Microbial TG is a monomeric enzyme containing 331 amino acids in its 

polypeptide chain (Ando et al., 1989; Kanaji et al., 1993). It has molecular weight ranging 

from 38,000 to 40,000 Da. It shows optimal pH activity between 5.0 and 8.0 at 50oC 

(Pasternack et al., 1998; Schorsch et al., 2000a). When exposed to temperature at 70oC or 

above, its activity is lost within a few minutes (Seguro et al., 1996).  

 

2.8.2 Enzymatic activity and mechanism of catalysis of TG 

TG catalyses acyl-transfer reactions by either inducing crosslinking, amine incorporation or 

deamidation reactions (Arrizubieta, 2007). The three methods of TG catalysed acyl-transfer 

reactions are shown in Figure 2.11. TG links the γ-carboxyamide group of peptide-bound 

glutamine residues which act as acyl donors, with the primary ɛ-amino groups of various 

amine compounds acting as acyl acceptors. In the crosslinking reaction (Figures 2.11A and 

2.12), the acyl acceptor is the group of lysine peptide-bound residues. The TG cysteine active 

site firstly attacks the glutamine side chain, forming a thioacyl intermediate (Figure 2.12B). 

The TG subsequently mediates transfer of the intermediate to the lysine side chain (Figure 

2.12C) (Kang and Baker, 2011). As a result of linking peptide-bound glutamine and lysine 

residues together, a covalent bond is formed between the two protein substrates and NH3 is 

released (Figure 2.12D) (Nonaka et al., 1989). The crosslinks can be intra- and inter-

molecular as the glutamine and lysine residues can be on the same protein molecule, and/or 

on individual protein chains, respectively (Kashiwagi et al., 2002). The bond formed is 

known as a ɛ-(γ-glutamyl)-lysine isopeptide bond, in which polypeptide protein chains are 

polymerised and crosslinked (de Jong and Koppelman, 2002). This bond is covalent and is 
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more stable than hydrophobic and ionic bonds (Kuraishi et al., 1996). Polymerisation of 

proteins results in the production of polymers of high molecular weight (Lorenzen et al., 

1998). As for other ɛ-amino groups which act as acyl acceptors, the amine incorporation 

reaction also occurs (Figure 2.11B) (Zhu et al., 1995). In the absence of primary amines, 

deamidation (Figure 2.11C) can occur where H2O functions as the acyl group acceptor 

(Arrizubieta, 2007). H2O can link the carboxyamide group of the glutamine residue and 

consequently produce deaminated glutamine residues as the product (Ando et al., 1989; 

Arrizubieta, 2007; Sharma et al., 2001). Similar to the crosslinking reaction, NH3 is released 

as a product of the amine incorporation and deamidation reactions. 

 

 

Figure 2.11. Schematic representation of TG catalysed reactions: (A) crosslinking; (B) amine 

incorporation; and (C) deamidation (Ozrenk, 2006; Zhu et al., 1995). Gln = glutamine; Lys = lysine; 

and -NH2 = ɛ-amino group.  
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Figure 2.12. Schematic representation of the protein-protein crosslinking mechanism. (A) Aqueous 

solution without added TG, in the absence of any covalent bonds between glutamine and lysine bound 

peptide chains. (B) When TG is added into the system, the glutamyl side chain is attacked by the 

cysteine active site of the TG, resulting in the formation of a thioacyl intermediate. (C) TG 

subsequently mediates transfer to the lysine side chain inducing polymerisation and intra- and inter-

molecular crosslinking between the two side chains. (D) This forms ɛ-(γ-glutamyl)-lysine isopeptide 

bonds. Red, green and blue strands represent caseins, and black lines between the strands are TG 

crosslinks. TGcys-SH represents TG with cysteine active site. 
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2.8.3 Applications of TG in the food industry 

The use of TG in foods is classified as generally recognised as safe (GRAS) by the U.S. Food 

and Drug Administration (FDA) (U.S. Food and Drug Administration, 2015). It has no 

adverse effect and can be absorbed in the body with relatively good bioavailability (Finot et 

al., 1978; Raczynski et al., 1975). In addition, TG has wide substrate specificity for most food 

proteins including myosin, actomyosin, fibrin, actin, soybean globulin, wheat protein, gluten, 

gelatin, egg yolk and egg white protein, milk casein, and whey protein. Hence, it has been 

widely applied to modify food proteins to alter or improve the functional properties. 

Depending on the protein substrates, the cross-linkage induced by TG offers unique effects 

on protein properties such as heat stability, hydration ability, gelation capability, solubility, 

emulsion stability, and has the potential to improve the physico-chemical and rheological 

properties of foods (Dickinson, 1997; Kashiwagi et al., 2002; Lorenzen and Schlimme, 1998; 

Motoki and Seguro, 1998). Table 2.11 provides some examples of TG applications in food 

processing.  
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Table 2.11. Examples of TG applications in food processing.  

Source Product Effect References 

Meat 

Moulded 

meat 
Restructuring of meat 

Kuraishi et al. (1996); 

Kuraishi et al. (1997) 

Beef gels 
Improved water-holding capacity 

and textural parameters 
Pietrasik and Li-Chan (2002) 

Fish 
Surimi 

Improved quality and gel 

formation 

Tsai et al. (1996); Jiang et al. 

(2000) 

Fillet Restructuring of fish Téllez-Luis et al. (2002) 

Wheat Baked foods 

Improved texture and high 

volume 
Gerhard et al. (2000) 

Improved sensory quality Hozová et al. (2003) 

Soya 

bean 
Tofu Improved texture and shelf-life Kwan and Easa (2003) 

Dairy 

Yogurt 
Improved gel strength, reduced 

syneresis and permeability 

Faergemand and Qvist 

(1997); 

Faergemand et al. (1999);  

Lauber et al. (2000); 

Lorenzen and Schlimme 

(1998) 

Skim milk Modified renneting ability 
Lorenzen and Schlimme 

(1998) 

Fresh and 

ripened 

cheese 

Improved product yield and 

syneresis 

Lorenzen and Schlimme 

(1998) 

Ice cream 
Improved water binding and 

gelation properties 

Lorenzen and Schlimme 

(1998) 

Whipping 

cream 
Improved physical properties 

Lorenzen and Schlimme 

(1998) 
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2.8.4 Applications of TG in the dairy industry 

In the dairy industry, proteins such as caseins are good substrates for TG due to their open, 

flexible and random-coil structure, low degree of tertiary structure, and the absence of any 

disulfide bonds in the αs1-CNs and β-CNs. These allow the reactive groups to be exposed to 

the enzyme (Ozrenk, 2006). The whey proteins, however, crosslink less efficiently by TG due 

to their compact globular structure (Sharma et al., 2002). In a dairy system such as milk that 

contains both caseins and whey proteins, caseins are better substrates than whey proteins 

given the conditions of their structures. Whey proteins can become more susceptible to TG 

crosslinking when modified by heat, high pressure, alkaline, or reducing agents (Coussons et 

al., 1992; de Jong and Koppelman, 2002; Faergemand et al., 1997; O'Sullivan et al., 2002a).  

 

The application of TG during the manufacture of dairy products has resulted in improved 

rheological properties, permeability, hydration ability, stability, rennetability and surface 

viscosity (Ozrenk, 2006). Some examples are shown in Table 2.11. The dairy product that is 

most commonly processed with TG is yogurt. It is a weak gel that is often prone to syneresis 

with a change in physical properties (Lorenzen and Schlimme, 1998). The use of TG in 

yogurt manufacture serves as a stabiliser to reduce syneresis, an alternative to the traditional 

and costly ways of enriching the weak gel network with dry matter, protein content and 

hydrocolloids. Enzymatic treatment prior to culture-induced acidification leads to gel 

network formation with increased gel strength and decreased degree of syneresis (Lorenzen et 

al., 1999; Lorenzen et al., 2002; Lorenzen and Schlimme, 1998). Similar results were also 

presented in studies by Faergemand and Qvist (1997) and Faergemand et al. (1999) on GDL-

induced acid skim milk gels. Moreover, the TG treated gels had much finer microstructure 

and thus lower permeability than the TG untreated gels (Faergemand and Qvist, 1997; 

Faergemand et al., 1999).  

 

Cheese is another example where TG is used to modify the renneting ability of the skim milk 

for cheese making. The renneting ability of milk decreased inversely with TG treatment and 

pre-heat treatment of milk prior to TG incubation. The TG catalysed crosslinking impeded 

the primary proteolytic cleavage of κ-CN into para-κ-CN and casein macropeptide, and also 

the secondary coagulation of the destabilised casein micelles. With the use of TG, the 

renneting properties of milk were influenced, which thereby allowed the cheese yield, whey 

drainage and quality of the cheeses to be manipulated (Lorenzen, 2002; Lorenzen and 
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Schlimme, 1998). Lorenzen and Schlimme (1998) investigated the effect of TG on stabilising 

whipping cream against creaming during storage. TG acts as an alternative to the traditionally 

added additives such as carrageenan (Lorenzen et al., 1993). TG crosslinked whipping cream 

was found to have improved physical properties with increased viscosity of the liquid cream, 

increased overrun (foam volume) and decreased firmness of the whipping cream (Lorenzen 

and Schlimme, 1998). The use of TG in milk has also been shown to increase the stability of 

casein micelles in milk against disruption upon addition of urea, citrate, sodium dodecyl 

sulfate, heat treatment, heat treatment in the presence of ethanol and high pressure treatment 

(O'Sullivan et al., 2002a, b; O'Sullivan et al., 2001; Smiddy et al., 2006). 

 

It is clear that TG crosslinking of dairy proteins offers the opportunity to alter and improve a 

number of functional properties of dairy products. The way these sought properties are 

derived depends on the interaction between TG and the constituents during processing. In the 

case of milk, it is mainly related to the interaction between TG and casein micelles. Under 

different technological treatments such as pH adjustment, mineral addition, addition of 

calcium chelating agents, temperature and high pressure treatment, the structure and stability 

of casein micelles, which determine the overall properties of the milk system, are affected. In 

particular, the protein-mineral equilibria between the aqueous and micellar phase of milk are 

altered (Augustin and Clarke, 1991; Gaucheron, 2005), leading to changes in physico-

chemical properties of the milk.  

 

2.9 Summary 

In this literature review, a background on milk and its constituents, with an emphasis on 

proteins and minerals is reported. The effects of heat treatment, gelation temperature, 

acidification, alkalinisation and addition of EDTA on milk systems are also discussed. These 

are exposed in more details in the literature review as the distribution of proteins and 

minerals, particularly the CCPs in the micelles, are expected to be affected markedly in 

response to pH change and addition of EDTA. However, to avoid repetitions, other crucial 

findings reported in the literature will be given in the working chapters. For instance, in 

Chapter 4, the literature on the rheological behaviour of acid milk gels influenced by the use 

of TG, different gelation temperatures and total solids content, and the mechanisms proposed 

by previous studies to explain the peculiar behaviour of the G' on the gelation profile at 
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elevated temperatures (e.g. ≥35oC) are reported both in the Introduction to the chapter and in 

the Results and discussion section.  
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Chapter 3.  
Materials and methods 

 

3.1 Materials  

3.1.1 Major chemicals 

Low heat skim milk powder was generously supplied by Westland Co-Operative Dairy 

Company Limited (Hokitika, New Zealand). The chemical composition of the skim milk 

powder as provided by the manufacturer was: protein, 33.5%; moisture, 3.7%; and minerals, 

7.8%. Transglutaminase (TG) is a commercial enzyme preparation (TG-BW-MH) gifted by 

Ajinomoto (Malaysia) Berhad (Kuala Lumpur, Malaysia). This product is part of a TG-based 

product series known as “ACTIVA® TG”, designed for use in the food industry. TG is the 

active ingredient in this product and other ingredients are sodium caseinate, maltodextrin and 

NaCl. The TG preparation was used without any further purification. The specific TG activity 

was determined to be 634±2 U/g by the hydroxamate method in Section 3.7. The 

susceptibility of proteins to TG crosslinking and degree of crosslinking in the casein micelles 

in milk were determined by reversed-phase high performance liquid chromatography (RP-

HPLC) (Section 3.9.1.1). The results are presented in Appendix 1. Unless otherwise stated, 

Milli-Q water (resistivity at 18.2 MΩ·cm) was used with 0.02% (w/w) sodium azide added as 

a preservative to prevent bacterial growth.  

 

3.1.2 Minor chemicals 

All the chemicals used in this research were analytical grade, with the exception of 

acetonitrile and trifluoroacetic acid which were HPLC grade.  

 

3.2 Preparation of milk samples 

3.2.1 Reconstitution of milk samples 

Low heat skim milk powder was reconstituted with Milli-Q water to obtain stock skim milks 

(1000 g) with concentrations of 2.763, 5.526, 11.053, 16.579, 22.105, 27.632, 33.158 and 

38.684% (w/w). Mixtures were gently stirred for 2 h using a magnetic stirrer at room 

temperature to ensure thorough dispersion and reconstitution of the milk powder. The 

samples were stored overnight in the fridge at 4oC to ensure full hydration. Then they were 
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equilibrated to room temperature for 12 h and subsequently divided into two equal fractions 

(475 g).  

 

3.2.2 TG treatment 

One milk fraction was treated with 25 g of a TG solution, prepared by mixing suitable 

amounts of TG with Milli-Q water at 25oC, at different concentrations for the varying milk 

concentrations accordingly, as shown in Table 3.1. The other milk fraction had 25 g of Milli-

Q water added and remained as TG untreated and served as reference. The concentrations of 

the TG solution indicated on Table 3.1 were reduced to final TG concentrations indicated on 

Table 3.2 after addition to the stock milks (Table 3.1) and pH adjustment (see Section 3.2.3). 

The final TG concentrations were selected so that the final enzyme/protein substrate ratio was 

0.15 for all samples. For instance, the 20% (w/w) milk sample contained 6.70 g proteins and 

to achieve final enzyme/protein substrate ratio of 0.15, 1 g TG was needed for 6.70 g 

proteins, which gave rise to final TG concentration of 0.1 % (w/w) (Table 3.2).  

 

Table 3.1. Concentration of TG solution assigned to each stock milk concentration. 

Stock milk concentration (% w/w) TG solution concentration (% w/w) 

2.763 0.263 

5.526 0.525 

11.053 1.050 

16.579 1.575 

22.105 2.100 

27.632 2.625 

33.158 3.150 

38.684 3.675 

 

3.2.3 pH adjustment and incubation  

Under continual stirring, the pH of the milk fractions (with and without TG) was adjusted to 

6.70 by slow drop-by-drop addition of 1 M HCl or 1 M NaOH. Milli-Q water was added to 

further dilute the milk fractions so that their total weights were 525 g. The milk and TG 

concentrations before and after pH adjustment and addition of Milli-Q water are displayed in 

Table 3.2. All milks were incubated at 30oC for 15 h. The pH was recorded using an Orion 
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320 PerpHecT pH meter equipped with a model Orion 9106BNWP pH electrode 

(Massachusetts, USA). 

 

Table 3.2. Concentrations of milk and TG before and after pH adjustment and addition of Milli-Q 

water. 

Before pH adjustment & water addition After pH adjustment & water addition 

Initial milk 

concentration  

(% w/w) 

TG solution 

concentration  

(% w/w) 

Final milk 

concentration  

(% w/w) 

Final TG  

concentration  

(% w/w) 

2.763 0.263 2.5 0.0125 

5.526 0.525 5 0.025 

11.053 1.050 10 0.050 

16.579 1.575 15 0.075 

22.105 2.100 20 0.100 

27.632 2.625 25 0.125 

33.158 3.150 30 0.150 

38.684 3.675 35 0.175 

 

3.2.4 Heat treatment  

After incubation, all milks were heat treated in a water bath with continuous shaking, pre-set 

to 70C for 15 min to inactivate the TG. A total heating time of 15 min was required as the 

initial 5 min was for the sample to reach 70oC and the last 10 min was needed to inactivate 

TG.  Subsequently, these samples were cooled to ambient temperature by immersing into 

cold water for 30 min. All milks were left undisturbed at room temperature for at least 2 h 

prior to further analysis. Note that for milks prepared to be acidified, instead of 70oC for      

15 min, heat treatment was at 80oC for 30 min to allow sufficient time for denaturation of 

whey proteins. This time-temperature heating step is usually employed in yogurt making. 

 

3.2.5 Treatment with different processing parameters 

The milk samples untreated and treated with TG were acidified, alkalinised or added with 

EDTA accordingly, for different chapters in the thesis. 
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3.2.5.1 Acidification 

Milks prepared (2.5, 5, 10, 15, 20, 25 and 30% w/w) (with and without TG) were divided into 

30 g portions and acidified with glucono-δ-lactone (GDL) to reduce the pH below isoelectric 

point (pI) of caseins (4.60). Because 2% (w/w) GDL was chosen to acidify 10% (w/w) milk, 

the amount of GDL used was scaled with respect to the amount of milk proteins present in 

the sample. For instance, acidifying 20% (w/w) milk required a 4% (w/w) amount of GDL 

(see Table 3.3). All milk samples with added GDL were stirred on a magnetic stirrer for        

2 min to allow total dissolution of the GDL and immediately used for analysis.  

 

Table 3.3. Amounts of GDL added to both TG untreated and treated milk samples with varying 

amounts of total solids content. 

Milk concentration (% w/w) Sample weight (g) Amount of GDL added (g) 

2.5 30 0.15 

5 30 0.30 

10 30 0.60 

15 30 0.90 

20 30 1.20 

25 30 1.50 

30 30 1.80 

 

3.2.5.2 Alkalinisation 

Milks (15% w/w) prepared (with and without TG) were divided into equal portions of 40 g 

then alkalinised to pH values between ~6.7 and ~10 by addition of different amounts of      

0.1 M NaOH. The amounts of 0.1 M NaOH added are shown in Table 3.4. After pH 

adjustment, Milli-Q water was added to each sample up to a total mass of 60 g, diluting each 

sample from 15% (w/w) total milk solids to 10% (w/w). Samples were stored overnight at 

4oC to ensure full hydration and then further equilibrated to room temperature prior to 

analysis.  
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Table 3.4. Amounts of NaOH added to milk samples. 

Type of milk 

sample 

Amount of 15% (w/w) 

stock milk used (g) 

Amount of 0.1 M 

NaOH added (g) 

Final sample 

weight (g) 

 

TG untreated  

 

40 0 60 

40 4 60 

40 6 60 

40 8 60 

40 9 60 

40 11 60 

40 13 60 

40 15 60 

TG treated  

40 0 60 

40 3 60 

40 5 60 

40 7 60 

40 9 60 

40 11 60 

40 13 60 

40 15 60 

 

3.2.5.3 Addition of ethylenediaminetetraacetic acid (EDTA) 

Milks (25% w/w) prepared with and without TG were divided into equal 20 g portions. 

Appropriate amounts of 100 mM EDTA stock solution (Table 3.5) were added into these 

portions and left for 2 h at room temperature. Milli-Q water was then added and the milks 

were left undisturbed at room temperature for an additional 1 h. The pH was adjusted to 

6.50±0.01 by addition of 1 M NaOH. The milk samples were further left undisturbed at room 

temperature overnight. The next morning, the pH values of the milks were further readjusted 

to 6.70±0.01 using 1 M NaOH in case deviations occurred, and Milli-Q water was added to 

each sample to obtain a final weight of 50 g. Hence, the final milk concentration of each 

sample was 10% (w/w) containing different amounts of added EDTA, as shown in Table 3.5. 

All pH values were measured using the same pH meter reported in Section 3.2.3.  
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Table 3.5. Amounts of EDTA added to milk samples. 

Type of milk 

sample 

Final EDTA 

concentration 

(mM) 

Amount of 25% 

(w/w) stock milk 

used (g) 

Amount of 100 mM 

EDTA added (g) 

Final sample 

weight (g) 

 

 

 

 

 

TG untreated 

 

0 20 0 50 

2.5 20 1.25 50 

5 20 2.5 50 

10 20 5 50 

15 20 7.5 50 

20 20 10 50 

25 20 12.5 50 

30 20 15 50 

40 20 20 50 

50 20 25 50 

 

TG treated 

0 20 0 50 

2.5 20 1.25 50 

5 20 2.5 50 

10 20 5 50 

15 20 7.5 50 

20 20 10 50 

25 20 12.5 50 

30 20 15 50 

40 20 20 50 

50 20 25 50 

 

3.3 Isolation of serum fractions from milk 

Where necessary, serum fractions were isolated from acidified, alkalinised or EDTA added 

milk samples (preparation methods given in Section 3.2). Milk samples were placed into     

30 mL Nalgene centrifuge tubes (Oak Ridge Style 3119, Thermo Scientific, New York, USA) 

and centrifuged at 38,000 g for 60 min at 20oC in a Sorvall RC 6 Plus Superspeed Centrifuge 

(Thermo Fisher Scientific, North Carolina, USA) with a Fiberlite fixed angle rotor (F21-

8x50y, Thermo Fisher Scientific, North Carolina, USA). The supernatant, designated as the 

milk serum, was carefully removed from the pellet material (casein micelles). This serum 
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fraction was used as is and was also used for further collection of ultrafiltrated sera (Section 

3.4). 

 

3.4 Collection of ultrafiltrated sera 

Ultrafiltrates were obtained by centrifuging the centrifuged supernatants in Vivaspin Turbo 

15 tubes containing polyethersulfone membranes with molecular weight cut-off less than     

10 kDa (Sartorius Stedim Biotech GmbH, Goettingen, Germany) at 1500 g for 60 min at 

25oC, using the Heraeus Centrifuge (Labofuge 400, Thermo Scientific, Hanau, Germany). 

The ultrafiltrates collected contained mainly lactose and inorganic ions not associated with 

proteins.   

 

3.5 Preparation of sodium caseinate  

Sodium caseinate was isolated from 10% (w/w) reconstituted milk, as prepared in Section 

3.2.1, based on the method adapted from Lucey et al. (2000). The skim milk was acidified to 

pH 4.60±0.01 (pI of caseins) at 20oC by drop-wise addition of 2 M HCl. When the pH 

reached 4.60 curds were formed. The serum was discarded and the casein curd was poured 

into cheesecloth, washed five times with Milli-Q water and then dewatered for 10 min. The 

washed curds were removed from the cheesecloth and dispersed in a 1:3 mixture with Milli-Q 

water. The pH of the mixture was then raised to 6.80±0.01 using 2 M NaOH to resolubilise 

the proteins in the curd. The prepared sodium caseinate solution was left overnight at 4oC to 

ensure full hydration and solubilisation. The solution was divided into small portions and 

transferred to 50 mL centrifuge tubes, frozen at -80°C in an ultra-low temperature upright 

freezer and lyophilised using a FreeZone Plus 12 freeze dryer (Labconco Corporation, 

Missouri, USA) at -83°C for 72 h under a constant pressure of 0.008 mBar. 

 

3.6 Preparation of calcium phosphate phases 

The synthetic calcium phosphate phases including amorphous calcium phosphate (ACP), 

dicalcium phosphate dihydrate (DCPD), tricalcium phosphate (TCP), octacalcium phosphate 

(OCP) and hydroxyapatite (HAP) were prepared by Martha Arifin (Arifin, 2013) according to 

methods adapted from the literature: ACP from Somrani et al. (2005); DCPD  from Mandel 

and Tas (2010); TCP from Mirhadi et al. (2011); OCP from Kamitakahara et al. (2006); and 

HAP from Jarcho et al. (1976).   
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3.7 Determination of TG activity 

The specific enzymatic activity of the TG preparation was determined according to the 

protocol given by Sigma-Aldrich Co. (1994), based on the method of Folk and Cole (1966). 

A reaction cocktail was prepared by mixing 120 mg N-carbobenzoxy-glutaminyl-glycine 

with 2 mL 1 M Tris buffer (pH 6.0), 5 mL mixture of 200 mM hydroxylamine hydrochloride 

and 20 mM L-glutathione in reduced form, and 0.05 mL 1 M CaCl2 solution. The reaction 

cocktail was pH adjusted to 6.0 with 1 M NaOH. The final volume was made up to 10 mL 

using Milli-Q water. 

 

Four different samples were prepared, namely test, test blank, standard and standard blank. 

The test sample was made by mixing 0.2 mL of the reaction cocktail with 0.03 mL of a 2% 

(w/w) TG solution and incubating at 37oC for 10 min. Trichloroacetic acid (12% v/v; 0.5 mL) 

and 0.5 mL 5% (w/v) FeCl3·6H2O solution were then added. The test blank was prepared in 

the same way, but excluded the 10 min incubation prior to mixing the reagents. The standard 

was prepared by mixing 0.1 mL 10 mM L-glutamic acid γ-monohydroxamate solution with       

0.5 mL 12% (v/v) trichloroacetic acid and 0.5 mL 5% (w/v) FeCl3·6H2O solution. The 

standard blank was made in the same way as the standard, but the portion of L-glutamic acid 

γ-monohydroxamate solution was replaced by 0.1 mL Milli-Q water. All samples were mixed 

by hand-inversion followed by centrifuging at 19,000 g for 5 min using a microcentrifuge 

(Centrifuge 5424, Eppendorf, Hamburg, Germany). The supernatants were collected and 

placed into cuvettes with 1 cm pathlength. Their absorbances were measured in a UV-Vis 

spectrophotometer (UV mini-1240, Shimadzu, Japan) at 525 nm. 

 

The measured absorbances were used in the calculation of the unit activity of TG, with the 

below equations: 

𝐸𝑚𝑀 = (𝐴525𝑛𝑚𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 𝐴525𝑛𝑚𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑏𝑙𝑎𝑛𝑘)(1.1)  (3.1) 

𝑈𝑛𝑖𝑡𝑠 

𝑚𝑔 𝑒𝑛𝑧𝑦𝑚𝑒
=

(𝐴525𝑛𝑚𝑇𝑒𝑠𝑡−𝐴525𝑛𝑚𝑇𝑒𝑠𝑡 𝑏𝑙𝑎𝑛𝑘)(1.23)

(𝐸𝑚𝑀)(
𝑚𝑔 𝑒𝑛𝑧𝑦𝑚𝑒

𝑅𝑀
)(10)

    (3.2) 

where 1.1 = volume of standard (mL) (Equation 3.1). In Equation 3.2, 1.23 = volume of 

colour mix (mL). The volume of reaction mix RM (= 0.23 mL) is defined as a mixture 

containing 0.2 mL reaction cocktail and 0.03 mL 2% (w/w) TG solution, and 10 = time of 

reaction (min). The extinction coefficient (EmM) of the standard (L-glutamic acid γ-

monohydroxamate) was calculated based on the absorbance reading of the standard solution 

(1.1 mL) comprising of 0.1 mL L-glutamic acid γ-monohydroxamate. The volume of colour 
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mix (1.23 mL) was derived from the test blank containing 0.2 mL reaction cocktail, 0.5 mL 

12% (v/v) trichloroacetic acid, 0.03 mL 2% (w/w) TG solution and 0.5 mL 5% (w/v) 

FeCl3·6H2O solution. The specific activity of TG is expressed as the number of units of 

activity per milligram of protein (units/mg). The unit expressed in units/mg enzyme is 

defined as the amount of enzyme that catalyses the formation of 1 μmol N-carbobenzoxy-

glutaminyl-glycine-hydroxamate from N-carbobenzoxy-glutaminyl-glycine and 

hydroxylamine hydrochloride per minute at pH 6.0 at 37oC.   

 

3.8 Physical methods  

3.8.1 Viscoelastic measurements 

Small amplitude dynamic oscillation and large deformation rheology were performed to 

measure the rheological properties, namely the elastic or storage modulus (G') and the 

viscous or loss modulus (G'') of milk samples during and after acid gelation in order to study 

the solution-gel transition and viscoelastic properties of acidified milk gels (Lee and Lucey, 

2010). The MCR 302 stress-controlled rheometer (Anton-Paar, Graz, Austria) (Figure 3.1A) 

was used and operated in the stress-controlled mode through a back-feeding loop. This 

involved the measurement of G' and G'' with the cup and bob measuring system, consisting 

of two coaxial cylinders (CC27) (bob diameter: 26.5 mm; length: 48 mm; cup inner diameter: 

27.5 mm; gap size: 1 mm) (Figure 3.1B (ii) and (iii)). The dimensions are schematically 

shown in Figure 3.1B (i). Approximately 13 mL of acidified sample was poured into the cup 

and the cup then transferred to the rheometer. The surface of the sample in the cup and bob 

measuring geometry was covered with a thin layer of soya oil to prevent evaporation. For the 

run of each sample on the rheometer, the rheology profile consisted of three types of 

rheological measurements: (1) time sweep; (2) frequency sweep; and (3) strain sweep.  

 

(1) Time sweep:  

The time sweep was initialised by loading the acidified sample into the measuring geometry 

at 25oC, then increasing the acidification temperature to the desired value (30, 35, 40 and 

45oC) at a rate of 2.5C/min. Once the target temperature was reached, the measurement of G' 

and G'' was automatically initiated by the Start Rheoplus software (Anton-Paar, Graz, 

Austria). G' and G'' were recorded at a constant frequency of 1 Hz and a constant applied 

strain of 0.5% as a function of time, each minute for 300 min. While maintaining at constant 

frequency of 1 Hz and a constant applied strain of 0.5%, the acidification temperature was 
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lowered to 25oC and equilibrated at 25oC for 30 min. The time sweep was aimed to monitor 

the gelation process. 

 

(2) Frequency sweep:  

The frequency sweep was carried out at the end of the time sweep step to investigate the 

viscoelasticity. This step was performed by varying the frequency from 0.01 to 10 Hz at a 

constant strain of 0.5% whilst maintaining the temperature at 25C.  

 

(3) Strain sweep:  

The strain sweep was carried out at the end of the frequency sweep step to investigate the gel 

breakage. This was done by varying the strain logarithmically from 0.1 to 10,000% at a 

constant frequency of 1 Hz and a constant temperature of 25C.  

 

In parallel to rheological measurements, the pH of the milk samples was measured in situ by 

dipping a micro pH electrode (Model Z451, Schott, SI Analytics GmbH, Mainz, Germany) 

(Figure 3.1A) connected to a pH meter (Lab860, Schott, SI Analytics GmbH, Mainz, 

Germany) into the milk samples.  
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Figure 3.1. (A) Rheology experimental setup consisting of rheometer and micro pH electrode dipped 

into the milk sample. (B (i)) Schematic cross section of the coaxial cylinders measuring system.       

(B (ii)) Side and (B (iii)) top views of the cup (left) and bob (right) geometry in the form of coaxial 

cylinders.  

 

3.8.2 Viscosity measurements 

The viscosities of milk samples and their relative ultrafiltrates were measured by capillary 

viscometry and rheology.  

 

3.8.2.1 Capillary viscometry 

Capillary viscometry was done using the Ubbelohde viscometer (diameter:  0.78±0.01 mm; 

viscometer constant: K = 0.2898 mm²/s²) (Schott, SI Analytics, Mainz, Germany) fitted with 

a viscosity measuring unit, Visco-clock (Schott, SI Analytics, Mainz, Germany). Both were 

placed vertically in a constant temperature bath maintained at 25oC by a temperature 

controller (Modelled SD07R-20-A12E, PolyScience, Niles, USA). The capillary viscometry 
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setup is displayed in Figure 3.2. The flow times for milk samples and their relative 

ultrafiltrates required to flow from the upper to the lower measuring mark of the 

measurement bulb of the viscometer were measured. The flow time of Milli-Q water was also 

measured and used as a reference. By utilising the measured flow times for the milk samples 

(tsample) and Milli-Q water (twater), the densities of water (water) and samples (sample), and the 

viscosity of Milli-Q water (ηwater) (0.891 mPa·s) at 25oC, the viscosities of the milk samples 

(ηsample) were determined using (Rao, 2007): 

 𝜂𝑠𝑎𝑚𝑝𝑙𝑒 =  𝜂𝑤𝑎𝑡𝑒𝑟
𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝑠𝑎𝑚𝑝𝑙𝑒
×

𝑡𝑠𝑎𝑚𝑝𝑙𝑒

𝑡𝑤𝑎𝑡𝑒𝑟
       (3.3) 

           

 

Figure 3.2. (A) Capillary viscometry experimental setup including: (1) temperature controller; (2) 

Visco-clock; (3) thermometer; and (4) Ubbelohde viscometer. (B) Ubbelohde viscometer ((1) filling 

tube; (2) venting tube; (3) suction tube; (4) pre-run bulb; (5) measuring bulb; (6) capillary; (7) 

levelling bulb; (8) storage bulb; (M1) upper mark of measuring bulb; and (M2) lower mark of 

measuring bulb) (Malkin and Isayev, 2012).  

 

3.8.2.2 Rheology 

Viscosity measurements were also made using the same rheometer as that used in Section 

3.8.1, but equipped with the double gap measuring system (DG26.7) (Figure 3.3 (i) and (ii)). 

This measuring system is suitable for low viscosity liquids. The dimensions of the double gap 

measuring system are depicted in Figure 3.3 (iii). Prior to the measurements of milk samples, 

the temperature was equilibrated at 25oC for 5 min. The samples’ viscosities were then 

determined as a function of increasing shear rate from 1 to 1000 s-1 over an approximate 

period of 5 min at constant temperature of 25oC.  
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Figure 3.3. (i) Side and (ii) top views of the double gap measuring system (cup (left) and bob (right)). 

(iii) Schematic cross section of the double gap measuring system. D1 is 1 mm and D2 is 2.5 mm.  

 

3.8.3 Particle sizing measurements 

The particle size of casein micelles was determined by dynamic light scattering, performed 

on the Malvern ZSP Nano Zetasizer (Malvern Instruments, Worcestershire, UK) fitted with a 

5 mW 633 nm helium-neon laser. Milk samples (10 μL) were diluted in 1.5 mL of their 

relative ultrafiltrates in cuvettes with pathlength of 1 cm. Ten measurements were taken for 

each sample and all measurements were performed at 25oC. A refractive index of 1.34 and a 

viscosity of 0.89 mPa·s were used for the ultrafiltrates. 

 

3.8.4 Analysis of casein micelle fine structures 

The internal structures of casein micelles were determined using small angle X-ray scattering 

(SAXS) measurements. These were performed at the Australian Synchrotron (Melbourne, 

Australia) on the SAXS/WAXS beamline. Milk samples and the relative ultrafiltrates were 
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loaded into a 96-well crystallisation plate (MD11-58-20, CrystalQuick, Florida, USA) and 

placed in a solution autoloader. All samples were measured at static mode, with operating 

experimental conditions: wavelength of incident X-ray of 0.995 Å; camera length of 7 m; and 

photon energy of 12 keV. The SAXS scattering curves obtained covered a range of scattering 

vector (q) between 0.0015 to 0.09 Å-1. The measured SAXS profiles of the milk samples were 

normalised to an absolute scale, followed by subtracting the normalised background 

scattering from the normalised intensity of the samples. The absolute scattering intensities of 

the casein micelles were denoted by I(q). All samples were measured at room temperature 

(approximately 25oC).  

 

3.8.5 Examination of gel microstructure 

Confocal laser scanning microscopy was used based on methods by Cura et al. (2009) and 

Cura et al. (2010) to examine the overall microstructures of the acid milk gels. Milk samples 

(10% w/w) were mixed with 0.1% (w/w) fluorescent dye rhodamine B in a magnetic stirrer 

for 2 min to give final concentration of 5 μg/mg. The rhodamine B solution was used to stain 

the milk proteins. GDL (2% w/w) was added to the stained milk dispersions (30 g) and the 

samples were immediately stirred on a magnetic stirrer for 2 min to ensure full dissolution of 

the GDL. An aliquot (100 μL) of the stained dispersion was pipetted on to glass slides with 

cavities (glass slide dimension: 76 mm x 26 mm x 1.35 mm; well diameter: 15-18 mm; well 

depth: 0.6-0.8 mm) (Paul Marienfeld GmbH & Co., Lauda-Kӧnigshofen, Germany). The 

samples on the glass slides were covered with a cover slip (dimension: 18 mm x 18 mm; 

thickness: 0.13-0.17 mm) and sealed with nail polish to prevent evaporation. The glass slides 

were placed in a plastic box with damp paper towels to prevent evaporation. Acidification 

took place in temperature controlled incubators pre-set at 30oC and 45oC for 15 h. After 

acidification, images of the samples were immediately acquired using the Olympus FV1000 

confocal laser scanning microscope (Olympus Corporation, Tokyo, Japan), with a X-Cite 

Series 120Q mercury halide lamp (Lumen Dynamics, Ontario, Canada) at excitation 

wavelength of 559 nm and absorption wavelength of 543 nm. Images were obtained with 

100x oil immersion objective lens (numerical aperture of 1.40), Z-stack projection (nine 

scans in 2 μm in depth) and 512 x 512 pixel resolution. All images were analysed using the 

Olympus Fluoview 2.1 software (Olympus Corporation, Tokyo, Japan).      
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3.8.6 Examination of casein micelles 

Cryogenic-transmission electron microscopy (Cryo-TEM) was used to examine the casein 

micelles present in milk samples based on the method of Knudsen and Skibsted (2010). Prior 

to Cryo-TEM, milk samples were plunged, blotted and vitrified (rapidly cooled) in 

Vitrobot™, a robotic vitrification system (FEI Company, Eindhoven, Netherlands) (Figure 

3.4A) at controlled temperature (27oC) and humidity (100%). C-Flat holey carbon films 

supported by copper grids (copper grid mesh size: 200; grid hole diameter: 1 µm) (ProSci 

Tech, Queensland, Australia) (Figure 3.4B) were used to hold the samples and they were 

discharged in an in-house built glow discharger (Figure 3.4D) before samples were placed on 

to them. Aliquots of milk samples (2.5 μL) were autopipetted on to the discharged carbon 

grids, then blot dried to remove the excess liquid with Type 595 filter paper (diameter of 

outer circle: 55 mm; diameter of inner circle: 20 mm) (Schleicher & Schuell BioScience 

GmbH, Dassel, Germany) inside the Vitrobot™ climate chamber to obtain a thin liquid film. 

The grids were immediately immersed into liquid ethane and then transferred into liquid 

nitrogen in the Vitrobot™ coolant container. The thin vitrified films were mounted into a 

specimen holder (Figure 3.4C) and inserted into the TECNAI 12 cryogenic-transmission 

electron microscope (FEI Company, Eindhoven, Netherlands) (Figure 3.4E). The microscope 

was connected to an Ultrascan 1000 camera (resolution: 2 K x 2 K) (Gatan Inc., California, 

USA) operating at low dose mode at an acceleration voltage of 120 kV. The structural 

network of the casein micelles in the milk samples were examined under the cryogenic-

transmission electron microscope at -170oC.  
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Figure 3.4. Cryo-TEM instrumental setup including: (A) Vitrobot™; (B) copper grids; (C) specimen 

holder; (D) glow discharger; and (E) cryogenic-transmission electron microscope. 

 

3.8.7 Syneresis measurements 

The syneresis behaviour of the acid milk gels formed after acidification was measured by 

weighing heated milk samples (15 g) with different total solids concentrations (2.5 to 30% 

w/w) into glass vials. They were acidified with 2% (w/w) GDL and mixed with a magnetic 

stirrer for 2 min to allow total dissolution of the GDL. Acidified milk samples were put into a 

temperature controlled oven at 30, 35, 40 and 45oC for 15 h. After 15 h of acidification, the 

liquid forming on the surface of the acid milk gel, referred to as whey, was weighed. The 
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degree of whey separation, also known as the syneresis index, was calculated using the 

following equation (Lee and Lucey, 2004): 

𝑆𝑦𝑛𝑒𝑟𝑒𝑠𝑖𝑠 𝑖𝑛𝑑𝑒𝑥 (%) =  
𝑊𝑒𝑖𝑔ℎ𝑡𝑤ℎ𝑒𝑦

𝑊𝑒𝑖𝑔ℎ𝑡𝑚𝑖𝑙𝑘
× 100     (3.4) 

where weightwhey is the weight of whey collected after acidification, and weightmilk is the 

weight of milk put into glass vials.   

 

3.9 Chemical methods  

3.9.1 Characterisation and quantification of milk proteins 

3.9.1.1 RP-HPLC 

RP-HPLC was used to characterise and quantify the casein and whey content in milk and 

serum samples using the methods adapted from Bobe et al. (1998) and Jean et al. (2006), 

respectively.  

 

3.9.1.1.1 Pre-treatment of samples  

For separation of caseins, milk samples and centrifuged supernatants (200 μL) were treated 

with a mixture (200 μL) containing 1:1:1 ratio (v:v:v) of 0.1 M BisTris buffer (pH 6.8), 6 M 

guanidine hydrochloride and 5.37 mM trisodium citrate dihydrate, followed by the addition 

of 5 μL 19.5 mM dithiothreitol (pH 7) at room temperature. These mixtures were stirred for 

10 s using the Vortex mixer and left to stand for incubation for 1 h at room temperature 

(approximately 25oC). All samples were centrifuged at 19,000 g at 25oC for 5 min in a 

microcentrifuge used in Section 3.7. Avoiding the fat layer on the surface of samples, an 

aliquot of the supernatant (200 μL) was obtained and further diluted with 400 μL of 4.5 M 

guanidine hydrochloride.  

 

For separation of whey proteins, 200 μL of 0.2 M sodium acetate (pH 3.95) was added into 

aliquots (200 μL) of milk samples and centrifuged as above. Supernatants were removed and 

directly used for RP-HPLC analysis.  

 

3.9.1.1.2 Preparation of standards 

Individual protein standards (αs-casein (αs-CN), β-casein (β-CN), -casein (-CN), α-

lactalbumin (α-Lac) and β-lactoglobulin (β-Lg)) were prepared. Proteins were treated in the 

same way as the samples so that final concentrations of standards were 4.0 mg/mL for αs-CN, 

3.0 mg/mL for β-CN, 1.5 mg/mL for -CN, 0.5 mg/mL for α-Lac, and 1.0 mg/mL for β-Lg. 
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Different volumes (10, 20, 25, 50 and 100 µL) of standard solutions were injected to 

construct five-level external calibration curves (examples are Figures A2.1-A2.5 in Appendix 

2) for further quantification of the treated milk samples and centrifuged sera.  

 

3.9.1.1.3 Instrumentation and quantification 

The RP-HPLC system used consisted of a G1322A degasser (Agilent Technologies, 

California, USA), G1311A quat pump, G1313A auto-sampler, G1316A column compartment 

and G1315A diode array detector (HP Series 1100, Waldbronn, Germany). Chromatographic 

conditions and the HPLC system were operated using the Agilent ChemStation software 

(Rev.A.08.03[847], Agilent Technologies, California, USA). The chromatographic separation 

for caseins in milk was performed using a Jupiter C18 RP-HPLC column (length x ID: 250 

mm x 4.6 mm; particle size: 5 µm; pore size: 300 Å; Phenomenex, California, USA). For 

milk whey proteins, the column was a Jupiter C4 RP-HPLC column (length x ID: 250 mm x 

4.6 mm; particle size: 5 µm; pore size: 300 Å; Phenomenex, California, USA). The mobile 

phases for the separation of both types of protein were Milli-Q water containing 0.1% (v/v) 

trifluoroacetic acid for solvent A and acetonitrile containing 0.1% (v/v) trifluoroacetic acid 

for solvent B. Each sample injection was 50 µL.  

 

For caseins separation, the gradient elution programme used was based on that developed by 

Bonizzi et al. (2009). The total run time was 51 min, at a constant flow rate of 1 mL/min and 

detection wavelength of 220 nm. All runs were performed at room temperature. The 

programme was initiated at 30% of solvent B, followed by linear gradients of 0-40 min 30-

50% B, 40-42 min 50-100% B, 42-43 min 100% B, 43-46 min 100-30% B, and 46-51 min 

30% B.  For the whey proteins separation, the gradient elution programme was adopted from 

Enne et al. (2005), where total run time was 35 min, at a constant flow rate of 1 mL/min and 

detection wavelength of 205 nm. All runs were also performed at room temperature. Elution 

programme was set as followed: isocratic elution of 35% solvent B at 0-1 min; linear gradient 

of 35-38% B at 1-8 min; 38-42% B at 8-16 min; 42-46% B at 16-22 min; 46-90% B at 22-24 

min; isocratic elution of 90% B at 24-25 min; linear gradient of 90-35% B at 25-30 min; and 

isocratic elution of 35% B at 30-35 min. 

 

3.9.1.2 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins in milk and serum samples were characterised by SDS-PAGE under reducing 

conditions with the Mini-PROTEAN tetra cell (Bio-Rad Technologies, Inc., California, USA) 
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connected to a PowerPac basic power supply (Bio-Rad Technologies, Inc., California, USA). 

The reagents for running SDS-PAGE included a 12% resolving gel, a 4% stacking gel, 

running buffer, sample or loading buffer, and staining and destaining solution. The premixed 

electrophoresis buffer (pH 8.30) and Laemmli buffer were used as the running and sample 

buffer, respectively. The composition of these reagents is presented in Table 3.6.  

 

Table 3.6. Composition of reagents used in SDS-PAGE experiment.  

Reagent Composition 

12% resolving gel 

33% (v/v) Milli-Q water 0.01% (w/v) sodium dodecyl sulfate 

12% (v/v) premixed acrylamide : 

bis-acrylamide solution 

0.0004% (v/v) 

tetramethylethylenediamine 

0.375 M Tris-HCl (pH 8.80) 0.01% (w/v) ammonium persulfate 

4% stacking gel 

56% (v/v) Milli-Q water 0.01% (w/v) sodium dodecyl sulfate 

4% (v/v) premixed acrylamide : 

bis-acrylamide solution 

0.001% (v/v) 

tetramethylethylenediamine 

0.125 M Tris-HCl (pH 8.80) 0.005% (w/v) ammonium persulfate 

Running buffer  
25 mM Tris 192 mM glycine 

0.1% (w/v) sodium dodecyl sulfate 

Sample buffer 

62.5 mM Tris-HCl (pH 6.80) 2% (w/v) sodium dodecyl sulfate 

5% (v/v) 2-mercaptoethanol 0.01% (w/v) bromophenol blue 

25% (v/v) glycerol 

Staining solution 
40% (v/v) methanol 10% (v/v) glacial acetic acid 

0.1% (w/v) Coomassie brilliant blue R-250 

Destaining solution 40% (v/v) methanol 10% (v/v) glacial acetic acid 

 

3.9.1.2.1 Preparation of sodium dodecyl sulfate polyacrylamide gels 

The premixed 12% resolving gel solution was prepared by mixing the ingredients in Table 

3.6. The mixture was vortexed vigorously for 5 s and immediately transferred to the cassette 

to 2 cm below the top of the cassette to allow space for subsequent placement of stacking gel 

and comb. A small amount of Milli-Q water was placed on the surface of the resolving gel to 

remove air bubbles. The gel was left undisturbed for at least 35 min for polymerisation. Milli-

Q water on the surface was removed and stacking gel solution, prepared by stirring the 

ingredients in Table 3.6, was loaded on top of the set resolving gel. The comb (10 wells) was 
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placed on to the stacking gel and left to stand undisturbed for at least 30 min for 

polymerisation. Once the stacking gel was set, the comb was removed before running SDS-

PAGE.  

 

3.9.1.2.2 Instrumentation and characterisation 

Milk samples were mixed with the premixed Laemmli buffer and 2-mercaptoethanol in ratio 

of 1:1.9:0.1 (v:v:v). The mixtures were vortexed, and aliquots (10 μL) were further mixed 

with 40 μL Laemmli buffer. The mixtures were subsequently heated in a waterbath pre-set at 

100oC for 3 min. Samples were cooled before loading into the wells for SDS-PAGE under 

reducing conditions. The gels were run at a constant voltage of 110 V for approximately 4 h, 

followed by staining with the prepared staining solution (Table 3.6) for 24 h. The gel was 

then destained using the prepared destaining solution (Table 3.6).  

 

3.9.2 Quantification of cationic species 

The concentrations of Ca2+ and Mg2+, and K+ and Na+, in milk samples and their 

corresponding ultrafiltrates were quantified using atomic absorption spectroscopy (AAS) and 

atomic emission spectroscopy (AES), respectively, based on the method used by de la Fuente 

and Juárez (1995). Sample treatment was adapted from the method of Brooks et al. (1970).  

 

3.9.2.1 Pre-treatment of samples  

Milk samples and the ultrafiltrates (1 mL) were diluted to 10 mL with Milli-Q water and a     

1 mL aliquot added to 1 mL 24% (w/w) trichloroacetic acid, and mixed for 30 min to 

precipitate the organic components. LaCl3·7H2O solution (5% w/w; 1 mL) was then added as 

an ionisation suppressant and to minimise interference from components such as aluminium, 

phosphate, silicon and sulfate. Samples were made up to final volume of 50 mL using Milli-

Q water. All samples were centrifuged at 2000 g at 25oC for 30 min to remove any residual 

milk proteins using the same centrifuge as that used in Section 3.4. The supernatants were 

collected for measurements.  

 

3.9.2.2 Preparation of standards 

Ca2+, K+ and Na+ standard stock solutions were diluted with Milli-Q water to final 

concentrations of 0, 1, 2, 3, 5, 8 and 10 ppm, each in 50 mL. For Mg2+, standard stock 

solution (1000 mg/L) was diluted in the same way, to 0, 0.10, 0.20, 0.30, 0.50, 0.80 and  
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1.00 ppm. Trichloroacetic acid (24% w/w; 1 mL) and LaCl3·7H2O solution solution (5% 

w/w; 1 mL) was added to match the chemical environment of the samples. Standard 

solutions were used to construct seven-level external calibration curves for the quantification 

of each mineral in the samples. Example calibration curves are shown in Figures A2.6-A2.9 

in Appendix 2. 

 

3.9.2.3 Instrumentation and quantification 

The AAS and AES conditions for the quantification of Ca2+, Mg2+, K+ and Na+ are shown in 

Table 3.7. For Ca2+ and Mg2+, a multi-element (Al, Ca, Mg, Fe) hollow-cathode lamp 

(Activion Hollow Cathode Lamp, S & J Juniper & Co., Essex, England) was used. Both AAS 

and AES used a Varian AA-1275 Series Atomic Absorption Spectrophotometer (Varian 

Techon Pty. Ltd., Springvale, Australia) using an air-acetylene flame. Standards and samples 

were measured in the same way. During measurements, standards were analysed at regular 

intervals to monitor the instrumental drift. In addition, the blank (standard containing 0 ppm 

mineral) was also measured occasionally to check for cross contamination between samples. 

The mineral concentrations of samples were determined using their external calibration 

curves (examples are Figures A2.6-A2.9 in Appendix 2). 

 

Table 3.7. Parameters used for determination of Ca2+, Mg2+, K+ and Na+.  

Element 
Wavelength 

(nm) 

Slit width 

(nm) 

Lamp intensity 

(mA) 

Gas flow (1 min-1) 

Fuel (acetylene) Oxidant (air) 

Ca2+ 422.7 0.5 10.0 1.7 4.3 

Mg2+ 285.2 0.5 5.0 1.7 4.3 

K+ 766.5 0.2 ˗ 1.7 4.3 

Na+ 589.0 0.2 ˗ 1.7 4.3 
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3.9.3 Quantification of inorganic phosphate (Pi) 

The concentration of Pi in milk samples and their relative ultrafiltrates were quantified by two 

methods: colorimetry and 31P-nuclear magnetic resonance (31P-NMR). 

 

3.9.3.1 Colorimetry 

The colorimetric method of phosphorus reduction of phosphomolybdate to molybdenum blue 

was adapted from Allen (1940).  

 

3.9.3.1.1 Pre-treatment of samples 

The milk samples and the corresponding ultrafiltrates (1 mL) were diluted 10 times with 

Milli-Q water, followed by transferring a 2.5 mL aliquot into a 25 mL volumetric flask. 

Trichloroacetic acid (24% w/w; 2.5 mL) was added and then mixed for 30 min. Milli-Q water 

was added to a final volume of 25 mL. All samples were centrifuged at 2000 g for 30 min at 

20oC. The supernatants were collected and 18 mL of each was later diluted to 25 mL for 

measurements.  

 

3.9.3.1.2 Preparation of standards 

Phosphorus standard stock solution (1000 mg/L) was diluted to concentrations of 0, 0.4, 0.8, 

2, 4, 6 and 8 mg/L to produce a seven-level external calibration curve. Trichloroacetic acid 

(24% w/w; 2.5 mL) was added into each standard to match the samples.  

 

3.9.3.1.3 Instrumentation and quantification 

Aliquots of samples and standards were treated with 1.2 mL 70% (w/w) HNO3, followed by  

2 mL amidol reagent (2 g of 2,4-diaminophenol dihydrochloride and 40 g of sodium 

bisulphite, in 200 mL Milli-Q water), and then 1 mL of 8.3% (w/v) ammonium molybdate 

tetrahydrate solution. The volume was made up to 25 mL by addition of Milli-Q water. All 

samples and standards were immediately stirred for 5 min and left undisturbed for 15 min. 

They were transferred to 1 cm pathlength cuvettes and their absorbances were measured at 

695 nm by the UV-Vis spectrophotometer. The amounts of Pi present in the milk samples and 

their ultrafiltrates were determined using a calibration curve (example is Figure A2.10 in 

Appendix 2). Note that the amidol reagent was prepared fresh and stored in a light proof 

container.  

 



   Chapter 3 

 

77 

 

3.9.3.2 31P-NMR 

1H-decoupled, one-dimensional 31P-NMR was also used for Pi quantification in the milk 

samples and their corresponding ultrafiltrates. Prior to the measurement of the samples, 

H3PO4 solution was measured at different concentrations (0, 2.5, 5, 10, 15, 20, 25, 30 and    

35 mM) to create an external calibration curve (example is Figure A2.11 in Appendix 2). 

Milk samples and their ultrafiltrates were placed into round bottom NMR outer tubes (OD:    

5 mm; ID: 4.2 mm; length: 7 in). Methylenediphosphonic acid dissolved in D2O (20 mM) 

was placed into the Wilmad coaxial insert (stem OD: 2 mm; stem length: 50 mm) (Sigma-

Aldrich Co., Missouri, USA) as an external reference. All 31P spectra were acquired by 

running the samples and standards on the Bruker AVANCE 500 NMR spectrometer (Bruker 

BioSpin GmbH, Rheinstetten, Germany) at room temperature. The operating conditions 

were: frequency of 202.46 MHz; number of scans 160; relaxation time of 7 s; pulse width of 

10 μs (60o pulse); spectral width of 40.650 kHz; and number of data points 32,000. All 

spectra were recorded with inverse-gated decoupling. They were processed using the 

TopSpin 2.1.8 software (Bruker BioSpin GmbH, Rheinstetten, Germany) with line 

broadening of 3 Hz.  

 

3.9.4 Measurement of ionic Ca2+ 

The concentration of ionic Ca2+ of acidified milks was determined directly using the ProLab 

3000 ion selective electrode (Schott, SI Analytics GmbH, Mainz, Germany), equipped with a 

Ca1100A Ca2+ electrode, B2820+ Ag/AgCl  reference electrode and a IoLine pH-temperature 

combination electrode (Schott, SI Analytics GmbH, Mainz, Germany).  

 

3.9.4.1 Preparation of standards  

The Ca2+ standard solutions were prepared by mixing Ca2+ stock solution with a dilution 

solution in different proportions to give aqueous CaCl2/KCl solutions in a MES buffer, to 

obtain final Ca2+ concentrations of 0, 1.5, 9, 18 and 27 mM. The Ca2+ stock solution was 

prepared by mixing 27 mM CaCl2 and 20 mM MES buffer to a final volume of 200 mL; 

whereas the dilution solution (200 mL) comprised of 13.5 mM MES buffer and 81 mM KCl. 

Both solutions have total ionic strength closely resembling that of milk (81 mM). Numerous 

sets of standards were prepared with each set of standards pH adjusted to achieve the same 

pH as the sample using 1 M NaOH and 1 M HCl. The total volume for every standard was 

made up to 50 mL with Milli-Q water. 
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3.9.4.2 Instrumentation and measurement 

Prior to ionic Ca2+ measurement of the samples, the ion selective electrode was calibrated 

with a set of standards of the same pH. All measurements were performed at room 

temperature. The electrode potentials recorded for the standards were used for a five-level 

calibration curve (example is Figure A2.12 in Appendix 2), a plot of electrode potential as a 

function of logarithm of ionic Ca2+ concentration.  

 

3.9.5 Characterisation of calcium phosphate phases in milk 

Synthetic calcium phosphate forms (ACP, DCPD, TCP, OCP and HAP) prepared in Section 

3.6 were characterised by Raman spectroscopy. These calcium phosphate forms used as 

standards, and 30% (w/w) milk samples, were measured. 

 

3.9.5.1 Instrumentation and characterisation 

Raman spectroscopy measurements were performed using the Raman microspectrometer 

(Renishaw Raman Microscope System 1000, Renishaw plc, Spectroscopy Products Division, 

Gloucestershire, UK). This equipment comprised a Leica confocal microscope, a charged 

coupled device array detector (400 x 578 Si pixels), 1200 l/mm 514/780 nm (yellow) grating 

and a red Renishaw diode laser emitting a line in the near-infrared region at 785 nm as the 

excitation source. The laser power was 25 mW. The instrument was controlled by the WiRE 

(Windows-based Raman Environment) instrument control software and the GRAMS32 

(Graphic Relational Array Management System) data analysis software (Thermo Fisher 

Scientific Inc., New York, USA). The GRAMS32 software was used to record the Raman 

spectra. Wavelength calibration was conducted prior to measurements using calcite with the 

main focus at 1086.0 cm-1. The calibration parameters were: 50x objective; 1 accumulation; 

100% power; and no application of cosmic ray removal. 

 

All standards and samples were directly measured at room temperature without further pre-

treatment. The freeze-dried calcium phosphate standards (1.5-2 mg) were placed directly on 

to aluminium foil and Raman spectra were acquired over a range of 200 to 2000 cm-1, with 

operating parameters of: 50x objective; 100% power; 50 accumulations; and application of 

automatic cosmic ray removal. The milk samples were placed into aluminium DSC pans 

(diameter: 6 mm; height: 1.5 mm) and Raman spectra were acquired using the same operating 

parameters as the standards, with the exception of cosmic ray removal applied. A total of 50 
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accumulations were co-added for each sample. All collected Raman spectra were analysed 

using the OMNIC software (Thermo Fisher Scientific Inc., New York, USA).  

 

3.10 Mineral balance modelling 

3.10.1 Model description 

The model was an extension of a model described by Holt (2004) made available to Dr. Ian 

McKinnon. It was implemented on the Mathematica version 8.0 software (Wolfram 

Research, Inc., Illinois, USA) by Dr. Ian McKinnon (Monash University, Melbourne, 

Australia) for calculating the partition of minerals between the micellar and aqueous phase of 

milk. The model was used in this thesis to calculate the ion equilibria between the serum and 

micellar phase, which was considered as the nanocluster phase, under different environmental 

conditions (acidic and alkaline pH, and added EDTA). More details of the micellar 

(nanocluster) phase will be given in the next section. The program was subdivided into three 

sections: the first section required an input of the composition of the milk studied and the 

important species in the milk system; the second was an iterative process involving an initial 

guess of parameters, then solving a set of equations and evaluating the unknown parameters 

(e.g. concentrations of species in the serum); and the third section showed the output data 

once the equilibrium was reached. The same modelling procedure was carried out at each pH 

value ranging between ~4 to ~10, and at each EDTA concentration.  

 

3.10.2 Model input 

The model required the input of total concentrations of minerals (Ca2+, Mg2+, K+, Na+, Pi, 

citrate, Cl-, sulfate), carboxylic acids and lactose, the total proteins and the total caseins. The 

total concentrations of Ca2+, Mg2+, K+ and Na+ were measured by AAS and AES, as 

described in Section 3.9.2. Pi was measured by colorimetry as described in Section 3.9.3.1. 

Citrate, Cl- and lactose concentrations were measured by AsureQuality (Auckland, New 

Zealand). According to AsureQuality, citrate concentration was spectrophotometrically 

determined using the formation of the chomophore between pyridine, acetic anhydride and 

citrate, as described by Indyk and Kurmann (1987), Cl- concentration was potentiometrically 

determined with a Cl- ion selective electrode (IDF Standard-88A, 1988), and lactose was 

measured by the chloramine-T method (IDF Standard-28A, 1974). The sulfate and the 

carboxylic acid concentrations were the same as those given by Holt (2004). The total protein 

and casein contents were measured by RP-HPLC as described in Section 3.9.1.1. The fat 
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content and partial pressure of CO2 were set at zero. The actual pH of samples and the 

amount of Na+ from NaOH used for pH adjustment were also included in the input for the 

model.  

 

The micellar phase was considered as the nanocluster phase because the colloidal calcium 

phosphates in the micelles were assumed to be equivalent to nanoclusters of calcium 

phosphates surrounded by casein phosphopeptides, termed calcium phosphate nanoclusters 

(CPNs). The calcium phosphates contained Ca2+, Mg2+, Pi and citrate (Cit) and they were 

linked to the casein phosphopeptides via phosphorylated sequences known as phosphate 

centres (PCs). The composition of CPN was defined in terms of PCs using the empirical 

formula (Holt, 2004):   

𝐶𝑃𝑁 = 𝐶𝑎𝑅𝐶𝑎
𝑀𝑔𝑅𝑀𝑔

(𝐶𝑖𝑡)𝑅𝐶𝑖𝑡
(𝑃𝑖)𝑅𝑃𝑖

𝑃𝐶1     (3.5) 

where Ri is the molar ratio of ionic species i (RCa = 13.2; RMg = 1.0; RCit = 0.67; and RPi = 6.5). 

The micellar PC concentration (Micellar [PC]) was determined using the total concentration 

of caseins ([Total casein]), the average molecular weight of caseins (Ave Mwcasein), the 

average number of PCs per casein molecule (Fw) and the fraction of PCs in the CPNs (α):  

𝑀𝑖𝑐𝑒𝑙𝑙𝑎𝑟 [𝑃𝐶] = (
[𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑠𝑒𝑖𝑛]

𝐴𝑣𝑒 𝑀𝑤𝑐𝑎𝑠𝑒𝑖𝑛

× 𝐹𝑤) × 𝛼     (3.6) 

The [Total casein] was obtained from the model input, measured by RP-HPLC in Section 

3.9.1.1, the Ave Mwcasein was 23,186 g/mol, calculated by averaging the molecular weights of 

αs1-, αs2-, β- and κ-CN obtained from Swaisgood (1992), and α was estimated by the model in 

response to the environmental perturbation. Fw was calculated using molar concentrations and 

mole fractions of the caseins. The molar concentration of each casein (Ccasein) was determined 

using the individual concentration ([casein]) and molecular weight (Mwcasein) (i.e., 𝐶𝑐𝑎𝑠𝑒𝑖𝑛 =

[𝐶𝑎𝑠𝑒𝑖𝑛]

𝑀𝑤𝑐𝑎𝑠𝑒𝑖𝑛

). The mole fraction of each casein (𝑥casein ) was determined as the ratio between 

individual molar concentration and that of the sum of all the caseins (i.e., 𝑥casein =

𝐶𝑐𝑎𝑠𝑒𝑖𝑛

(𝐶κ−casein+ 𝐶β−casein+ 𝐶αs1−casein+𝐶αs2−casein)
 which yielded 𝑥κ−casein = 0.14; 𝑥β−casein = 0.46; 

𝑥αs1−casein = 0.37; and 𝑥αs2−casein = 0.03). Given that the maximum number of PCs on κ-, β-, 

αs1- and αs2-CN was 0, 1, 2 and 3, respectively (Davies and Law, 1977), Fw was calculated by 

summing the product of the mole fraction and the maximum number of PCs for all the 

caseins (i.e., (𝑥κ−casein × 0) + (𝑥β−casein × 1) + (𝑥αs1−casein × 2) + (𝑥αs2−casein × 3). 

Therefore, Fw was determined to be 1.29.  
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3.10.3 Model calculations 

The steps used for calculating the ion equilibria in the modelling process are displayed in 

Figure 3.5. After the required parameters were implemented, calculations were initialised by 

estimating parameters for the micellar phase. It was estimated that in the first cycle of 

calculations (i.e., count = 1): (1) the fraction of PCs in the CPNs (α) was 1 (i.e., α = 1); (2) 

the amount of Ca2+ precipitated outside the PCs (β) was 0 mM (i.e., β = 0); and (3) no Ca2+ 

was precipitated outside the PCs (i.e., ccpCa = False). The serum speciation was then 

evaluated based on the values of α and β. The concentrations of free cations were estimated to 

be equivalent to their total serum concentrations. The ionic strength was estimated to be      

80 mM. The evaluation of the gross composition of serum involved: (1) calculating the 

activity coefficients; (2) calculating the practical association constants using the activity 

coefficients determined and the intrinsic association constants listed on Table 3.8; (3) 

calculating the concentrations of free anions and the mass balance for each anion; (4) 

calculating the concentrations of all the complex forms and thus the total amount of each 

cation in the serum; and (5) calculating the ionic strength of the milk system using Equation 

2.8 in Chapter 2. The free cation concentration was determined by interpolating the present 

and previous initial estimate of the serum cation concentration to obtain the correct mass 

balance for each cation. If the sum of the fractional change in the mass balance for each 

cation and that in ionic strength (∆) was ≥ 0.00001, then the calculation was iterated until ∆ ≤ 

0.00001. With the obtained values of α and β, the saturation index (SI) was determined using 

Equation 2.9 in Chapter 2. The ion activity product (IAP) for the solubility product constant 

expression (Ksp) of CPN (Holt et al., 1982) (see Equation 3.7 below) with respect to the 

activities (curly parentheses) of free Ca2+, HPO4
2- and PO4

3- in the serum was calculated 

using: 

𝐾𝑠𝑝 = {𝐶𝑎2+}{𝐻𝑃𝑂4
2−}

0.7
{𝑃𝑂4

3−}
0.2

= 1.58 × 10−7    (3.7) 

If SI was not equal to 1, for example SI < 1 (IAP < Ksp; solution was undersaturated) or SI > 

1 (IAP > Ksp; solution was supersaturated), then the model adjusted the values of α and β for 

the calculations to be iterated. The calculations were completed when the SI was equal to 1 

(IAP = Ksp; solution at equilibrium). The concentrations of Ca2+, Mg2+, Pi and citrate in the 

micellar CPNs were determined using Equation 3.5. Then an output of the results was 

generated (more details in next section).  
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Figure 3.5. (A) Flowchart of the modified Carl Holt model. (B) Detailed steps for evaluating the gross composition of the serum. In (A), α = fraction of PCs 

in the micellar CPNs; β = amount of Ca2+ precipitated outside the PCs; ccpCa = precipitation of Ca2+ outside the PCs; sat. equil = solution is saturated and 

dynamic equilibrium is established; count = cycle counter; and sat. index = saturation index. In (A) and (B), ∆ = sum of the fractional change for each cation 

and ionic strength.  
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Table 3.8. Calculated intrinsic association constants (M-1)a of ionic species (free and complexed) used 

in the model (Holt et al., 1981b). 

Anion 
Cation 

H+ Ca2+ Mg2+ Na+ K+ 

H2Cit-* 0 27.7 15.4 1b 1b 

HCit2-* 6.00x104 876 402 10b 10b 

Cit3-* 2.57x106 1.68x105 1.11x105 20b 15.6 

H2PO4
- 0 11.1 12.2 1b 1b 

HPO4
2- 2.84x107 642 838 16.9 13.1 

PO4
3- 2.47x1012 2.88x106 8.35x104 100 100 

Glc 1-PH-* 0 10 10b 1b 1b 

Glc 1-P2-* 3.19x106 1500 295 7 6 

H2CO3 0 0 0 0 0 

HCO3
- 2.25x106 23 19 1b 1b 

CO3
2- 2.13x1010 1.41x103 758 10b 10b 

Cl- 0 9.4 5.6 0.92 0.92 

HSO4
- 0 10b 10b 1b 1b 

SO4
2- 98 204 170 5 7 

RCOOH* 0 0 0 0 0 

RCOO-* 5.71x104 15 19 0.7 0.7 

H3EDTA-* 158 0 0 0 0 

H2EDTA2-* 1.27x103 0 0 0 0 

HEDTA3-* 5.74x106 6.35x104 3.40x103 0.91 0 

EDTA4-* 1.11x1011 3.32x1012 2.17x1010 521 28 

a Intrinsic association constants obtained Smith and Martell (1976) were recalculated using ion 

activity coefficients and zero ionic strength by the extended Debye-Hückel equation (Equation 2.6 in 

Chapter 2).  

b Assumed value.  

* H2Cit- = dihydrogen citrate ion; HCit2 = hydrogen citrate ion; Cit3- = citrate anion; Glc 1-PH- = 

phosphate ester monoanion; Glc 1-P2- = phosphate ester dianion; RCOOH = carboxylic acid; RCOO- = 

carboxylate ion; H3EDTA- = triprotonated ethylenediaminetetraacetate ion; H2EDTA2- = diprotonated 

ethylenediaminetetraacetate ion; HEDTA3- = monoprotonated ethylenediaminetetraacetate ion; and 

EDTA4- = ethylenediaminetetraacetate ion.  
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3.10.4 Model output  

The computer program printed out the concentrations of free and complexed forms of the 

major inorganic ions in the serum, the amounts of Ca2+, Mg2+, citrate and Pi in the CPNs, the 

fraction of PCs in the CPNs, the amount of Ca2+ precipitated outside the PCs, the Ca2+ 

activity and the final ionic strength of the milk system.  
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Chapter 4. 
The effect of transglutaminase, acidification temperature and 
total solids content on the gelation and structural properties 

of acid milk gels  
 

4.1 Introduction 

An acid milk gel is a three-dimensional network of interconnected casein protein aggregates 

spanning throughout the serum of milk (Bonanomi et al., 2004; Urbicain and Lozano, 1997). 

The formation of acid milk gel is crucial in the dairy industry as it is the initial step of the 

production of commonly consumed dairy products such as yogurts and cheeses (Lucey, 

2002). During the gelation of acidified milk, the nature of the molecular interactions and the 

arrangement of macromolecular matrices govern the gel’s final properties. These interactions 

and arrangements are dependent on the starting materials (e.g. total solids content and 

addition of protein crosslinking enzymes), and the processing conditions during manufacture 

(e.g. heat treatment, pH and temperature). Variation of these parameters during manufacture 

can allow manipulation of the gel matrix so that desired gel properties are achieved. In this 

chapter, acid milk gels were prepared with and without transglutaminase (TG), at different 

milk concentrations (2.5, 5, 10, 15, 20, 25 and 30% w/w) and at selected acidification 

temperatures (30, 35, 40 and 45oC).  

 

TG is often added to milk to obtain desirable sensory and textural properties in yogurt and 

cheese making. It is considered that traditionally made acid milk gels are weak gels, as they 

are stabilised predominately by weak non-covalent interactions (Schorsch et al., 2000a). The 

introduction of covalent bonds into milk by the addition of TG modifies the structure of the 

acid milk gels produced during gelation. TG treated acid milk gels are found to have stronger 

gel strength, lower permeability and much finer microstructure than TG untreated milk gels 

(Faergemand and Qvist, 1997; Faergemand et al., 1999; Lorenzen et al., 2002). 

 

As well as adding TG to milk, increasing the total milk solids before acidification also 

improves the textural and sensory attributes of acid milk gels (Lee and Lucey, 2010; Tamime, 

1980). The increase in total solids content can be obtained by fortifying the milk with milk 

solids such as protein concentrates (e.g. whey protein concentrate) or non-fat dry milk solids 

(e.g. micellar casein, milk protein isolate and sodium caseinate), by addition of skim milk 



Chapter 4 

 

86 

 

powder (Peng et al., 2009), or through concentrating the milk by ultrafiltration (Biliaderis et 

al., 1992). All of these are alternatives to the use of hydrocolloids such as gelatin and starch 

to overcome quality concerns such as poor gel texture and syneresis (Lorenzen et al., 2002; 

Peng et al., 2009). When the total solids concentration of acid milk gel is increased, the 

viscosity increases (Guirguis et al., 1984; Wacher-Rodarte et al., 1993), and the final gel 

firmness and elasticity increase (Anema, 2008b; Gastaldi et al., 1997). Increasing the total 

solids content from 10 to 30% (Harwalkar and Kalab, 1986), and adding whey protein isolate 

and sodium caseinate (Isleten and Karagul-Yuceer, 2006) also reduce the whey separation of 

non-fat yogurts. 

 

During acid gelation, the acidification temperature impacts the gelation kinetics and the 

characteristics of the final gels formed, particularly the rheological behaviour and degree of 

syneresis. Elevated temperatures (e.g. ≥35oC) are often used in yogurt manufacture to speed 

the acidification kinetics, so that the time of manufacture can be reduced. Higher 

temperatures can increase the gelation pH and decrease the gelation time (Lee and Lucey, 

2003, 2004; Lucey et al., 1998c; Lucey et al., 1997b; Vasbinder et al., 2003c). Several 

authors have reported that when milk was acidified at elevated temperatures (≥35oC), a 

peculiar behaviour on the elastic modulus (G') versus time curve occurred, where a shoulder 

in G' (G'shoulder) during the early stage of gelation was observed (Anema, 2009b; Ercili-Cura 

et al., 2013; Horne, 2003; Hyun et al., 2011; Koutina and Skibsted, 2015; Lee and Lucey, 

2004, 2006). This was also observed in the case of the acidification of protein dispersions 

containing a mixture of caseins and whey proteins (Famelart et al., 2003, 2004; O'Kennedy 

and Kelly, 2000). Anema (2009a) found that G'shoulder was not observed on the gelation profile 

at 30oC; whereas Lucey et al. (1998a) and Ercili-Cura et al. (2013) reported its occurrence at 

30oC. There were two main explanations offered to explain the presence of the G'shoulder 

(Anema, 2009b; Ercili-Cura et al., 2013; Famelart et al., 2003, 2004; Horne, 2003; Koutina 

and Skibsted, 2015; Lee and Lucey, 2004, 2006; O'Kennedy and Kelly, 2000), however, there 

are disagreements between the two explanations. It was explained as a result of the 

weakening or loosening of the gel network due to the solubilisation of colloidal calcium 

phosphate (CCP) during the early stage of acidification. As pH decreased further, protein-

protein interactions increased due to continuous reduction in protein charge when 

approaching the isoelectric point (pI) of milk (Anema, 2009b; Horne, 2003; Koutina and 

Skibsted, 2015; Lee and Lucey, 2004). It was also explained as a consequence of interactions 

between denatured whey proteins and caseins at high pH, then aggregation of caseins as 
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acidification progressed (Famelart et al., 2003, 2004; Lucey et al., 1998a; O'Kennedy and 

Kelly, 2000).  

 

Although TG treated acid milk gels have been previously studied, studies on the combined 

effect of TG, acidification temperature and total solids content, and those on explaining the 

existence of G'shoulder which occur during the early stage of gelation, remain limited. 

Therefore, the specific aims of this chapter are to: 

1. Study the joint effect of the use of TG, acidification temperature and total milk solids 

on the formation, rheological properties, microstructures and degree of syneresis of 

acid milk gels with and without TG treatment.  

2. Compare the appearance of G'shoulder during the course of gelation between TG 

untreated and treated acidified milk.  

3. Explain the presence of G'shoulder during the early stage of acid gelation.  

 

4.2 Materials and methods 

4.2.1 Materials  

The materials used in this chapter included skim milk powder, TG, glucono-δ-lactone (GDL), 

HCl, NaOH, rhodamine B, premixed acrylamide : bis-acrylamide solution, tris-HCl, sodium 

dodecyl sulfate, ammonium persulfate, tetramethylethylenediamine, premixed electrophoresis 

buffer (running buffer), Laemmli buffer (sample buffer), 2-mercaptoethanol, Coomassie 

brilliant blue R-250, methanol and glacial acetic acid.  

 

4.2.2 Sample preparation and experimental methods 

The steps in sample preparation and the experimental methods used in this chapter are 

displayed in Figure 4.1. The details of each procedure are reported in the indicated section in 

Chapter 3. Acidified milk samples with various solids concentrations (2.5, 5, 10, 15, 20, 25 

and 30% w/w) were measured by rheology to monitor the change in viscoelastic properties 

during the course of gelation and by confocal laser scanning microscopy to examine the 

overall gel microstructure. The degree of syneresis was measured to compare the loss of 

serum of acid milk gel with and without TG treatment. Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions was used to 

characterise the proteins in selected milk samples. A two-tailed paired sample T-test at a 5% 

significance level (P<0.05) was carried out to investigate the effect of TG treatment on the 
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gelation pH at different temperatures and the final gel strength after 5 h of gelation, and to 

compare the diameters of casein micelles in unmodified and modified TG treated milks. The 

SPSS Statistics version 22 software (IBM Corp., New York, USA) was used to perform the 

statistical analyses. 

 

 

Figure 4.1. Flowchart of the experimental procedures used in this chapter. Details of the different 

procedures can be found in the indicated sections in Chapter 3.  
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4.3 Results and discussion 

4.3.1 Small dynamic oscillatory measurements during acid gelation 

4.3.1.1 Effect of acidification temperature on pH change during gelation of acidified 

milks 

TG untreated and treated acid milk gels (10% w/w) were formed by slowly decreasing the pH 

of the milks to below 4.6 (pI of caseins) using GDL (Figure 4.2). GDL is an ester and it 

hydrolyses to gluconic acid (GH) when added to milk (Anema, 2008a, 2009a). As it is a weak 

acid, it further dissociates to gluconate ion (G-) and proton (H+) following the equilibrium 

reaction of 𝐺𝐷𝐿 + 𝐻2𝑂 ↔ 𝐺𝐻 ↔ 𝐺− + 𝐻+, thus reducing the pH (de Kruif, 1997). Despite 

the presence of TG-induced crosslinks, the pH profile and rate of acidification were similar 

for both types of milk at 30, 35, 40 and 45oC. The acidification rate increased with increasing 

temperature. This is due to the increase in the rate of GDL hydrolysis, moving the 

equilibrium reaction in favour of the formation of more G- and H+, thus decreasing the pH at 

a faster rate (Anema, 2008a). Our finding was consistent with Anema (2008b) who showed 

the decrease in acidification time as the temperature increased from 25 to 40oC. Lucey et al. 

(1998c) also found that the pH dropped at a faster rate at 42oC than 30oC during the processes 

of GDL- and bacterial-induced gelation.  

 

 

Figure 4.2. pH as a function of time for 10% (w/w) heated skim milks untreated (solid symbols) and 

treated (open symbols) with TG, and acidified with 2% (w/w) GDL at different acidification 

temperatures. Temperatures of acidification are: 30oC (,); 35oC (,); 40oC (,); and 45oC 

(,). 
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4.3.1.2 Effect of acidification temperature on the gelation profiles of acid milk gels  

Although there were similar pH profiles and acidification rates at the temperatures studied 

(Figure 4.2), the change in Gʹ as a function of time for 10% (w/w) TG untreated (Figure 

4.3A) and TG treated (Figure 4.3B) milks, monitored during the acid gelation process, was 

different depending on the temperature of gelation. The variation in the Gʹ change overtime 

between both types of milk was ascribed to the differences in the casein micelle structure 

before acidification and the temperature dependent micellar structural changes during 

acidification (Anema, 2008a; Vasbinder et al., 2003c). Before acidification, native casein 

micelles were stabilised by the balance between hydrophobic and electrostatic interactions, 

and the presence of CCPs (Anema and Li, 2000; Horne, 1998; Liu and Guo, 2008; McMahon 

and Oommen, 2008). The latter crosslinked the caseins through phosphoserine residues, 

neutralised the charges between caseins and favoured attractive interactions (Horne, 1998; 

Walstra, 1990). On top of these forces to maintain the micellar integrity, the casein micelles 

after TG treatment also contained ε-(γ-glutamyl)-lysine isopeptide covalent bonds between 

caseins (de Jong and Koppelman, 2002). The casein micelles in TG treated milk were 

susceptible to crosslinking caseins in the order of κ-casein > β-casein > αs-casein as shown in 

Appendix 1, indicating that TG crosslinking occurred both at the surface and at the core of 

the casein micelle.   
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Figure 4.3. G' as a function of gelation time for 10% (w/w) heated skim milks (A) untreated and (B) 

treated with TG, and acidified with 2% (w/w) GDL at different gelation temperatures. Temperatures 

of gelation are: 30oC (); 35oC (); 40oC (); and 45oC (). In (A), arrows indicate G'shoulder. (C) 

Gelation pH as a function of gelation temperature for 10% (w/w) heated skim milks untreated () and 

treated () with TG, and acidified with 2% (w/w) GDL. pH at G'shoulder as a function of gelation 

temperature for 10% (w/w) heated skim milk untreated with TG () and acidified with 2% (w/w) 

GDL. (D) G'final at 25
o

C as a function of gelation temperature for 10% (w/w) heated skim milks untreated 

() and treated () with TG, and acidified with 2% (w/w) GDL; and G'shoulder as a function of 

gelation temperature for 10% (w/w) heated skim milk untreated with TG () and acidified with 2% 

(w/w) GDL. In (D), G'final at 25
o

C is the G' obtained at 1 Hz after gelation for 5 h during frequency sweep 

at 25oC. In (C) and (D), error bars correspond to standard deviations of triplicate measurements. 
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When acidified at 30oC, the change in Gʹ for TG untreated and treated milks during acid 

gelation was relatively similar (Figure 4.3A and B). They both experienced a lag period in G' 

due to their liquid behaviour with very low Gʹ values. After reaching a critical pH value, also 

referred to as the gelation pH, e.g. at pH 5.28±0.01 for TG untreated milk and pH 5.21±0.01 

for TG treated milk, the Gʹ of both milks started to increase, followed by an uniform increase 

in Gʹ as acidification progressed. Despite the presence of the TG-induced crosslinks, very low 

Gʹ values observed at the start of acidification indicated that there was no gel formation as the 

presence of κ-casein “hairy” layer on the micellar surface provided steric stability and 

prevented close contact between casein micelles (de Kruif, 1999; Schorsch et al., 2000b; 

Schorsch et al., 2000a). As the pH continued to drop, the negative charges of phosphoseryl 

groups on the caseins were neutralised by the H+ formed by the GDL, which diminished the 

electrostatic repulsion and resulted in the solubilisation of CCP. The dissolution of CCP 

during acidification (Ca2+, Mg2+ and inorganic phosphate (Pi) measured by atomic absorption 

spectroscopy and colorimetry in Chapter 6) was not significantly different (P<0.05) between 

TG untreated and treated milk. In TG untreated milk, CCP solubilisation led to the dissociation 

of caseins into the serum (Lucey, 2002). In contrast, in TG treated milk, the TG-induced 

crosslinks between caseins prevented the release of caseins and preserved the integrity of 

casein micelles during acidification (Schorsch et al., 2000a; Vasbinder et al., 2003c).  

 

While electrostatic repulsion was reduced, steric stabilisation was also reduced due to the 

collapse of the κ-casein “hairy” layer on the micellar surface (Lee and Lucey, 2010). The 

collapse of the κ-casein “hairy” layer arose from the reduced pH neutralising the carboxylic 

groups on the κ-caseins and diminishing their solvency (de Kruif and Roefs, 1996). When the 

pH dropped to the gelation pH, the proteins in both types of milk started to form aggregates 

(Anema, 2009b), which resulted in the increase in Gʹ as seen in Figure 4.3A and B. As 

acidification progressed, where the pH was close to the pI of caseins, hydrophobic 

interactions completely dominated over electrostatic interaction by the H+ formed (Lee and 

Lucey, 2004, 2010), thus, the protein clusters further aggregated to form a three-dimensional 

gel network spanning throughout the serum in both TG untreated and treated milks 

(Bonanomi et al., 2004; Horne, 1998, 1999; Urbicain and Lozano, 1997). This led to the 

uniform increase in Gʹ as a function of time for both types of milk (Figure 4.3A and B).  

Acidification at elevated temperatures (≥35oC), however, induced different gelation profiles 

between TG untreated and treated milk (Figure 4.3A and B). Similarly to acidification at 

30oC, a lag period in G' at the beginning of acidification was seen for both types of milk due 
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to the liquid behaviour. As the pH was lowered, TG untreated milk did not increase 

uniformly in G' as seen at 30oC. Instead, a shoulder region occurred in the G' profile at the 

early stage of acidification, induced by the transition from the first increase in G' at the time 

of gelation, to the second increase in G' following acidification (Figure 4.3A). This shoulder 

region in the G' profile is referred to as G'shoulder
1. Anema (2009a) showed the G'shoulder in the 

G' profile when pre-heated milk was acidified with GDL at 35, 40 and 45oC, but not at 30oC. 

For pre-heated yogurt gels prepared with cultures, Lee and Lucey (2004, 2006) demonstrated 

the appearance of a G'shoulder on the gelation profiles at 40, 44 and 45.7oC, but not at 32 and 

38oC. However, at temperature as low as 30oC, G'shoulder was still observed in heated skim 

milk (Ercili-Cura et al., 2013; Lucey et al., 1998a). This peculiar behaviour of G'shoulder was 

also observed in pre-heated suspensions containing caseins and whey proteins when acidified 

with GDL at 40oC (O'Kennedy and Kelly, 2000) and with cultures at 42oC (Famelart et al., 

2003, 2004). The G'shoulder
2

  in the TG untreated milk was more noticeable as the temperature 

increased (Figure 4.3D), in agreement with the results of Anema (2009a) and Lee and Lucey 

(2004). In comparison, TG treated milk did not show the G'shoulder when acidified at ≥35oC 

(Figure 4.3B), in accordance with the findings of Ercili-Cura et al. (2013) which showed that 

regardless of the acidification temperature (20, 30 or 40oC), during the formation of TG 

crosslinked gels, the G'shoulder was absent on the gelation profiles. In addition, no G'shoulder was 

observed on the acid gelation profile of the mixture containing micellar casein and whey 

protein isolate in simulated milk ultrafiltrate incubated with TG and acidified at 40oC 

(Mounsey et al., 2005). The presence and absence of the G'shoulder on the gelation profiles of 

TG untreated and treated milk, respectively, at elevated temperatures will be further 

discussed in Section 4.3.2.  

 

The gelation pH, the pH at which proteins start to aggregate as seen in the first increase in G', 

increased as a function of increasing temperature for both TG untreated and treated milks 

(Figure 4.3C). There was no significant difference (P<0.05) on the gelation pH between both 

                                                 
1 Note that in some publications, a maximum in the tangent of the phase shift angle (δ) (tan δmax) (ratio of the 

viscous modulus (G'') to G') is obtained, which is equivalent to the observed G'shoulder. Tan δ initially increases 

after reaching the gel point until tan δmax is achieved (as seen as the first increase in G' and the shoulder region in 

the G'shoulder), after which it decreases again as acidification progresses (as seen as the second increase in G' in 

the G'shoulder) (Lee and Lucey, 2010; van Marle and Zoon, 1995).  

2 The value of G'shoulder is obtained as the mid-point between the tan δ after reaching the gelation pH and the tan 

δmax.     
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types of milk at all the temperatures studied. For instance, gelation pH was 5.28±0.01 at 30oC 

and pH 5.90±0.03 at 45oC for TG untreated milk; whereas a pH of 5.21±0.01 at 30oC and a 

pH of 5.93±0.14 at 45oC were measured for TG treated milk. These values indicated that the 

presence of TG-induced crosslinks did not influence the pH at which protein aggregation 

starts. Previous studies showed an increase in acidification temperature resulted in an onset of 

gelation at higher pH values for all types of milk gel (Anema, 2009b; Banon and Hardy, 

1992; Ercili-Cura et al., 2013; Haque et al., 2001; Heertje et al., 1985; Laligant et al., 2003; 

Lee and Lucey, 2003, 2004, 2006; Lucey et al., 1998c; Lucey et al., 1997b). For example, the 

gelation pH was 5.24 at 30oC and 5.48 at 45oC for heated skim milk gels acidified with GDL 

(Anema, 2009b), and pH 5.23 at 34.3oC and pH 5.59 at 45.7oC for heated yogurt gels 

acidified with cultures (Lee and Lucey, 2003). The pH at G'shoulder for TG untreated milk also 

increased as a function of increasing acidification temperature, as shown in Figure 4.3C. 

These results indicated that increasing the acidification temperature accelerated the process of 

protein aggregation towards the formation of a gel network for both types of milk. 

 

The final gel strength at the acidification temperature at the end of 5 h of gelation (G'final at T) 

decreased with increasing temperature for TG untreated milk (Figure 4.3A). This is in 

agreement with previous published results on different types of acid gel (Arshad et al., 1993; 

Laligant et al., 2003; Lee and Lucey, 2003, 2004, 2006; Lucey et al., 1998c; Lucey et al., 

1997b). For example, final gel strength was 315 and 219 Pa at 30 and 45oC, respectively, for 

GDL-induced heated skim milk gel (Lee and Lucey, 2004). G' at ~pH 4.6 was observed to be 

232 Pa at 32oC and 62 Pa at 44oC (Lee and Lucey, 2006), and 246 Pa at 34.3oC and 136 Pa at 

45.7oC (Lee and Lucey, 2003) for culture-induced yogurt gels. In contrast, for TG treated 

milk gel, the G'final at T was independent of acidification temperature (Figure 4.3B). G'final at T 

was influenced by temperature dependent factors such as the number and strength of bonds 

within the casein micelles (intra-micellar bonds) and on the spatial distribution of particles 

(inter-micellar bonds) in the gel network (Roefs et al., 1990; Roefs and van Vliet, 1990), and 

the structural rearrangements of the gel network (intra-particle, inter-particle and cluster 

rearrangements) (Mellema et al., 2002a).  

 

During and after gelation, different types of structural rearrangement can occur sequentially. 

These include: (1) intra-micellar rearrangement or micellar fusion; (2) inter-micellar 

rearrangement or reorganisation; (3) inter-cluster rearrangement or coarsening of the gel 

structure; and (4) syneresis, the expulsion of whey. Intra-micellar rearrangement is possibly 
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caused by the diffusion of caseins into the serum during acidification. Inter-micellar 

rearrangement is micelles aggregating into small clusters, resulting in the increase in contact 

area between them and the increase in density of the aggregates. The clusters can then 

undergo inter-cluster rearrangement to further aggregate to form strands. The strands are 

stretched and gel pores are developed. When the strands are too extensively stretched, they 

become thinner and eventually result in breakage due to contractional forces within the gel. 

This leads to syneresis, shrinkage of the gel and excretion of whey after gelation (Mellema et 

al., 2002a).  

 

Intra- and inter-micellar rearrangements can occur during the early stage of gelation. At 

higher temperatures, the hydrophobic interaction that drives intra-micellar rearrangement is 

stronger (Mellema et al., 2002a). For TG untreated milk, the destabilisation of casein micelles 

and the dissociation of caseins to the serum during acidification could possibly be the main 

causes for intra-micellar rearrangements. When the temperature is high, stronger intra-

micellar hydrophobicity between caseins within the micelles results in the shrinkage of casein 

micelles with more compacted structures, reduced regions of contact and reduced inter-

micellar bonding (Lee and Lucey, 2004; Renan et al., 2008; Roefs and van Vliet, 1990; Zoon 

et al., 1988). Due to less inter-micellar bonds, micelles have higher mobility and thus inter-

micellar rearrangements probably occur more rapidly and extensively during gelation. This 

could possibly lead to the formation of dense clusters. The dense clusters may undergo rapid 

subsequent inter-cluster rearrangements to form a gel network that is less rigid, less 

continuous and less homogeneous, where some aggregates in the dense clusters do not 

contribute to the rigidity of the gel (Zoon et al., 1988). This could explain why the higher the 

acidification temperature, the lower the G'final at T of TG untreated milk gel. In contrast, the 

G'final at T of the TG treated milk gel was insensitive to acidification temperature possibly 

because the TG-induced isopeptide crosslinks between caseins inhibited the dissociation of 

caseins during acidification (Schorsch et al., 2000a; Vasbinder et al., 2003c). This may hinder 

intra-micellar and the subsequent rearrangements that occur during gelation even at high 

temperatures (Ercili-Cura et al., 2013). 
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The final gel strength of TG untreated and treated milks after a gelation time of 5 h, obtained 

from  the value of G' at 1 Hz during frequency sweep at 25oC (G'final at 25
o
C), as a function of 

temperature, is shown in Figure 4.3D. The G'final at 25
o

C values for both types of milk gel (with 

and without TG) in Figure 4.3D were noticeably higher than the G' observed at the end of 5 h 

of gelation at the acidification temperature (G'final at T) in Figure 4.3A and B, possibly due to 

the consolidation of the acid milk gel network upon cooling at 25oC (Haque et al., 2001). The    

G'final at 25
o
C of TG untreated milk increased when the acidification temperature was increased 

from 30 to 40oC (Figure 4.3D). Above 40oC, it plateaued at ~380 Pa. As for the TG treated 

milk, G'final at 25
o
C increased as a function of increasing temperature from 30 to 45oC. For 

instance, the G'final at 25
o
C of TG treated milk was 290.5±0.5 Pa at 30oC and 478±3 Pa at 45oC. 

These results suggested that the higher the acidification temperature, the greater the 

additional structure was developed during the cooling process at 25oC (Haque et al., 2001), 

resulting in higher G'final at 25
o
C values for both types of milk. 

 

4.3.2.3 Effect of total solids content on the gelation profiles of acid milk gels  

The change in G' during gelation of TG untreated and treated acidified milks was also 

influenced by the total solids content (Figure 4.4). When the total solids content was 

increased by raising the milk concentration from 2.5% up to 30% (w/w), G'shoulder was absent 

in both TG untreated and treated milks at acidification temperature of 30oC (Figure 4.4A and 

B). However, when acidified at 45oC, TG untreated milk above 2.5% (w/w) showed the 

G'shoulder during the early stage of gelation (Figure 4.4C).  
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Figure 4.4. G' as a function of gelation time for heated skim milks containing GDL, (A) untreated 

with TG and (B) treated with TG, with different total solids concentrations at a gelation temperature 

of 30oC; and (C) heated skim milk untreated with TG, with different total solids concentrations and 

acidified with GDL at a gelation temperature of 45oC. Skim milk concentrations are: 2.5% (w/w) (); 

5% (w/w) (); 10% (w/w) (); 15% (w/w) (); 20% (w/w) (); 25% (w/w) (); and 30% (w/w) 

(). The GDL amount used to acidify samples with different total solids content was scaled with 

respect to the amount of milk proteins present in the sample, proportional to that of 2% (w/w) added 

to acidify 10% (w/w) milk (see more details in Section 3.2.5.1 in Chapter 3). 
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When the total solids content is increased, the G'final at 25
o

C of acid milk gels made at 30oC, 

obtained from frequency sweep measurements at 1 Hz after gelation for 5 h at 25oC, 

increased for both TG untreated and treated milks (Figure 4.5). This is in agreement with 

previous studies which all showed increasing the total solids content increased the firmness 

of the gels (Anema, 2008b; Gastaldi et al., 1997; Kristo et al., 2003; Pereira et al., 2006). For 

instance, Anema (2008a) reported that increasing the solid concentration from 10 to 25% 

increased the final gel strength of acid milk gel from 200 to 1200 Pa. This increase was stated 

to occur because increasing the milk total solids increases the protein concentration so that 

more protein complexes involved in the interconnection of the protein network (Anema, 

2008b) and more inter-micellar bonds for the enhancement of interactions between micelles 

in a given area (Gastaldi et al., 1997), giving rise to a higher G'final at 25
o
C. The G'final at 25

o
C 

between the TG untreated and treated milk, as a function of increasing milk concentration, 

was not significantly different (P<0.05) (Figure 4.5), suggesting that at 30oC the TG-induced 

crosslinks did not significantly affect the G'final at 25
o
C. Similarly to 10% (w/w) milk gels 

(Figure 4.3), the G'final at 25
o
C values of acid milk gels with varying milk solids content, 

obtained at 25oC during frequency sweep measurements (Figure 4.5), were substantially 

higher than those observed at the acidification temperature at the end of gelation time of 5 h 

(G'final at T) (Figure 4.4), possibly due to gel network consolidation while cooling at 25oC. At 

elevated temperatures, e.g. 45oC, the G'shoulder increased as a function of increasing milk 

concentration for TG untreated milk (Figure 4.5). 
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Figure 4.5. G'final at 25
o
C after gelation for 5 h as a function of total solids content (% w/w) for milks 

untreated () and treated () with TG, and acidified with GDL at 30oC. G'final at 25
o
C  is the G' obtained 

at 1 Hz after gelation for 5 h during frequency sweep at 25oC. () corresponds to G'shoulder as a 

function of total solids content for TG untreated milk and acidified with GDL at 45oC. Lines represent 

power law fitting of data points. Error bars correspond to standard deviation of triplicate 

measurements.  

 

4.3.2.4 Effect of acidification temperature and total solids content on the frequency 

sweep profiles of acid milk gels  

Frequency sweep measurements were performed to further investigate the viscoelastic 

behaviour of acid milk gels formed after 5 h of gelation. The results of frequency sweep 

measurements are reported in Figure 4.6A and B, respectively, for 10% (w/w) TG untreated 

and treated milk gel acidified at different temperatures, and in Figure 4.7A and B, 

respectively, for those with different total solids content and acidified at 30oC. In both 

Figures 4.6 and 4.7, Gʹ and Gʹʹ are plotted as a function of the applied frequency in the linear 

viscoelastic region with a strain of 0.5%.  

 

The log Gʹ and Gʹʹ values of all the milk gels (with and without TG), 10% (w/w) acidified at 

different temperatures (Figure 4.6A and B) and with different concentrations acidified at 

30oC (Figure 4.7A and B), linearly increased as a function of increasing log frequency. At the 

frequencies investigated, Gʹ dominated Gʹʹ for all acid milk gels. This indicated that the milk 

samples gelled after the gelation for 5 h (Schorsch et al., 2000a). These were weak gels since 

Gʹ was higher than Gʹʹ by less than a power of 10 and that both Gʹ and Gʹʹ varied with the 
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change in frequency (Lapasin and Pricl, 1995). At all the frequencies applied, Gʹ of the 10% 

(w/w) TG untreated milk gel slightly increased with increasing acidification temperature 

from 30 to 40oC and then remained constant as the temperature was further increased to 45oC 

(Figure 4.6A); whereas that of TG treated milk gel increased to a greater extent as a function 

of increasing temperature (Figure 4.6B). The greater degree in the Gʹ increase for TG treated 

milk gel was possibly because of the contribution of TG-mediated covalent isopeptide bonds 

forming a firmer gel matrix at higher acidification temperatures. Furthermore, the increase in 

Gʹ with increasing milk concentration at all frequencies when acidified at 30oC for both types 

of milk gel (Figure 4.7A and B) suggested that more protein complexes and protein-protein 

bonds resulted in the formation of stronger gels (Anema, 2008b; Lankes et al., 1998).  

 

 

Figure 4.6. G' (solid symbols) and G'' (open symbols) as a function of frequency for 10% (w/w) 

heated acid milk gels (A) untreated and (B) treated with TG, and acidified with 2% (w/w) GDL at 

different gelation temperatures. Temperatures of gelation are: 30oC (,); 35oC (,); 40oC 

(,); and 45oC (,). The measurements were performed at 25oC after 5 h of gelation. 
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Figure 4.7. G' (solid symbols) and G'' (open symbols) as a function of frequency for heated acid milk 

gels (A) untreated and (B) treated with TG, with different total solids concentrations and acidified 

with GDL at a gelation temperature of 30oC. Skim milk concentrations are: 2.5% (w/w) (,); 5% 

(w/w) (,); 10% (w/w) (,); 15% (w/w) (,); 20% (w/w) (,); 25% (w/w) (,); and 

30% (w/w) (,). The measurements were performed at 25oC after 5 h of gelation. 

 

4.3.2 Mechanism for Gʹshoulder  at the early stage of gelation  

As mentioned in the Introduction, two mechanisms were postulated to explain the presence of 

the G'shoulder (Anema, 2009b; Ercili-Cura et al., 2013; Famelart et al., 2003, 2004; Horne, 
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the second increase in G' due to enhanced casein-casein interactions when the pH 
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approaches the pI of casein (Anema, 2009b; Ercili-Cura et al., 2013; Horne, 2003; 

Koutina and Skibsted, 2015; Lee and Lucey, 2004) or; 

2. The transition from the first increase in G' involving aggregation of complexes 

containing denatured whey proteins and caseins, to the second increase in G' 

involving casein-casein interactions as acidification progresses (Famelart et al., 2003, 

2004; Lucey et al., 1998a; O'Kennedy and Kelly, 2000).  

Although there were clear differences between the two proposed mechanisms, both proposed 

that the peculiar behaviour of the observed G'shoulder could be ascribed to the existence of two 

phases, with both explanations agreeing that the second phase was most likely due to casein-

casein interactions.  

 

The G'shoulder in explanation 1 was proposed to be due to the solubilisation of CCP (Anema, 

2009b; Ercili-Cura et al., 2013; Horne, 2003; Koutina and Skibsted, 2015; Lee and Lucey, 

2004). As mentioned earlier, Chapter 6 will demonstrate that there is no significant 

difference (P<0.05) between the distribution of Ca2+, Mg2+ and Pi (minerals which make up 

the CCP) between the micellar and aqueous phase of milk with and without TG treatment 

during acidification. Thus, these results indicated that the presence of TG-mediated isopeptide 

bonds did not affect the dynamic of the minerals under acidic conditions. If the G'shoulder 

observed in the gelation profile of TG untreated milk was due to CCP solubilisation, then it 

was expected that the G'shoulder would also be apparent on that of TG treated milk at elevated 

temperatures (≥35oC). The disappearance of G'shoulder during gelation of TG treated acidified 

milk clearly indicated that this explanation (explanation 1) was not the exact mechanism to 

explain the G'shoulder.  

 

Knowing that TG treated milk inhibited the formation of G'shoulder in the gelation profiles at 

≥35oC, it was then used to investigate if the presence of G'shoulder was due to the interaction of 

proteins (explanation 2). SDS-PAGE under reducing conditions in the presence of 2-

mercaptoethanol and small dynamic oscillatory experiments were performed. SDS-PAGE 

was used to give an indication of the protein content (caseins and whey proteins) in the sera 

of TG untreated and treated milks following heat treatment at 80oC for 30 min, and in the 

serum of unheated milk (Figure 4.8). It was assumed that the micelle-bound protein 

complexes formed after heat treatment would be sedimented along with the casein micelles 

during centrifugation. Hence, the amount of denatured whey proteins associated with casein 

micelles after heat treatment in both types of milk could be determined by comparing the 
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whey protein bands of the heated TG untreated (Figure 4.8; lane 3) and TG treated (Figure 

4.8; lane 4) milk sera with that of the unheated milk serum (Figure 4.8; lane 2) in the SDS-

PAGE profile. Both milk sera without (Figure 4.8; lane 3) and with (Figure 4.8; lane 4) TG 

treatment contained less amounts of soluble whey proteins than in the unheated milk serum 

(Figure 4.8; lane 2), indicating the presence of heat-induced micelle-bound protein complexes 

in these samples. However, in comparison to the heated TG untreated milk serum (Figure 4.8; 

lane 3), nearly no soluble caseins were found in the TG treated milk serum (Figure 4.8; lane 

4) possibly due to the crosslinking by TG. These results suggested that the TG untreated milk 

contained micelle-bound protein complexes, and soluble protein complexes containing whey 

proteins and caseins; whereas in the TG treated milk the soluble protein complexes 

containing caseins were absent.   

 

 

Figure 4.8. SDS-PAGE of 10% (w/w) unheated milk serum (lane 2), and TG untreated (lane 3) and 

TG treated (lane 4) milk sera after heat treatment at 80oC for 30 min. Molecular weight markers (lane 

1).  

 

To demonstrate the role of soluble caseins in the Gʹshoulder, two simple experiments were 

carried out. Firstly, 0.5% (w/w) freeze-dried sodium caseinate was added to the heated TG 

treated milk. Sodium caseinate was made by acidifying milk to pH 4.6 by the addition of HCl 

to obtain a casein curd. After discarding the whey fraction (including lactose and minerals), 

the curd was washed with Milli-Q water several times, solubilised using NaOH to bring the 
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pH to 6.8, and then freeze-dried (Lucey et al., 2000). The result was a casein based ingredient 

which, when solubilised in water, was expected to contain individual caseins. The 

acidification of heated TG treated milk containing 0.5% (w/w) sodium caseinate at 45oC was 

monitored by small dynamic oscillatory measurements (Figure 4.9). Without the addition of 

sodium caseinate, as expected, Gʹshoulder was not observed in the TG treated milk. However, 

the presence of sodium caseinate induced a Gʹshoulder, indicating that the presence of caseins in 

the serum was important for formation of the Gʹshoulder on the gelation profile.  

 

Secondly, the gelation of a suspension containing the micellar fraction of heated TG treated 

milk and the serum fraction of heated TG untreated milk was monitored during acidification 

at 45oC (Figure 4.9). The suspension was prepared by centrifuging heated TG untreated and 

treated milks to obtain their pellet (micellar) and serum fractions, then taking the micellar 

fraction of the TG treated milk and resuspending it in the serum fraction of the TG untreated 

milk. Dynamic light scattering was used to measure the particle size before centrifugation and 

after the resuspension of the pellet to ensure that the new suspension was similar to the 

original sample. The diameter of casein micelles in the modified TG suspension (201.0±1.3 

nm) was not significantly different (P<0.05) to that of the original TG treated milk 

(194.3±0.6 nm). After acidification under similar conditions as indicated above, the Gʹshoulder 

was discernible in the case of the heated TG treated milk pellet resuspended in the serum of 

the heated TG untreated milk (Figure 4.9). This was presumed to be due to the presence of 

heat-induced soluble protein complexes containing caseins from the TG untreated milk serum 

fraction. The result confirmed the importance of caseins in the soluble fraction in inducing 

the Gʹshoulder when acidified at elevated temperatures (≥35oC). Note, however, in this second 

experiment whey protein-casein soluble complexes, which might have formed during heat 

treatment of milk untreated with TG, could have contributed to the presence of the Gʹshoulder.  

 

Both these two experiments indicated that soluble caseins played a role in the presence of 

Gʹshoulder when milk was acidified at elevated temperatures (≥35oC). This supported the 

mechanism (explanation 2) suggested by Lucey et al. (1998a), O'Kennedy and Kelly (2000), 

Famelart et al. (2003, 2004), which postulated that the Gʹshoulder could be due to the presence 

of casein-casein, whey protein-casein and whey protein-whey protein soluble complexes in 

the heated milk (80oC for 30 min in the present case). Upon acidification, these soluble 

complexes could aggregate, resulting in the first increase in Gʹ, then when the pH decreases 

further, the casein micelles (and the aggregated soluble complexes) could start to aggregate 
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further resulting in the second increase in Gʹ. The result of these two increases in Gʹ was 

indicated by the presence of Gʹshoulder. Finally, because Gʹshoulder was observed only at high 

acidification temperatures, this would suggest that the first increase in Gʹ involving the 

soluble complexes could involve hydrophobic interactions which are known to be stronger at 

higher temperatures (Haque and Kinsella, 1988). 

 

 

Figure 4.9. G' as a function of gelation time for 10% (w/w) heated TG treated skim milk containing 

0% () and 0.5% (w/w) () added sodium caseinate, and modified suspension prepared by 

resuspending the TG treated milk micellar fraction into the TG untreated milk serum fraction (). All 

samples were acidified with 2% (w/w) GDL at 45oC.  
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4.3.3 Effect of acidification temperature and total solids content on the 

large deformation rheological properties of acid milk gels  

Strain sweep measurements at 25oC were performed on the TG untreated and treated set gels 

after gelation for 5 h following the frequency sweeps. Figures 4.10 and 4.11 show the strain 

sweep results of 10% (w/w) milk gels acidified at different temperatures and those with 

different total solids content acidified at 30oC, respectively. These results are Gʹ and Gʹʹ 

plotted as a function of applied strain.  

 

Up to the application of a critical strain (~10%), G' and G'' were independent of the applied 

strain, and G' was higher than G'' for both types of acid milk gel; 10% (w/w) gels acidified at 

different temperatures (Figure 4.10A and B) and gels with different milk concentrations 

acidified at 30oC (Figure 4.11A and B). These results indicated that the gels were elastic, the 

structural networks were intact and the gels were solid-like. They also confirmed the 

frequency sweep measurements obtained with the application of a constant strain of 0.5% 

were carried out within the linear viscoelastic region. The linear viscoelastic region is defined 

as the region where G' and G'' are independent of the applied strain (Hyun et al., 2011). 

When the strain was further increased from ~10% to a critical value, G' and G'' decreased 

until a cross over (G' = G'') was observed, after which the G' became higher than G'' for 10% 

(w/w) milk gels with and without TG treatment and acidified at all temperatures (Figure 

4.10A and B). This was also observed for the milk gels (with and without TG) at all milk 

concentrations when acidified at 30oC (Figure 4.11A and B). The transition from an elastic 

dominated behaviour to a viscous dominated behaviour for all these milk gels was an 

indication that, upon applying large strain, the acid milk gels started to flow due to the 

disruption of the gels’ structural networks (Shih et al., 1990).  
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Figure 4.10. G' (solid symbols) and G'' (open symbols) as a function of strain for 10% (w/w) heated 

acid milk gels (A) untreated and (B) treated with TG, and acidified with 2% (w/w) GDL at different 

gelation temperatures. Temperatures of gelation are: 30oC (,); 35oC (,); 40oC (,); and 

45oC (,). (C) Fracture stress as a function of gelation temperature for 10% (w/w) heated acid milk 

gels untreated () and treated () with TG, and acidified with 2% (w/w) GDL. The measurements 

were performed at 25oC after 5 h of gelation. Error bars correspond to standard deviations of 

triplicates. 
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Figure 4.11. G' (solid symbols) and G'' (open symbols) as a function of strain for heated acid milk 

gels (A) untreated and (B) treated with TG, with different total solids concentrations and acidified 

with GDL at a gelation temperature of 30oC. Total solids concentrations are: 2.5% (w/w) (,); 10% 

(w/w) (,); 20% (w/w) (,); and 30% (w/w) (,). (C) Fracture stress as a function of total 

solids content for acid milk gels untreated () and treated () with TG, and acidified with GDL at 

30oC. Error bars correspond to standard deviations of triplicates. 
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4.11C). Fracture stress is the maximum stress applied to the gel before the breakage of the gel 

structure (Anema, 2008b). It is dependent on the type, strength and orientation of the protein 

strands involved in the gel matrix (Lucey, 2001; Mellema et al., 2002b). The fracture stress of 

10% (w/w) TG untreated milk gel increased slightly as acidification temperature was 

increased from 30 to 35oC, then decreased above 35oC (Figure 4.10C). This was in agreement 

with the results of previous findings (Lee and Lucey, 2003; Lucey et al., 1997b; van Vliet et 

al., 1997). The lower fracture stress at 45oC could possibly be due to the fast and extensive 

intra- and inter-micellar rearrangements that occurred during the early stage of gelation 

(Lucey et al., 1998b; Lucey et al., 1997a; van Vliet et al., 1997), as mentioned in Section 

4.3.1.2. The rapid acidification kinetics at 45oC possibly affected subsequent inter-cluster 

rearrangements which led to the formation of dense clusters and a weaker gel with more open 

structure (Zoon et al., 1988).  

 

In the case of TG treated milk gel, the fracture stress increased as the temperature increased, 

in agreement with the G'final at 25
o
C results in Section 4.3.1.2 (Figure 4.3D). The presence of the 

TG-induced isopeptide crosslinks probably stabilised the micellar structure and prevented the 

dissociation of caseins during acidification, which then possibly limited the rapid and 

extensive inter-micellar rearrangements during gel formation at elevated temperatures, 

avoided the formation of compact clusters and maintained the homogeneous structure for the 

gel network. Therefore, the strands which make up the TG treated milk gel were not as easily 

fractured at high temperatures. Compared to TG untreated milk gel, the fracture stress of TG 

treated milk gel was higher at all temperatures. This indicated that the strands in the TG milk 

gel structure were stronger, possibly due to the presence of TG-induced covalent isopeptide 

crosslinks between caseins. As covalent bonds have higher bond energies, thus greater force 

was required to rupture the covalently bonded gel structures (Lakemond and van Vliet, 2005). 

 

As the total solids content increased, the fracture stress increased for milk gels with and 

without TG (Figure 4.11C). This is consistent with the results presented in Section 4.3.2.3 

where the G'final at 25
o

C increased with increasing particle concentration for both types of milk 

(Figure 4.5). This was probably due to the increase in micelle-micelle interactions, the 

increase in the number of bonds between the micelles and the increase in whey protein 

aggregates, resulting from the heat-treatment used to inactivate TG, and serving as bridging 

material between casein particles when the total solids content increased (Lankes et al., 1998; 

Lucey et al., 1997a, 1998c). However, the increase in fracture stress as a function of 



Chapter 4 

 

110 

 

increasing total solids content was slightly higher for TG treated milk gel probably because 

the TG-mediated covalent isopeptide bonds needed more force for gel breakage (Lakemond 

and van Vliet, 2005).  

 

4.3.4 Microstructure of acid milk gels 

The microstructures of non-acidified TG untreated and treated milks, and those of acid milk 

gels prepared at 30oC and 45oC for 15 h are shown in Figure 4.12. Without acidification, no 

particulate network of proteins could be seen for TG untreated (Figure 4.12A) and TG treated 

(Figure 4.12B) milks. However, acidification via the addition of GDL resulted in casein 

particles aggregating into clusters and strands, and then randomly linking into a matrix filled 

with whey (aqueous phase) (Figure 4.12C-F). The protein matrix was represented by the 

lighter regions, while the whey was present in the interstitial spaces (pores), represented by 

the darker regions. 

 

At an acidification temperature of 30oC, a finer protein network with small voids could be 

observed for TG untreated milk gel (Figure 4.12C), while at 45oC, the gel structure was more 

coarse, less branched and interconnected, and larger pores were seen (Figure 4.12E). This 

was consistent with the results reported earlier (Lee and Lucey, 2004; Lucey et al., 1998b; 

Lucey et al., 1998c; Lucey et al., 1997c; van Vliet et al., 1997). For example, larger pores 

were observed in the bacterial-induced gel network formed at 45.7oC than 40oC (Lee and 

Lucey, 2004) and in GDL-induced acid skim milk gel at 42oC than 30oC (Lucey et al., 

1998c). Larger pores in a coarser gel network made at higher acidification temperatures were 

thought to arise from the rapid and extensive rearrangements during the gelation process 

(Lucey et al., 1998c). In contrast, TG treated milk gel exhibited a more homogeneous protein 

network and the protein clusters were more uniformly distributed, with similarly sized small 

pores in the gel network when formed at both 30oC (Figure 4.12D) and 45oC (Figure 4.12F). 

Schorsch et al. (2000b) presented the microstructure of TG treated GDL-induced casein gel 

prepared at acidification temperature of 50oC to be a fine-mesh network containing small 

protein aggregates and small pores compared to that prepared without TG treatment at the 

same temperature. Instead of large pores, small pores were formed in gels in the presence of 

TG-induced crosslinks even at high acidification temperatures due to the restriction of 

extensive rearrangements during gelation (Ercili-Cura et al., 2013). These results indicated 
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that TG treated acid milk gel was less affected by the acidification temperature in contrast to 

TG untreated milk gel. 

 

 

Figure 4.12. Confocal laser scanning micrographs of 10% (w/w) milk untreated with TG (A) non-

acidified, and acidified with 2% (w/w) GDL at (C) 30oC and (E) 45oC for 15 h; and 10% (w/w) milk 

treated with TG (B) non-acidified, and acidified with 2% (w/w) GDL at (D) 30oC and (F) 45oC for 15 

h. Scale bar is 30 μm. Lighter regions represent protein matrix and darker regions represent whey. 
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4.3.5 Syneresis of acid milk gels 

Syneresis was measured for acid milk gels (with and without TG) formed at the acidification 

temperature after 15 h of gelation. Syneresis is known as the shrinkage of the gel which 

occurs simultaneously to whey separation, the expulsion of whey or serum on to the surface 

of an acid milk gel during gelation (Lucey et al., 1998b). The degree of syneresis after the 

formation of acid milk gel was related to the instability of the gel network (Mellema et al., 

2002a; Walstra, 1993) and was governed by the rearrangements and aggregation dynamics of 

protein clusters under the influence of processing factors such as presence of TG, temperature 

and total solids content (van Vliet and Walstra, 1994).    

 

The effects of temperature on the syneresis of 10% (w/w) TG untreated and treated acid milk 

gels are shown in Figure 4.13A. Syneresis increased as a function of increasing temperature 

for TG untreated milk gel, consistent with the results reported in previous studies (Lee and 

Lucey, 2003, 2004; Lucey et al., 1998b; Lucey et al., 1998c; Lucey et al., 1997c). Mellema et 

al. (2002b) reported that the high extent of syneresis at high acidification temperature was 

accompanied by a decrease in the final gel strength after gel formation, in agreement with our 

decrease in G'final at T as a function of increasing temperature in Section 4.3.1.2. In comparison 

to the lower gelation temperature, a higher gelation temperature led to more extensive 

rearrangements during gelation of the TG untreated acidified milk (Lucey et al., 1997b, c). 

This resulted in the formation of larger pores in the gel network, as seen in Figure 4.12E, and 

thus higher diffusion of serum and a higher extent of syneresis (Figure 4.13A). In contrast, 

TG treatment prevented syneresis at all acidification temperatures, in agreement with Ercili-

Cura et al. (2013) who demonstrated that spontaneous syneresis was prevented in GDL-

induced milk gel acidified at 20 and 40oC. Schorsch et al. (2000b) also showed that the 

syneresis of GDL-induced acid casein gels was reduced when treated with TG and acidified 

at 50oC. The TG-induced isopeptide bonds between caseins were thought to limit the 

rearrangements of the protein network during gel formation (Ercili-Cura et al., 2013), trap 

serum within the protein network and thus prevent syneresis at all acidification temperatures 

investigated in this thesis.   
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Figure 4.13. (A) Syneresis of 10% (w/w) acid milk gels untreated () and treated () with TG as a 

function of acidification temperature. (B) Syneresis as a function of total solids content for acid milk 

gels untreated (solid symbols) and treated (open symbols) with TG, and acidified at 30oC (,) and 

45oC (,).  

 

Figure 4.13B presents the degree of syneresis of TG untreated and treated acid milk gels with 

different total solids content prepared at 30oC and 45oC. TG untreated milk gel containing 

≤5% total solids formed at 30oC showed lower susceptibility to syneresis than that formed at 

45oC, presumably because of the lower extent of rearrangement during gel formation at 30oC. 

In the presence of TG-induced crosslinks, due to limited rearrangements, less syneresis was 

observed for TG treated milk gels prepared at both temperatures as compared to the milk gels 

without TG treatment. When the total solids concentration increased in TG untreated milk 

gels (>5% w/w), syneresis was very minimal at both temperatures. In the case of TG treated 

milk gels, syneresis was completely prevented. The increase in protein content increased the 

number of casein micelles in a given unit volume, resulting in the formation of a protein 

matrix with higher density during gelation (Harwalkar and Kalab, 1986). Therefore, a denser 
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gel matrix diminished the dimension of the pores in a gel network (Harwalkar and Kalab, 

1986), and reduced the diffusion of serum and syneresis. This could explain why higher total 

solids content results in a lower degree of syneresis for both types of milk gel with and 

without TG-induced crosslinks. When compared with TG untreated milk gel, in addition to 

the increase in solids content, the covalent isopeptide bonds in TG treated milk gel were 

better at trapping serum inside the gel network and thus were better at preventing syneresis.   

 

4.4 Summary 

The results of this study demonstrated that the rheological properties during and after 

gelation, and the structural properties of acid milk gels, were influenced by the presence of 

TG, acidification temperature and the total solids content in the milk. Despite the similar 

acidification kinetics (observed through similar pH profiles during acidification) for both TG 

untreated and treated milks, their gelation profiles were different depending on the 

acidification temperature. At 30oC, the change in Gʹ, gelation pH and gel firmness (G'final at T 

and G'final at 25
o
C) were relatively similar between both types of milk. However, at elevated 

temperatures (≥35oC), particularly on the gelation profile, the G'shoulder was observed for TG 

untreated milk, but not for TG treated milk. The G'shoulder was proposed to be the transition of 

the first increase in Gʹ due to the aggregation of soluble protein complexes at the early stage 

of acidification, to the second increase in Gʹ due to further aggregation of casein micelles 

(and aggregated soluble complexes) as acidification progressed. TG treated milk did not 

show a G'shoulder during acidification due to the lack of soluble protein complexes containing 

caseins. Acidification temperature also affected the microstructure, degree of syneresis and 

fracture stress of acid milk gels (with and without TG). The TG untreated gel structure was 

observed to be firmer, less porous and more continuous, with less degree of syneresis when 

formed at 30oC than at ≥35oC due to less structural rearrangements during the gelation 

process. In contrast, TG treated milk gel with covalent isopeptide bonds was markedly firmer 

and was less prone to breakage at large deformation, even at high temperatures (≥35oC). The 

TG treated milk gel microstructure was finer and more homogenous, and syneresis was 

prevented at ≥35oC presumably due to the covalent bonds limiting rearrangements of the 

protein network during gelation. When the total solids content increased, the firmness for 

both types of acid milk gel (with and without TG) increased at 30oC presumably due to the 

higher protein content and the formation of denser gel networks.  
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Chapter 5.  
The effect of transglutaminase treatment on the physico-

chemical properties of skim milk at alkaline pH  
 

5.1 Introduction 

The structure of native casein micelles in milk is stabilised and maintained by forces induced 

by the presence of colloidal calcium phosphates (CCPs) linked between caseins, along with 

the balance between hydrophobic and electrostatic interactions (Anema and Li, 2000; Horne, 

1998; Liu and Guo, 2008; McMahon and Oommen, 2008). Alkalinisation of milk alters the 

nature of these forces and results in changes in physical properties of the casein micelle 

structure, such as the destabilisation and disruption of casein micelles (Ahmad et al., 2009; 

Horne, 1998; Madadlou et al., 2009; Odagiri and Nickerson, 1965a; Plomley et al., 1951; 

Rose, 1968; Vaia et al., 2006; van Dijk, 1992). Increasing the stability and structural integrity 

of casein micelles against disruption may positively affect the overall functional properties of 

milk. A previous example is enhancing the stability of milk against heat-induced coagulation 

by reducing the extent of heat-induced dissociation of -caseins on the micellar surface 

(O'Connell and Fox, 2003; O'Sullivan et al., 2002b; O'Sullivan et al., 2001). Other examples 

involve using transglutaminase (TG) to increase the stability of casein micelles against 

micellar disruption of hydrophobic interactions by the addition of urea (de Kruif et al., 2002; 

O'Sullivan et al., 2002a; Smiddy et al., 2006), sodium dodecyl sulfate (Smiddy et al., 2006) 

and heat treatment in the presence of ethanol (O'Connell et al., 2001a; O'Connell et al., 

2001b; Smiddy et al., 2006; Zadow, 1993), high pressure treatment (O'Sullivan et al., 2002a), 

and the solubilisation of CCP by the addition of calcium-chelatant such as citrate (O'Sullivan 

et al., 2002a; Smiddy et al., 2006). As the capability of TG against alkalinisation in milk has 

not been investigated, this chapter explores the influence of TG on the use of milk at alkaline 

pH. The specific aims of this chapter are to investigate the changes in physico-chemical 

properties of milk during the process of alkalinisation and compare these changes between 

TG untreated and treated milk. 
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5.2 Materials and methods 

5.2.1 Materials  

The materials used in this chapter included skim milk powder, TG, NaOH, BisTris buffer, 

guanidine hydrochloride, trisodium citrate dihydrate, dithiothreitol, sodium acetate, protein 

standards (αs-casein (αs-CN), β-casein (β-CN), -casein (-CN), α-lactalbumin (α-Lac) and β-

lactoglobulin (β-Lg)), trifluoroacetic acid and acetonitrile.  

 

5.2.2 Sample preparation and experimental methods 

The steps in sample preparation and experimental methods used in this chapter are presented 

in Figure 5.1. Alkalinised milk samples (10% w/w; with and without TG), the relative 

centrifuged sera and relative ultrafiltrated sera, were prepared. Changes in the physico-

chemical properties of milks (with and without TG) upon alkalinisation (between ~pH 6.7 to 

10) were investigated by measuring the particle sizes of casein micelles using dynamic light 

scattering (DLS) and the viscosities of milks using capillary viscometry, analysing the fine 

structural features of casein micelles via small angle X-ray scattering (SAXS), determining 

the distribution of proteins between the aqueous and micellar phase of milks by reversed-

phase high performance liquid chromatography (RP-HPLC), and examining the casein 

micelles under cryogenic-transmission electron microscopy (Cryo-TEM). Note that the 

details of each procedure can be found in the indicated section in Chapter 3. 
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Figure 5.1. Flowchart of the experimental procedures used in this chapter. All procedures can be 

found in the indicated sections in Chapter 3.  

 

5.3 Results and discussion 

5.3.1 Physical appearance of milks 

The series of alkalinised milk samples, untreated and treated with TG, are shown in Figure 

5.2. The milk samples at control pH (without the addition of NaOH), denoted here as NTG1 

and TG1, respectively, for TG untreated and treated milk, both had a white colour, and were 

opaque and turbid. The difference in colour between the two control samples was not 

apparent. The whiteness of the control milk is attributed to the multiple scattering of light by 

casein micelles (Fox and McSweeney, 1998b; Vaia et al., 2006). For milk samples without 

TG (Figure 5.2A), the whiteness remained until the sample was alkalinised to pH 8.33. 

However, as alkalinisation was furthered, the whiteness in the sample, as compared to its 

control, was reduced. This reduction in whiteness was more significant in the sample as 

alkalinisation was progressed further, and the samples became transparent with a greenish 

colour. This observation was consistent to that of Gaucheron (2011) who found the whiteness 

of milk started decreasing from pH 8 and was minimal at pH 10. Ahmad et al. (2009) also 

showed the decrease of whiteness in milk as a function of increasing pH. In contrast, the 
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decrease in whiteness in TG treated milk samples was not as clearly discernible as a function 

of alkalinisation (Figure 5.2B). This was possibly due to the effect of TG forming intra- and 

inter-micellar crosslinks in the casein micelles (Kashiwagi et al., 2002). The obvious change 

in colour for TG untreated milk as a function of increasing pH indicated that the structure and 

stability of the casein micelles were modified (Fox and McSweeney, 1998b). These will be 

further explored in the following sections.  

 

 

Figure 5.2. Milk samples (A) without TG and (B) with TG treatment. From left to right in (A), pH of 

the samples are: 6.72 (control); 7.34; 7.78; 8.33; 8.60; 9.19; 9.55; and 9.88. In (B) (from left to right), 

pH of the samples are: 6.75 (control); 7.22; 7.59; 8.06; 8.60; 9.19; 9.55; and 9.83.  

 

5.3.2 Particle sizing by DLS  

The particle size distributions in TG untreated and treated milks at four different pH values 

are shown in Figure 5.3A and B, respectively. The size distributions of both the TG untreated 

and treated control milks were monomodal, which corresponded to casein micelles. They 

ranged approximately between 80 to 700 nm, close to the size range of ~50-600 nm 

suggested by de Kruif and Holt (2003a). The broad distribution indicated that the casein 

micelles were polydisperse in size (Holt, 1992; Walstra and Jenness, 1984d). Rather than a 

monomodal size distribution, Ahmad et al. (2009) showed a bimodal particle distribution for 

control milk without TG treatment, with two populations corresponding to casein micelles 

(30-400 nm) and fat globules (700-6000 nm). Compared to the finding of Ahmad et al. 

(2009), no fat globules were observed in our results, possibly due to the lower fat content 

(~0.3% w/w c.f. 1.5-1.8% w/w) used in our study.  
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During alkalinisation, when the pH was increased to ~8, the particle size distribution of TG 

untreated milk remained monomodal but the intensity was slightly reduced, with a slight 

increase in distribution to between ~80 and 800 nm. This was possibly attributed to the slight 

expansion of casein micelles. Madadlou et al. (2009) reported that re-assembled casein 

particles noticeably increased in diameter when the pH increased from 6.35 to 8.0. The 

monomodal particle size distribution changed to bimodal (two population distributions) when 

the sample was further alkalinised to ~pH 8.5. The second population (~50-600 nm), 

corresponding to casein micelles, was shifted to a lower size range, suggesting possible 

micellar disruption. The appearance of the first population (~20-50 nm) could possibly 

correspond to the presence of smaller particles, as a consequence of the disintegration of 

casein micelles.  

 

Further alkalinisation of the milk to ~pH 10 resulted in the change in particle size distribution 

from bimodal to trimodal. The second population, which corresponded to casein micelles, 

further reduced in size range to between ~15 and 90 nm. Accompanied with this was the first 

population shifting towards the size range of ~5 and 15 nm, and the appearance of the third 

population (~90-1800 nm), both of which possibly corresponded to aggregates of small 

particles of various sizes. The results revealed that alkalinisation in TG untreated milk led to 

the disruption of casein micelles and dissociation into progressively smaller particles or 

casein aggregates. Ahmad et al. (2009) similarly reported that the casein micelle size 

population was significantly reduced and was shifted towards the fat globule size population 

upon increasing pH. They attributed this to the disintegration of casein micelles and 

formation of aggregates comprised of caseins associated with fat globules or individual 

caseins.  

 

Conversely, the particle size distributions of TG treated samples remained monomodal 

throughout the entire pH range investigated, suggesting that the structure of the casein 

micelles was more stable than that in TG untreated milk under alkaline conditions, possibly 

due to the presence of the ε-(γ-glutamyl)-lysine isopeptide bonds. However, a slight increase 

in particle size distribution could be observed as a function of pH increase which indicated 

the expansion of the casein micelles.  
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Figure 5.3. (A) Particle size distribution of 10% (w/w) milk untreated with TG at: pH 6.84 () 

(control); pH 7.99 (); pH 8.56 (▲); and pH 10.19 (▼). (B) Particle size distribution of 10% (w/w) 

milk treated with TG at: pH 6.83 () (control); pH 7.74 (); pH 8.22 (▲); and pH 10.02 (▼).  

 

To better compare the change in particle size between both types of milk, Z-average size of 

casein micelles as a function of pH is shown in Figure 5.4. Z-average size is the harmonic 

intensity averaged particle diameter calculated by analysing the autocorrelation functions 

measured in a DLS experiment (Malvern Instruments Limited, 2011). Control TG untreated 

casein micelles at ~pH 6.7 had an average diameter of 207.0±5.9 nm; whereas those TG 

treated were similarly sized, with diameter of 207.8±1.4 nm. The particle size of the casein 

micelles before and after TG treatment was therefore very similar and was consistent to 

previous published results (Bönisch et al., 2007; Mounsey et al., 2005; O'Sullivan et al., 

2002b), which suggested the intra-micellar TG-induced crosslinking of casein micelles 

predominated over inter-micellar crosslinking (Huppertz and de Kruif, 2007a, 2008; 

Vasbinder et al., 2003c). However, the mean particle size varied between the findings of 

different studies. For instance, O'Sullivan et al. (2002b) have reported the mean particle size 
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of control and TG crosslinked casein micelles to be ~185 nm; whereas Mounsey et al. (2005) 

showed them to be ~204 nm; and ~230 nm from the study by Bönisch et al. (2007). The mean 

size variation of casein micelles could possibly be due to factors related to their growth which 

include seasonal variation, and amount of proteins and CCP (Holt and Muir, 1978).  

 

 

Figure 5.4. Z-average diameter of casein micelles in 10% (w/w) milks as a function of pH. The two 

types of milk are: TG untreated () and TG treated (). Error bars correspond to standard deviations 

of triplicates. 

 

Between ~pH 6.7 and 8, both types of casein micelle (with and without TG) slightly swelled. 

Swelling implied that the casein molecules had separated further away from each other (Liu 

and Guo, 2008). This was possibly due to the increase in electrostatic repulsion between 

caseins (Madadlou et al., 2009), attributed to the increase in negative charge from the 

deprotonation of the phosphoserine residues  (Horne, 1998) and the ionisable side groups of 

charged amino acids on caseins (Vaia et al., 2006). Phosphoserine residues are phosphate 

groups esterified to serine and occasionally to threonine residues via the hydroxyl group on 

the casein molecules (West, 1986). They have two ionisations relevant to the physiological 

pH of milk (negative logarithm of the acid dissociation constant (Ka) (pKa) of 2.1 and 7.2) 

(Anslyn and Dougherty, 2006). Other amino acids in casein which have ionisable side groups 

include acidic (glutamate and aspartate) and basic (lysine, histidine and arginine) amino 

acids, cysteine and tyrosine (Vaia et al., 2006). The pKa values of these charged amino acids 

6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5
0

50

100

150

200

250

 

 
Z-

A
ve

ra
ge

 d
ia

m
et

er
 (n

m
)

pH



Chapter 5 

 

122 

 

on the casein molecules are listed on Table 5.1. Deprotonation of the phosphoserine group 

and ionisable side groups occurs when the pH of milk reaches close to their pKa values. 

When the pH is raised to ~8, the phosphoserine residues possibly convert from singly to 

doubly negatively charge units (Horne, 1998). Concurrently, the ionisation states of 

glutamate, aspartate, lysine, histidine, arginine and terminal carboxyl group remain 

unchanged; whereas the N-terminus and tyrosine become deprotonated. As caseins are 

polyelectrolytes, so the change in charge may be more significant than amino acids freely in 

solution. This leads to a slight increase in the overall negative charge of caseins, and thereby 

increases the electrostatic repulsion between caseins, and results in the swelling of the casein 

micelles.  

 

As the pH was further increased above ~8, TG untreated casein micelles were disrupted to a 

size diameter of ~100 nm. This was consistent to the results of Vaia et al. (2006) which 

reported the disruption of casein micelles at pH values above 9. The alkaline-induced 

micellar disruption was due to further increase in negative charges of the caseins and could 

also be due to diminished hydrophobic interactions ascribed to the change in distribution of 

Ca2+ and inorganic phosphate (Pi) between the aqueous and micellar phase in milk. In 

Chapter 6, we have modelled the speciation and distribution of Ca2+ and Pi between the 

micellar and aqueous phase of milk over the pH range ~6.7 and ~10. The model was designed 

based on extending that described by Holt (2004) and assumed the CCPs in the micellar 

phase were the same as nanoclusters of calcium phosphate surrounded by casein 

phosphopeptides termed calcium phosphate nanoclusters (CPNs) (Chaplin, 1984; Holt, 2004; 

Holt et al., 1982; Holt et al., 1996). The calculations showed that the soluble content of Ca2+ 

(Ca2+, CaCit-, CaHPO4 and CaCl+) and Pi (H2PO4
-) decreased when pH was increased. Vaia et 

al. (2006) hypothesised the underlying mechanism of micellar disruption was based on the 

alkaline-induced reduction of ionic Ca2+ and Pi which led to the increase in solvent quality of 

the aqueous phase and thus diminished cohesive interactions between the hydrophobic 

regions of the caseins. Madadlou et al. (2009) supported the hypothesis of Vaia et al. (2006) 

by proposing the added OH- ions from the NaOH used for alkalinisation increased the solvent 

quality of the milk serum by increasing the electrical conductivity and dielectric constant of 

the serum. As the solvent quality was increased, the number of hydrogen bonds between the 

aqueous and colloidal phase could increase, which can break some of the hydrophobic bonds 

between caseins and hence the destabilisation of the micellar structure (Vaia et al., 2006). On 

the other hand, TG treated milk resisted disruption and continued to swell, reaching a 
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diameter of ~220 nm at ~pH 10. This indicated the TG-mediated ɛ-(γ-glutamyl)-lysine 

isopeptide covalent bonds induced strong protein-protein interactions to stabilise the micellar 

network, possibly strong enough to withstand the increased electrostatic repulsion. 

Yongsawatdigul et al. (2002) suggested that this isopeptide bond was stronger than the 

hydrophobic interactions.  
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Table 5.1. Ionisable groups present on casein molecules, their pKa values and changes from ~pH 6.7 

to ~pH 10. The pKa values are obtained from Vaia et al. (2006) and Ahmad et al. (2009). Red squares 

on amino terminal and tyrosine at ~pH 6.7 emphasise the deprotonation that occurs when pH is 

increased to ~8.  

Group pKa At ~pH 6.7 At ~pH 8 

Amino terminal 8.0 

 
 

Aspartate 4.0 

  

Glutamate 4.5 

  

Lysine 10.5 

  

Arginine 12.5 

  

Histidine 6.0 

  

Tyrosine 9.0 

  

Cysteine 8.3 
 

 

Carboxyl terminal 3.1 
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5.3.3 Examination of casein micelles by Cryo-TEM 

Highly hydrated casein micelles (~3.7 g water/g casein) (Wong et al., 1996) were examined 

by Cryo-TEM at their close-to-native states, as an alternative to conventional methods. 

Conventional electron microscopy methods which require samples to be dehydrated, fixed or 

stained, can interfere with the original nature of the hydrated samples and potentially produce 

artefacts, thereby limiting definitive imaging of the casein micelles (Trejo et al., 2011). Cryo-

TEM works on the basis of freezing the sample suspension in cryogenic fluid, allowing a thin 

layer of vitreous ice to cover the sample which helps it to retain its amorphous nature of the 

aqueous sample environment, then it is examined on the transmission electron microscope 

under cryogenic conditions (Gaillard and Douliez, 2012; Trejo et al., 2011).  

 

The cryo-transmission electron micrographs of TG untreated milk at pH 6.68, 7.94 and 9.15 

are shown in Figure 5.5A, B and C, respectively, and those of TG treated milk at pH 6.74, 

7.93 and 9.14 are shown in Figure 5.5D, E and F, respectively. Note that the black spots 

represent casein micelles, while the large circles are grid holes. In some micrographs, as 

indicated by the red arrows, surface ice appeared. The surface ice crystals were consequences 

from condensation of water vapour during transfer of samples (Dubochet et al., 1988). They 

were easily identifiable as they differed from casein micelles in focus of depth. Control TG 

untreated micelles (Figure 5.5A) were polydisperse and roughly spherical with irregular 

surfaces, in accordance with the results presented by Marchin et al. (2007) and Martin et al. 

(2007). In contrast, those in TG treated milk (Figure 5.5D) seemed to be more spherical, but 

also polydisperse with irregular peripheries. In agreement with the particle sizing results, 

below ~pH 8, micelles were still intact in both types of milk, hence they were still observable 

(Figure 5.5B and E). However, at ~pH 9, after the disruption of the casein micelles in TG 

untreated milk, they were not observable (Figure 5.5C). According to the particle sizing 

results, given their sizes, they were expected to be observed under Cryo-TEM. Despite 

several experimental attempts, the exact reason for the disappearance of the TG untreated 

casein aggregates is still not understood and therefore requires further investigation. 

Conversely, as TG treated milk resisted disruption and continued to swell, the casein micelles 

were still clearly observed (Figure 5.5F).  
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Figure 5.5. Cryo-transmission electron micrographs of 10% (w/w) milk untreated with TG at (A) pH 

6.68, (B) pH 7.94, and (C) pH 9.15; and 10% (w/w) milk treated with TG at (D) pH 6.74, (E) pH 7.93, 

and (F) pH 9.14. Scale bars correspond to 200 nm. The black spots represent casein micelles and the 

large circles are holes on the copper grid. Red arrows indicate surface ice. 
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5.3.4 Protein analysis by RP-HPLC 

The protein contents (αs-, β- and -CN, and α-Lac and β-Lg) in the milks (with and without 

TG) and their centrifuged sera were characterised and quantified by RP-HPLC. All the peaks 

were identified based on comparing the retention times of the major eluted peaks with those 

of the standards. An example chromatogram of the milk sample untreated with TG and those 

of the casein standards obtained at the detection wavelength of 220 nm are shown in Figure 

5.6. Another example chromatogram of TG untreated milk sample and the whey protein 

standards obtained at a detection wavelength of 205 nm are displayed in Figure 5.7. The 

retention times of the αs-CN, β-CN, α-Lac and β-Lg peaks in the milk sample coincided with 

those of the standards, with the exception of -CN. The -CN standard eluted as a broad peak 

(Figure 5.6B); whereas that in the milk sample eluted as three separate peaks (Figure 5.6A). 

The broad -CN standard peak probably contained a larger number of -CN genetic variants 

than in the milk sample used in this study. These genetic variants could be glycosylated and 

the resolving power of the HPLC was not high enough to separate the individual variants. 

The three -CN peaks observed in the milk sample corresponded to the -CN variants A/B 

with varying states of glycosylation, that had previously been characterised in Holstein-

Freisian bovine milk (Swaisgood, 2003), and was consistent with the results obtained by 

Bobe et al. (1998), Bonizzi et al. (2009) and Bordin et al. (2001), which all showed -CN 

eluting as three peaks on their chromatograms. The peak eluted after the last -CN peak in 

the sample was suggested to be αs2-CN, while the double peaks thereafter corresponded to 

αs1-CN according to previous literature (Bobe et al., 1998; Bonizzi et al., 2009; Bordin et al., 

2001) (Figure 5.6A). As there was no standard for individual αs1-CN and αs2-CN, hence, the 

αs-CN standard used contained a mixture of both αs1-CN and αs2-CN. The double αs1-CN 

peaks consisted of αs1-CN B/C variants (Figure 5.6A and D). β-CN was observed as a double 

peak in both the sample and standard due to the existence of different β-CN A variants 

(Figure 5.6A and C). As for the whey proteins (Figure 5.7), they were separated based on the 

method from Enne et al. (2005). α-Lac was a single peak (Figure 5.7A and C); whereas β-Lg 

was a double peak comprised of β-Lg A/B variants (Figure 5.7A and B) (Swaisgood, 2003). 

The order of elution of the major caseins in the sample was -CN, followed by αs-CN and β-

CN (Figure 5.6A), and for the major whey proteins was α-lac, then β-Lg (Figure 5.7A), in 

agreement with results reported by Bobe et al. (1998), Bonizzi et al. (2009) and Bordin et al. 

(2001). 
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Figure 5.6. RP-HPLC chromatograms of (A) 10% (w/w) milk sample untreated with TG and (B-D) 

individual casein standards. Injection volume was 50 μL. Peak identifications are shown: 1 = -CN; 2 

= αs-CN; and 3 = β-CN.  

 

 

Figure 5.7. RP-HPLC chromatograms of (A) 10% (w/w) milk sample untreated with TG and (B, C) 

individual whey protein standards. Injection volume was 50 μL. Peak identifications are shown: 1 = α-

Lac; and 2 = β-Lg.  
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The chromatograms of the caseins in the control TG untreated and treated milks at pH 6.80 

are shown in Figure 5.8A; whereas those of whey proteins are shown in Figure 5.9A. The 

peak areas of all caseins in the TG treated milk were reduced as the TG crosslinked caseins 

did not elute at the original retention times of the individual casein (Figure 5.8A). In contrast, 

the peak areas of the whey proteins in the TG treated milk did not change (Figure 5.9A), 

suggesting that caseins were more preferentially crosslinked by TG in milk over whey 

proteins due to their readily accessible glutamine and lysine residues (Bönisch et al., 2007; 

Faergemand et al., 1997).  

 

The chromatograms of the caseins and whey proteins in the centrifuged sera at ~pH 6.8, 8.8 

and 10 of TG untreated and treated milks are shown in Figures 5.8B and C, and 5.9B and C, 

respectively. It could be clearly seen that the serum casein content increased as a function of 

increasing pH for both types of milk (Figure 5.8B and C). Contrastingly, serum α-Lac 

remained relatively similar throughout the whole pH range; whereas serum β-Lg decreased 

with increasing pH in both TG untreated and treated milks (Figure 5.9B and C).  
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Figure 5.8. RP-HPLC elution profiles of casein content in: (A) 10% (w/w) control milk samples (pH 

6.80) untreated (blue) and treated (red) with TG; and sera of 10% (w/w) milk samples (B) untreated 

and (C) treated with TG. In (B), pH of samples are 6.80 (black), 8.76 (blue) and 10.03 (red). In (C), 

pH of samples are 6.80 (black), 8.76 (blue) and 10.06 (red). Injection volume was 50 μL. In all elution 

profiles, peak identifications are shown: 1 = -CN; 2 = αs-CN; and 3 = β-CN.  
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Figure 5.9. RP-HPLC elution profiles of whey protein content in: (A) 10% (w/w) control milk 

samples (pH 6.80) untreated (blue) and treated (red) with TG; and sera of 10% (w/w) milk samples 

(B) untreated and (C) treated with TG. In (B), pH of samples are 6.80 (black), 8.76 (blue) and 10.03 

(red). In (C), pH of samples are 6.80 (black), 8.76 (blue) and 10.06 (red). Injection volume was 50 μL. 

In all elution profiles, peak identifications are shown: 1 = α-Lac; and 2 = β-Lg. 
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of the total amount present in the control milk at pH 6.80. As expected there were only low 

levels of caseins in the serum as they were mostly bound in the micelles. TG treated control 

milk contained a lower percentage of total caseins in the serum, but both types of control 

milk contained similar concentrations of whey proteins (percentage of control) in the serum. 

These results indicated that TG may have interacted with some free caseins, but not with the 

whey proteins.  

 

Table 5.2. Milk protein content in sera (percentage of control) for TG untreated and treated control 

milks at pH 6.80. 

Protein type 
TG untreated milk TG treated milk 

Percentage (%) total protein in control1 

αs-CN 15.2±0.6 11.6±0.6 

β-CN 5.9±1.9 ND* 

κ-CN 24.5±1.5 12.8±5.3 

α-lac 99.3±1.7 106.1±1.7 

β-Lg 104.3±2.4 105.3±2.6 

1 Values are average±standard deviation of triplicates.  

* ND = not detected. 

 

Figures 5.10 and 5.11 show the serum casein and whey protein content (percentage of 

control) as a function of pH, respectively. As the micellar structures were loosened due to 

swelling between ~pH 6.7 to 8, caseins in TG untreated milk were progressively dissociated 

into the serum in the order of κ-CN > αs-CN > β-CN (Figure 5.10). At ~pH 8.5, 72.7±2.5% of 

total κ-CN, 59.0±3.0% of total αs-CN and 52.4±7.3% of total β-CN were present in the serum 

of TG untreated milk, confirming the disruption of micelles as observed by particle sizing. At 

~pH 8.8, more release of caseins occurred, with 91.0±1.6% of total κ-CN, 64.3±5.5% of total 

αs-CN and 76.0±0.4% of total β-CN present in the serum. When the pH was further increased 

to ~10, TG untreated micelles remained disrupted, with almost all of the total κ-CN and β-CN 

in the serum. However, serum αs-CN decreased and only 42.9±0.6% of total αs-CN was left at 

~pH 10.  

 

The decrease in serum αs-CN from ~pH 8.8 was possibly due to the re-association of αs-CN 

molecules dissociated from the casein micelles and further aggregation in the serum. Liu and 

Guo (2008) reported the association of caseins into micelles at pH range between 5.5 and 12. 
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At the alkaline pH range, Liu and Guo (2008) explained the association of caseins into 

micelles to be due to the self-assembly nature of the casein molecules due to the hydrophobic 

interactions between the hydrophobic regions of the caseins. Zhong et al. (2007) also showed 

the hydrophobic interaction driven self-assembly of casein molecules at up to pH 12. 

Furthermore, Bian and Plank (2012) demonstrated the disruption of casein micelles at 

moderate alkaline pH, then the dissociation of casein micelles into smaller submicelles at pH 

12 and 13 in casein solutions, followed by the re-association of the submicelles at pH 14. The 

underlying mechanism in the re-association of caseins at alkaline pH, according to Bian and 

Plank (2012), was attributed to the calcium phosphate linkages between casein proteins, 

weakened electrostatic repulsion and strengthened hydrophobic attraction. In alkaline 

conditions, more calcium phosphate clusters bind to the phosphoserine groups due to the 

higher equilibrium constant (Cross et al., 2005). This is supported by the reduction in Ca2+ 

and Pi content in the milk ultrafiltrate as a function of increasing pH, as demonstrated in 

Chapter 6. Calcium phosphate clusters are positively charged, when they interact with the 

phosphoserine groups of caseins, the negative charges on the caseins are neutralised which in 

turn weakens the electrostatic repulsion between the caseins. This enhances the hydrophobic 

interactions between caseins, thereby favouring the association of caseins at high pH (Bian 

and Plank, 2012). As αs-CN possesses the highest number of phosphoserine residues (eight to 

13), compared to other major caseins in milk (four to five for β-CN and one for κ-CN) 

(McMahon and Brown, 1984), it is possible the tendency for it to interact with calcium 

phosphates and undergo association is highest. This may explain why serum αs-CN 

concentration initially increase and then decrease during alkalinisation. 

 

For TG treated milk, instead of the caseins being released into the serum at ~pH 6.7 to 8.5, 

they stayed mainly in the micellar phase. Although no disruption occurred in TG treated milk 

at ~pH 8.5 as observed in the particle sizing results, some caseins were still released into the 

serum (16.7±1.6% of total αs-CN, 5.1±1.2% of total β-CN and 20.4±4.2% of total κ-CN). 

Above ~pH 8.5, casein micelles remained undisrupted, but swelling continued as observed by 

particle sizing, so caseins were increasingly dissociated into the serum. At ~pH 10, 

55.2±3.1% of total αs-CN, 31.3±2.1% of total β-CN and 65.2±8.4% of total κ-CN were in 

serum, less than those present in TG untreated milk serum. The order of casein released into 

the serum during alkalinisation seemed to be unrelated to the reactivity of the casein to TG 

crosslinking. For example, the release of κ-CN as a function of pH increase in TG treated 

milk was observed to be the highest although κ-CN was demonstrated by RP-HPLC (Table 
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A1.1 in Appendix 1) to be the most reactive with TG among β-CN and αs-CN in the casein 

micelle structure at native pH of milk (~pH 6.7). Our obtained reactivity of casein to 

crosslink by TG at ~pH 6.7, in the order of κ-CN > β-CN > αs-CN, was consistent to the 

previous published results (Hinz et al., 2007; Hinz et al., 2012; Huppertz and de Kruif, 2007a; 

Huppertz and de Kruif, 2007b; Sharma et al., 2001; Smiddy et al., 2006). de Kruif and Holt 

(2003b) and Smiddy et al. (2006) suggested that the order of reactivity depends on the 

location of the casein in the micelle, instead of owing to the casein’s specificity. κ-CN, to a 

greater extent, and β-CN, to a lesser extent, are readily accessible to TG as they are located 

on the micellar surface (Rodriguez-Nogales, 2005); whereas αs-CN is poorly accessible to TG 

due to its location in the core of the micelle (de Kruif and Holt, 2003a). If the caseins are not 

arranged in the form of micelles, but isolated instead, Ikura et al. (1980) reported that κ-CN 

was the least reactive to TG crosslinking. The presence of less caseins in the serum in TG 

treated milk at ~pH 10 indicated that casein micelles did not dissociate as extensively as 

those in the TG untreated milk. This suggested that TG had the capability to reduce alkaline-

induced dissociation of caseins. TG is also capable of reducing the dissociation of caseins 

under other disruptive forces such as the addition of urea (de Kruif et al., 2002; O'Sullivan et 

al., 2002a) and sodium citrate (O'Sullivan et al., 2002a), where such dissociation is attributed 

to the disruption of hydrophobic interactions in casein micelles and sequestration of CCP, 

respectively (Smiddy et al., 2006). 
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Figure 5.10. (A) αs-CN, (B) β-CN and (C) κ-CN concentrations in sera (percentage of control) of 

10% (w/w) milk samples as a function of pH. The two types of milk are: TG untreated () and TG 

treated (). Error bars correspond to standard deviations of triplicates. 
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For the whey proteins (Figure 5.11), ~100% of total α-Lac stayed in the serum of TG 

untreated milk until ~pH 8.8. Above ~pH 8.8, the serum total α-Lac dropped and 75.9±5.9% 

of total α-Lac was left in the serum at ~pH 10 (Figure 5.11A). In comparison, the total β-Lg 

maintained at ~100% in the serum of TG untreated milk until ~pH 8, but subsequently 

decreased as pH was further increased. Only 13.1±3.0% of total β-Lg remained present in the 

TG untreated milk serum at ~pH 10 (Figure 5.11B).  

 

For both types of whey protein in TG untreated milk, their decrease in serum content could 

be due to alkaline-induced denaturation, followed by the formation of disulfide linked 

aggregates. α-Lac was reported to be partially unfolded into intermediate states when the pH 

was raised to ~10 (Kronman et al., 1967; Kuwajima et al., 1981). The alkaline-denatured α-

Lac was shown to be swollen, with a modified environment of tryptophan residues and an 

increased tendency to association and aggregation (Kronman et al., 1966; Kronman et al., 

1967; Robbins et al., 1967). Similarly, McKenzie (1971), Casal et al. (1988) and Boye et al. 

(1996) showed that β-Lg was unfolded into extensive random coil structures at ~pH 9. The 

alkaline-induced formation of a more unordered β-Lg structure was attributed to the 

unfolding of the α-helical portion and β-strands (Casal et al., 1988). Similarly to α-Lac, the 

denatured β-Lg tended to possess increased reactivity to promote the formation of aggregates 

(de Wit, 1989). It is therefore predicted that above pH 8, both types of whey protein in TG 

untreated milk are denatured, associated and aggregated, and are then removed during the 

microcentrifugation step in the preparation for RP-HPLC, leading to the reduction in 

concentration in the serum as a function of pH increase, as shown in Figure 5.11. Owing to 

the differences in structure and charged groups at the molecular surface for both proteins, it is 

probable that their denaturation and association-aggregation behaviour at alkaline pH differ, 

resulting in more α-Lac remaining in the serum than β-Lg as a function of increasing pH.  

 

In the case of TG treated milk, ~100% of total α-Lac stayed in the serum throughout the 

whole pH range investigated (Figure 5.11A). On the other hand, the serum percentage of total 

β-Lg decreased in TG treated milk, in a similar trend as TG untreated milk, with only 

13.9±3.4% of total β-Lg left in the serum at ~pH 10 (Figure 5.11B). The results indicated that 

in the presence of TG, only α-Lac was resistant to the alkaline-induced aggregation of 

denatured whey proteins. Essia and Khan (2006) showed that the TG catalysed ε-(γ-

glutamyl)-lysine isopeptide covalent bonds in whey protein isolate denatured by dithiothreitol 

limited the association of hydrophobic moieties needed for aggregation. The study by Tang 
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and Ma (2007) revealed that the TG crosslinked β-Lg denatured by heat treatment induced 

conformational changes in β-Lg and impeded hydrophobic association formation. Despite the 

whey proteins crosslinked by TG have increased stability upon denaturation and aggregation 

by various treatments, their aggregation behaviour differed at alkaline pH. This was possibly 

due to their differences in susceptibility to crosslinking by TG in milk. It was demonstrated 

by RP-HPLC (Table A1.1 in Appendix 1) that native α-Lac was better crosslinked by TG 

than native β-Lg in milk due to α-Lac having more reactive glutamine and lysine residues to 

be crosslinked (Faergemand et al., 1997). The results obtained were consistent with the 

findings of Faergemand et al. (1997) which showed α-Lac was significantly crosslinked by 

TG; whereas β-Lg was only very slightly crosslinked in whey protein isolate solutions. The 

fact that native β-Lg is a poor substrate for TG in milk containing both whey proteins and 

caseins was supported by Han and Damodaran (1996) who reported that β-Lg cannot be 

concurrently bound at the TG active site in the presence of β-CN due to the thermodynamic 

incompatibility of mixing both proteins at the TG active site. 
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Figure 5.11. (A) α-Lac and (B) β-Lg concentrations in sera (percentage of control) of 10% (w/w) 

milk samples as a function of pH. The two types of milk are: TG untreated () and TG treated (). 

Error bars correspond to standard deviations of triplicates. 

 

5.3.5 Viscosity by capillary viscometry 
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micelles is derived from the change in particle size as a function of increasing pH. For 

example, voluminosity increases when micelle size decreases (Walstra et al., 2006b). Then 

the increase in voluminosity of casein micelles (V) leads to the increase in viscosity of the 

milk (η) according to: 

𝑉 =
(𝜂𝑟𝑒𝑙−1)

2.5𝐶
         (5.1) 

The above equation is yielded from combining the Einstein equation  

[𝜂𝑟𝑒𝑙 = (1 + 2.5𝜙)] (Foegeding et al., 2011) together with the equation expressing the 

volume fraction [𝜙 = 𝐶𝑉] (Dewan et al., 1973), where ηrel is the ratio of the  viscosity of the 

milk to that of the continuous phase (serum), and C is the mass concentration of the casein 

micelles. The change in milk viscosity during alkalinisation reflects the change in structural 

properties of casein micelles.  

 

Figure 5.12 shows the viscosities of TG untreated and treated milks as a function of 

increasing pH. At ~pH 6.70, TG untreated and treated milks both had viscosities of 1.4±0.1 

mPa·s. The viscosity of the control TG untreated milk obtained was close to the value of 1.5 

mPa·s at pH 6.7 reported by Ahmad et al. (2009). When the pH was increased to ~8, the 

viscosities increased in both TG untreated and treated milks suggesting an increase in the 

voluminosity of casein micelles corresponding to the reduction in mass concentration of 

casein micelles due to the release of caseins, as demonstrated by the RP-HPLC results. A 

slightly higher rate of increase in viscosity for TG untreated milk was observed, possibly 

ascribed to the faster rate of casein release. Above ~pH 8.8, the viscosity of TG untreated 

milk reached a plateau (~2.5 mPa·s), in agreement with the high content of caseins 

dissociated upon disruption of casein micelles. The increase in viscosity of milk (without TG 

treatment) as a function of increasing pH was consistent with the findings of Ahmad et al. 

(2009), which reported that viscosity increased from 1.5 to 4.8 mPa·s between pH 6.7 and 

10.8. In contrast, TG treated milk continued to increase in viscosity to 3.5±0.2 mPa·s above 

~pH 8.8 due to the release of caseins during micellar swelling. 
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Figure 5.12. Viscosity as a function of pH for 10% (w/w) milk samples. The two types of milk are: 

TG untreated () and TG treated (). Error bars correspond to standard deviations of triplicates. 

 

5.3.6 Structural features of casein micelles by SAXS 

SAXS is a non-destructive technique used to obtain structural information of casein micelles 

in solution (Ingham et al., 2015). Figure 5.13A and B show the measured scattering 

intensities, I(q), as a function of total scattering vector, q, for casein micelles in TG untreated 

and treated milk, respectively, at different pH values. Note that 𝑞 = (
4𝜋

λ
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2
), where θ is 

the scattering angle (Marchin et al., 2007). The insets in Figure 5.13 represent the 

corresponding Kratky plots (I(q) x q2) as a function of q, to better exhibit the different 

features of the curves. The displayed scattering intensities signify the scattering patterns of 

casein micelles, obtained by subtracting the scattering pattern of the milk sample from that of 

the corresponding ultrafiltrated serum. The SAXS data reduction was done on the 

scatterBrain software (Australian Synchrotron, Melbourne, Australia). Figure 5.13 shows that 

the scattering profiles changed shapes as a function of pH for both TG untreated and treated 

casein micelles. This was related to the modifications in the structure of the casein micelles in 

the milk system. 
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Figure 5.13. SAXS reduced intensities of TG (A) untreated and (B) treated casein micelles in 10% 

(w/w) milk samples at different pH. Insets show the corresponding Kratky plots in log-log scale. 

Curly brackets show the positions of level 1 (L1) attributed to the form factor of core-shell structure 

of casein micelle and level 2 (L2) assigned to the form factor of CPNs reticulated in the casein matrix 

in the micellar core.  
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this study, the scattering profiles were fitted using the core-shell structural model on the 

SasView version 3.0.0 software (National Science Foundation, Virginia, USA) with 

polydispersity and a log-normal distribution in order to analyse the modifications in the 

structural features of casein micelles under the influence of high pH. An example of the fit is 

shown in Figure 5.14 for TG untreated milk at pH 6.70. The core-shell model describes the 

casein micelle to be a polydisperse particle with a core made up of a uniform casein matrix 

with CPNs and a shell containing κ-CNs for stabilising the micellar structure (Bouchoux et 

al., 2010). According to Shukla et al. (2009), the shell of the casein micelle represents the 

thickness of the macropeptide chains of κ-CNs which extend outward into solution from the 

micellar surface (Holt and Dalgleish, 1986). CPNs are not considered to be present in the 

shell as κ-CNs are insensitive to Ca2+ (Horne, 2002). As for the core and shell of CPNs, they 

are described as made up of calcium phosphates and peptide chains, respectively (de Kruif 

and Holt, 2003a; Holt et al., 1998). Thus, the total scattered intensity, I(q), is the sum of the 

intensity from the polydisperse core-shell particles, ICS(q) (denoted as level 1 in Figures 5.13 

and 5.14) and that from the CPNs, ICPN(q) (denoted as level 2 in Figures 5.13 and 5.14), as 

given by (Shukla et al., 2009): 

𝐼(𝑞) = 𝐼𝐶𝑆(𝑞) + 𝐼𝐶𝑃𝑁(𝑞)       (5.2) 

Level 1 (core-shell form factor) was fitted at low q range (0.006 to 0.02 Å-1); whereas level 2 

(CPN form factor) was fitted at high q range (>0.08 Å-1). Note that the structure factor 

depicting inter-particle interactions was not used in the fittings so that the fitted scattering 

intensities corresponded solely to the form factor of the casein micelle. Schematic diagrams 

of the core-shell casein micelle and core-shell CPN models are also shown in Figure 5.14 to 

aid in understanding the casein micellar structural features.  
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Figure 5.14. SAXS reduced intensity of TG untreated casein micelle in 10% (w/w) milk sample at pH 

6.70 ().The black lines on the data points show the fitting of the structural level assigned to core-

shell term of the casein micelle (denoted in curly bracket as level 1 (L1)) and the structural level 

assigned to CPNs inside the micellar core (denoted in curly bracket as level 2 (L2)). All fittings are 

obtained using the core-shell structural model, with polydispersity and log-normal distribution on the 

SasView software. Schematic diagrams of the core-shell casein micelle (L1) and core-shell CPN (L2) 

are shown. The black strands and yellow circles denote caseins and calcium phosphates, respectively. 

In the core-shell casein micelle model, the core represents casein matrix with CPNs and the shell 

represents the layer of κ-CNs on the micellar surface. In the core-shell CPN model, the core 

represents calcium phosphate; whereas the shell denotes the surrounding phosphopeptide chains. 

 

Figure 5.15A and B show the change in radii of the micellar core and shell, and that of the 

core and shell of CPNs, respectively, as a function of increasing pH. These were acquired 

from fitting the experimental scattered intensities with the core-shell structural model, 

polydispersity and log-normal distribution on the SasView software, at low and high q 

ranges, respectively (an example is shown in Figure 5.14). At pH 6.70, the core-shell model 

at low q range yielded radii of 38.8 and 25.0 nm for TG untreated casein micelle core and 

shell, respectively; whereas those for TG treated casein micelle were 34.6 and 21.7 nm, 

respectively. Our radius of the micellar core was close to or within the range of the findings 

of Bouchoux et al. (2010) and Shukla et al. (2009) which reported their diameters to be in the 

range of 80 and 70-120 nm, respectively. However, our measured shell radius was higher 
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than the range reported by Shukla et al. (2009) (10.5-    11.8 nm). The CPNs in TG untreated 

and treated casein micelles at pH 6.70 comprised a core and shell with radii of 1.04 nm and 

4.39 nm, and 0.89 nm and 4.57 nm, respectively. These were similar to the values of 2.30 and 

4.04 nm, reported by Holt et al. (1998) for the core and shell of CPN, respectively. 

 

The results revealed that for the TG untreated casein micelle, alkalinisation led to the gradual 

reduction in the radii for both the core and shell, possibly due to the micellar disruption 

demonstrated by DLS. TG treated casein micelle also decreased in the radius of the micellar 

shell, but its micellar core radius slightly increased which could be attributed to micellar 

swelling (Figure 5.15A). For the CPNs, the results showed that despite the TG-induced 

crosslinks in the casein micelles, alkalinisation did not lead to the change in radii of both the 

core of calcium phosphates and the shell of peptide chains (Figure 5.15B).  
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Figure 5.15. (A) Radii of casein micellar core and shell, and (B) radii of core and shell of CPNs in 

10% (w/w) milk as a function of pH. Core radii are represented by solid symbols and shell radii by 

open symbols. The radii are acquired by fitting experimental data with core-shell structural model, with 

polydispersity and log-normal distribution on the SasView software. The two types of milk are: TG 

untreated () and TG treated (). 

 

5.3.7 Alkalinisation mechanism of milks with and without TG treatment 

To help with summarising the results from above, a schematic diagram comparing the 

changes in physico-chemical properties of casein micelles in TG untreated and treated milks 

under alkaline pH was developed (Figure 5.16).  

 

At ~pH 6.7, casein micelles are stabilised by the balance between hydrophobic and 

electrostatic interactions, and the presence of CCPs (Anema and Li, 2000; Horne, 1998; Liu 

and Guo, 2008; McMahon and Oommen, 2008) (Figure 5.16A (i)). In addition to these, the 

TG crosslinked casein micelles have ɛ-(γ-glutamyl)-lysine isopeptide covalent bonds between 

caseins (de Jong and Koppelman, 2002) (Figure 5.16B (i)).  
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Upon increasing the pH to ~8, casein micelles with and without TG swelled due to the 

increase in electrostatic repulsion between caseins (Madadlou et al., 2009) from the 

deprotonation of the phosphoserine residues (Horne, 1998), and the N-terminus and tyrosine 

residues (Vaia et al., 2006). During swelling where the casein micelles had a loosened 

network, caseins in the TG untreated casein micelles were progressively dissociated in the 

order of κ-CN > αs-CN > β-CN (Figure 5.16A (ii)); whereas all caseins stayed in the micellar 

phase of TG treated milk (Figure 5.16B (ii)). 

 

Above ~pH 8, TG untreated casein micelles were disrupted with almost all of the κ-CN and 

β-CN diffused from the micelles (Figure 5.16A (iii)). The micellar disruption was the result 

of further increase in negative charge and diminished hydrophobic interactions between 

caseins, ascribed to the reduction in free Ca2+ and Pi in the serum (Vaia et al., 2006). The 

serum αs-CN content, however, decreased until ~pH 10. The reduction of serum αs-CN could 

be explained by alkaline-induced re-association and aggregation (Bian and Plank, 2012). 

Furthermore, the α-Lac and β-Lg decreased in the serum from ~pH 8.8 and 8, respectively, 

suggesting also alkaline-induced denaturation and aggregation. Casein micelles crosslinked 

by TG, on the other hand, resisted disruption and continued to swell until ~pH 10. Caseins 

were diffused to a lesser extent than in TG untreated milk during swelling (Figure 5.16B 

(iii)). It was suggested that the TG-mediated ɛ-(γ-glutamyl)-lysine isopeptide covalent bonds 

induced strong protein-protein interactions to stabilise the micellar network under alkaline-

induced micellar disruption. Of the whey proteins, only α-Lac was resistant to the 

denaturation and aggregation in TG treated milk. In the pH range investigated, despite the 

presence of the TG crosslinks, alkalinisation did not lead to changes in the size of calcium 

phosphates. 
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Figure 5.16. Proposed schematic representation of changes in physico-chemical properties of casein 

micelles in TG (A) untreated and (B) treated milks at (i) ~pH 6.7, (ii) ~pH 8 and (iii) >pH 8 during 

alkalinisation. 

 

5.4 Summary 

This chapter demonstrated that alkalinisation induced differences in changes in particle size, 

protein distribution, viscosity and micellar structure between milk with and without TG 

treatment. As the pH was raised to ~8, both TG untreated and treated casein micelles swelled, 

possibly due to the increase in electrostatic repulsion from the deprotonation of 

phosphoserine residues, N-terminus and tyrosine residues on casein molecules. Swelling 

loosened the micellar structure such that some caseins were dissociated in TG untreated milk; 

whereas the caseins remained in the micellar phase of TG treated milk in the presence of the 

ε-(γ-glutamyl)-lysine isopeptide bonds. The viscosities increased for both types of milk due 

to swelling and/or dissociation of the caseins. Above ~pH 8, the TG untreated micelles were 
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disrupted; whereas the TG treated micelles resisted disruption and continued to swell. 

Micellar disruption was the consequence of increased negative charges and diminished 

hydrophobic interactions of the caseins due to a change in the distribution of Ca2+ and Pi 

between the aqueous and micellar phase in milk. While almost all β- and κ-CNs was diffused 

in TG untreated milk, the αs-CNs dissociated from the casein micelles were re-associated and 

aggregated. The α-Lac in TG untreated milk serum, and the β-Lg in both types of milk serum 

decreased as a result of alkaline-induced denaturation and aggregation. The α-Lac in TG 

treated milk serum, however, resisted aggregation. In the presence of TG-induced crosslinks, 

although the micellar structure was altered during alkalinisation as compared to milk without 

TG treatment, the size of calcium phosphates remained unchanged. The results revealed that 

the intra-micellar ε-(γ-glutamyl)-lysine isopeptide crosslinks mediated by TG had an effect in 

stabilising the micellar structure against alkaline-induced disruption.  
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Chapter 6.  
The effect of transglutaminase treatment on the mineral 
balance and calcium phosphate phases of skim milk as a 

function of pH 
 

6.1 Introduction 

The inorganic ions and caseins in milk are in dynamic equilibrium between the aqueous and 

micellar phase. In the aqueous phase, ions such as Ca2+ and Mg2+ exist as free ions and as 

complexes with citrate (Cit3-), inorganic phosphate (Pi) (H2PO4
-, HPO4

2- and PO4
3-) and Cl-

(Gaucheron, 2011; Holt et al., 1981b; Mekmene et al., 2009). The free Ca2+ and Mg2+ ions 

also form complexes with the phosphoserine residues of the caseins and carboxylic acids 

present in the serum. Other ions such as K+ and Na+ exist mainly in the free ion form and 

exist less frequently as complexes with counterions (Davies and White, 1960; Gaucheron et 

al., 1996; Holt, 1997). The micellar phase is made up of a matrix of colloidal calcium 

phosphates (CCPs) linked to caseins via their phosphoseryl groups. These CCPs are 

comprised of Ca2+, Mg2+, Pi and citrate (Belitz et al., 2009; Fox, 2003; Gaucheron, 2011; 

Holt, 1992; Little and Holt, 2004).  

 

In response to changes in the pH of milk, as often occurs during food processing, there is a 

re-equilibration of ions in the aqueous phase, which results in a re-equilibration of the 

minerals associated with the micelles and a redistribution of both ions and caseins between 

the aqueous and micellar phase (Dalgleish and Law, 1989; Gaucheron, 2005; Mekmene et al., 

2010). To investigate the influence of transglutaminase (TG) treatment on the physico-

chemical properties of milk as a function of pH, it is necessary to understand the effect of TG 

on the distribution of ions between the aqueous and micellar phase as a function of pH (Fox 

and McSweeney, 1998a; Gaucheron, 2005; Walstra and Jenness, 1984c). In this chapter the 

equilibria of the ions Ca2+, Mg2+, K+, Na+ and Pi between the micellar and aqueous phases of 

milk, with and without TG, over a pH range of 4 to 10, were measured. In addition, the 

speciation and distribution of the inorganic ions (Ca2+, Mg2+, K+, Na+, Pi) in the milk were 

modelled. The model used was based on Holt’s model (2004) for calculating the partition and 

interaction between inorganic ions in milk. The micellar phase in this chapter was considered 

to be the nanocluster phase, where the CCPs as proposed by Holt (2004) were to be the same 

as nanoclusters of calcium phosphates surrounded by casein phosphopeptides, termed 



Chapter 6 

 

150 

 

calcium phosphate nanoclusters (CPNs) (Chaplin, 1984; Holt, 2004; Holt et al., 1982; Holt et 

al., 1996). The calcium phosphates were linked to the casein phosphopeptides via 

phosphorylated sequences known as phosphate centres (PCs) (Holt, 2004).  

 

The modelling was discussed with reference to the experimental data obtained and was 

undertaken to help understand the observed phenomena. The milk samples were acidified 

using glucono-δ-lactone (GDL) or alkalinised with NaOH at room temperature. In addition, 

Raman spectroscopy was used to characterise the resulting calcium phosphate phase 

precipitated from alkalinisation. The specific aims of this chapter are to: 

1. Compare the distribution of minerals between the aqueous and micellar phases of TG 

untreated and treated milk as a function of pH change.  

2. Model the mineral equilibria of the milk and discuss with reference to the 

experimental data obtained.  

3. Characterise the calcium phosphate phase that precipitated in response to 

alkalinisation. 

 

6.2 Materials and methods 

6.2.1 Materials  

The main materials used included skim milk powder and TG. The chemicals used were GDL, 

NaOH, HNO3, CaCl2, KCl, LaCl3·7H2O, 4-morpholineethanesulfonic acid, trichloroacetic 

acid, Ca2+, Mg2+, K+, Na+ and P standard stock solutions, 2,4-diaminophenol dihydrochloride, 

sodium bisulphite and ammonium molybdate tetrahydrate. 

 

6.2.2 Preparation of samples and experimental methods 

A schematic of the experimental methods used in this chapter is presented in Figure 6.1. 

Details of each procedure are given in the indicated section. Acidified and alkalinised milk 

samples (10% w/w; with and without TG) and their ultrafiltrates were prepared at pH values 

between 4 and 10. They were then used for mineral analysis of the total and soluble mineral 

content, respectively, via atomic absorption and atomic emission spectroscopy, and 

colorimetry. A Ca2+ ion selective electrode (ISE) was used to measure the free and unbound 

Ca2+ in the acidified TG untreated and treated milk samples. The measured mineral balance 

results were compared to those calculated by modelling. The model used the total 

concentrations of minerals (Ca2+, Mg2+, K+, Na+, Pi, citrate, Cl-, sulfate), carboxylic acids and 
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lactose, the total proteins, the total caseins, the pH, and the amount of Na+ from NaOH added 

to alkalinise the milk, as input data. Calcium phosphate phases in the milk samples (with and 

without TG) at alkaline pH were characterised by Raman spectroscopy. Synthetically made 

calcium phosphate phases (amorphous calcium phosphate (ACP), dicalcium phosphate 

dihydrate (DCPD), tricalcium phosphate (TCP), octacalcium phosphate (OCP), and 

hydroxyapatite (HAP)) were used as standards for comparison.  

 

The influence of TG treatment on the minerals (Ca2+, Mg2+, K+, Na+, Pi and ionic Ca2+) in 

dynamic equilibrium between the micellar and aqueous phase in milk as a function of pH was 

studied using a two-tailed paired sample T-test at a 5% significance level (P<0.05). The SPSS 

Statistics version 22 software (IBM Corp., New York, USA) was used to perform the 

statistical analyses. 
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Figure 6.1. Flowchart of the experimental procedures used in this chapter. The details for all 

procedures are given in the indicated sections to be found in Chapter 3.  
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6.3 Results and discussion 

6.3.1 Partition of minerals at the natural pH of milk 

The measured and modelled concentrations of the major inorganic ions in the aqueous and 

micellar phases of both TG untreated and treated milks at pH 6.66±0.03 are given in Table 

6.1.   The total Ca2+, Mg2+, K+ and Na+ concentrations in both types of milk were at the lower 

end of the ranges of 26-32, 4-6, 31-43 and 17-28 mM, respectively, as reported by Gaucheron 

(2005), while the total Pi was slightly below the range of 19-23 mM. The total concentrations 

of inorganic ions are dependent on factors including breed, lactation stage, seasonal changes 

and diet (Fox and McSweeney, 1998a; Holt, 1985). The proportions of ions in the aqueous 

phase to the total concentrations of TG untreated milk were 25% Ca2+, 51% Mg2+, 99% K+, 

97% Na+ and 44% Pi (Table 6.1). The proportions of K+ and Na+ were close to the typical 

values of 100% reported by Holt and Jenness (1984), while those of Ca2+, Mg2+ and Pi were 

lower than the typical values of 31%, 65% and 54%, respectively. The serum ion proportions 

to the total concentrations of TG treated milk (26% Ca2+, 54% Mg2+, 96% K+, 97% Na+ and 

44% Pi) were comparable to those of TG untreated milk, indicating that TG treatment did not 

influence the partition of inorganic ions in milk at the natural milk pH of 6.66. 
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Table 6.1. Total and soluble inorganic ion concentrations of 10% (w/w) control TG untreated and treated milks (without the addition of GDL or NaOH) at pH 

6.66±0.03.  

Mineral 

species 

TG untreated milk  TG treated milk  Modelled 

concentration (mM) Experimental concentration (mM)a 

Totalb 
Aqueous 

phaseb 

Micellar 

phasec 
Totalb 

Aqueous 

phaseb 

Micellar 

phasec 

Aqueous 

phase 

Micellar 

phasee 

Ca2+ 28.0±1.0 7.0±0.9 21.0 27.3±0.9 7.1±0.6 20.2  7.6 20.4 

Mg2+ 4.3±0.1 2.2±0.3 2.1 4.1±0.1 2.2±0.1 1.8 2.8 1.5 

K+ 32.7±1.5 32.3±0.9 0.40 31.3±1.4 30.2±1.5 1.1 32.7 0 

Na+ 18.7±0.5 18.1±0.4 0.6 17.9±1.0 17.4±0.3 0.54 18.7 0 

Pi 17.6±0.1 7.8±0.9 9.7 16.5±0.3 7.2±0.4 9.3  7.4 10.2 

Free Ca2+  - 2.5±0.1d - - 2.2±0.1d - 3.6 - 

a Values are mean±standard deviation of triplicate measurements. 

b Values obtained experimentally by atomic absorption and atomic emission spectroscopy for cations, and colorimetry for Pi. Typical calibration 

curves are shown in Figures A2.6-A2.10 in Appendix 2.  

c Calculated by subtracting the soluble from the total inorganic ion concentration.  

d Measured by Ca2+ ISE and an example of the calibration curve is shown in Figure A2.12 in Appendix 2. 

e Calculated by subtracting the soluble from the total inorganic ion concentration in TG untreated milk.  
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6.3.1.1 Minerals in the aqueous phase  

The concentrations of soluble inorganic ions calculated by the modified Holt’s model at pH 

6.66 were similar to those measured in TG untreated and treated milks (Table 6.1). For 

example, the calculated total soluble Ca2+ concentration (7.6 mM) was comparable to those 

measured in TG untreated (7.0±0.9 mM) and treated (7.1±0.6 mM) milks. The total soluble 

Ca2+ calculated by the model was based on the fraction of PCs in the CPNs (parameter α used 

in the model). Since TG treatment only induced intra-micellar crosslinks in the casein 

micelles which did not involve phosphoserine residues on the casein molecules, and did not 

greatly alter the distribution of caseins and thus the distribution of PCs between the aqueous 

and micellar phase at pH 6.66 (Chapter 5), it was expected that the concentration of total 

soluble Ca2+ calculated by the model would be close to those obtained experimentally in both 

types of milk with and without isopeptide crosslinks. This revealed that TG crosslinks did not 

affect the binding between Ca2+ and phosphoserine residues at pH 6.66.  

 

The calculated concentrations of the soluble ionic species (free and complexed) in the 

aqueous phase of milk are shown in Table 6.2. As TG treatment did not interfere with the 

phosphoserine residues, and affect the distribution of caseins and PCs between the aqueous 

and micellar phase at pH 6.66 (as mentioned above), the modelled speciation was therefore 

representative of both types of milk (with and without TG treatment). Soluble Ca2+ was 

predominantly present as the free ion (48%), or associated with citrate (Cit3-) (36%), Pi 

(HPO4
2-) (9%) or Cl- (5%). This contrasts with the results calculated by Holt et al. (1981b), 

who reported that soluble Ca2+ was mostly present in the form of complexes with Cit3- (68%), 

then free Ca2+ (20%), and then associated with HPO4
2- (6%) and Cl- (3%). The variation 

between our results and those of Holt et al. (1981b) reflects the lower total citrate 

concentration in our study (4.66 mM c.f. 9.5 mM). The citrate concentration has been shown 

to depend on the season and diet of the cows (Linn, 1988; Varnam and Sutherland, 1994). 

Mekmene et al. (2009) and Mekmene et al. (2010) also presented similar trends as Holt et al. 

(1981b). The soluble Mg2+ forms in the aqueous phase were similar to those of Ca2+, in that 

they were mainly present in the free form (52%) and as MgCit- (28%), MgHPO4 (13%) and 

MgCl2 (3%) complexes. The forms of soluble Mg2+ present in the literature were in the same 

order as that of the soluble Ca2+ (Holt et al., 1981b; Mekmene et al., 2009; Mekmene et al., 

2010). Soluble Na+ remained mostly as free Na+ (97%), with very minor amounts associated 

with Cl- (1%) and HPO4
2- (1%) to form NaCl and NaHPO4

- complexes, respectively. Soluble 

K+ was similar to that of Na+ where the majority was ionic (97%) with only minor amounts of 
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complexes (KCl and KHPO4
-) (1%). These values were consistent with the results of Holt et 

al. (1981b), which showed that ~95% soluble K+ and Na+ were ionic. Pi was mainly present 

as free H2PO4
- (59%) and HPO4

2- (17%), and to a minor extent associated with cations. 

Citrate ions (Cit3-) were predominantly complexed with Ca2+ as CaCit- (77%) and with Mg2+ 

as MgCit- (21%). At the natural pH of milk (pH 6.66), free PO4
3-, H2Cit- and HCit2- were only 

present in very small amounts.   

 

The free Ca2+ in TG untreated milk measured by Ca2+ ISE (9% of total Ca2+; Table 6.1) was 

within the range of 5-10% reported by Lin et al. (2006). This was similar to that in TG treated 

milk (8% of total Ca2+; Table 6.1), which suggested that TG crosslinks did not affect the ion 

speciation in the aqueous phase in milk at pH 6.66. The free Ca2+ concentrations in both TG 

untreated (2.5 mM) and TG treated (2.2 mM) milks measured at pH 6.66 were close to 

previously reported values (e.g. 1.78 mM at pH 6.75 (Lin et al., 2006), 1.81 mM at pH 6.66 

(Silanikove et al., 2003), and 1.93 mM at pH 6.62 (Mekmene et al., 2010)), all of which were 

measured directly in milk samples using a Ca2+ ISE. 
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Table 6.2. Calculated concentrations (mM) of soluble ionic species in the aqueous phase of milk at 

natural pH of 6.66.  

Anion Free anion 
Cation complex 

Ca2+ Mg2+ Na+ K+ 

H2Cit-  6.84x10-5  3.39x10-6  7.98x10-7  8.48x10-7 1.49 x10-6 

HCit2- 9.77x10-3 6.62x10-3 1.29x10-3 7.96x10-4 1.40x10-3 

Cit3- 0.044 2.79 0.78 5.31x10-3 7.27x10-3 

H2PO4
- 4.34 0.086 0.040 0.054 0.095 

HPO4
2- 1.31 0.65 0.36 0.18 0.25 

PO4
3- 6.91x10-6 6.67x10-3 8.19x10-5 3.71x10-6 6.51x10-6 

Cl- 21.14 0.36 0.090 0.24 0.42 

HSO4
- 1.01x10-6 1.81x10-8 7.68x10-9 1.26x10-8 2.20x10-8 

SO4
2- 0.089 0.014 4.94x10-3 3.61x10-3 8.88x10-3 

RCOOH  0.029 0 0 0 0 

RCOO-  2.88 0.077 0.042 0.025 0.044 

Free ion 0 3.64 1.44 18.18 31.91 

 

The model showed that the milk at pH 6.66 was saturated with respect to calcium phosphate 

(i.e., IAP = Ksp). IAP is the ion activity product and Ksp is the solubility product constant. The 

IAP of calcium phosphate was calculated using the Ksp expression of CPN (Holt et al., 1982), 

with respect to the activities of free Ca2+, HPO4
2- and PO4

3- in the serum: 

𝐾𝑠𝑝 = {𝐶𝑎2+}{𝐻𝑃𝑂4
2−}

0.7
{𝑃𝑂4

3−}
0.2

      (6.1) 

where the curly parentheses denote activity, and 0.7 and 0.2 are the respective stoichiometric 

coefficients for HPO4
2- and PO4

3-, respectively. According to Equation 2.4 in Chapter 2, the 

activity of an ionic species is the product of its concentration (mi) and activity coefficient (γi) 

(i.e., 𝑎𝑖 = 𝑚𝑖 × 𝛾𝑖) (Walstra and Jenness, 1984c). Therefore, the {Ca2+}, {HPO4
2-} and 

{PO4
3-} in Equation 6.1 were calculated using the concentrations of free Ca2+ (3.64 mM), 

HPO4
2- (1.31 mM) and PO4

3- (6.91x10-6 mM) taken from Table 6.2, along with their 

respective activity coefficients (𝛾𝐶𝑎2+ = 0.42; 𝛾𝐻𝑃𝑂4
2−= 0.38; and 𝛾𝑃𝑂4

3−= 0.11). The 𝛾𝐶𝑎2+ 

value was calculated using the Truesdell-Jones equation (Truesdell and Jones, 1974); whereas 

the 𝛾𝐻𝑃𝑂4
2−

 and 𝛾𝑃𝑂4
3− values were calculated using the Davies equation (Equation 2.7 in 

Chapter 2). Thus, the log(IAP) at pH 6.66 was calculated to be 10-6.9, equivalent to the 

log(Ksp) of 10-6.8 (Holt et al., 1982).  
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The Ksp and serum IAP of each potential calcium phosphate phase were calculated (Table 

6.3) in order to estimate the degree of saturation of the milk at pH 6.66 with respect to each 

of the calcium phosphate phases. The Ksp of each calcium phosphate phase was determined 

using the Visual MINTEQ 3.0 software (Gustafsson, 2005). Two ACPs, namely ACP1 and 

ACP2, were used. The ACP1 and ACP2 phases are formed from the rapid mixing of CaCl2 

and K2HPO4 at an initial pH of 7.4. Calcium phosphate precipitates initially as one 

amorphous phase (ACP1), which over time transforms to a more stable second amorphous 

phase (ACP2) (Christoffersen et al., 1990). The aqueous phase was undersaturated with 

respect to ACP1 (i.e., IAP < Ksp); whereas it was slightly oversaturated with respect to ACP2, 

as indicated by IAP > Ksp. The IAP values of all crystalline calcium phosphate phases 

(DCPD, TCP, OCP and HAP) were above the Ksp value, indicating that the aqueous phase 

was oversaturated with respect to these crystalline calcium phosphate phases. The most 

oversaturated phase was HAP, thus for saturation to be reached with respect to HAP, the 

{Ca2+} in the Ksp expression has to be lowered approximately 86 times, assuming the {H+} 

and {PO4
3-} were unchanged.  

 

Table 6.3. Ksp expressions and values, and calculated IAP for potential calcium phosphate phases at 

natural milk pH of 6.66.   

Calcium phosphate phase Ksp expressiona log(IAP)b log(Ksp)c IAP, Ksp 

ACP1 {Ca2+}{ PO4
3-}0.74{H+}0.22 10-11.0 10-10.5 d IAP < Ksp 

ACP2 {Ca2+}{ PO4
3-}0.74{H+}0.22 10-11.0 10-11.5 d IAP > Ksp 

DCPD {Ca2+}{H+}{ PO4
3-} 10-18.6 10-19.0 IAP > Ksp 

TCP {Ca2+}3{ PO4
3-}2 10-26.7 10-28.9 IAP > Ksp 

OCP {Ca2+}4{H+}{ PO4
3-}3 10-45.3 10-48.0 IAP > Ksp 

HAP {Ca2+}5{H+}-1{ PO4
3-}3 10-34.7 10-44.3 IAP > Ksp 

a Ksp expressions obtained from Arifin et al. (2014).  

b {Ca2+}, {H+} and {PO4
3-} were calculated using mi and γi as described above. The 𝑚𝐶𝑎2+ and 

𝑚𝑃𝑂4
3− values were the modelled concentrations of free Ca2+ and PO4

3- taken in Table 6.2, and 𝑚𝐻+
 

was determined based on pH (i.e., pH = -log{H+}). The 𝛾𝐶𝑎2+ and 𝛾𝐻+
 values were calculated using 

the Truesdell-Jones equation (Truesdell and Jones, 1974); whereas the 𝛾𝑃𝑂4
3− value was calculated 

using the Davies equation (Equation 2.7 in Chapter 2). 𝛾𝐶𝑎2+, 𝛾𝐻+and 𝛾𝑃𝑂4
3− were determined to be 

0.42, 0.83 and 0.11, respectively. 

c From the Visual MINTEQ 3.0 database (Gustafsson, 2005).   

d Values obtained from Christoffersen et al. (1990). 
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6.3.1.2 Minerals in the micellar (nanocluster) phase 

The calcium phosphates in the CPNs have been shown to contain Ca2+, Mg2+, Pi and citrate 

and to be linked to the casein phosphopeptides via PCs (Holt, 2004). Based on the model, this 

micellar (nanocluster) phase contained 73%, 35%, 58% and 22% of the total Ca2+, Mg2+, Pi 

and citrate, respectively. The composition of CPN was defined in terms of PCs using the 

empirical formula (Holt, 2004):   

𝐶𝑃𝑁 = 𝐶𝑎𝑅𝐶𝑎
𝑀𝑔𝑅𝑀𝑔

(𝐶𝑖𝑡)𝑅𝐶𝑖𝑡
(𝑃𝑖)𝑅𝑃𝑖

𝑃𝐶1     (6.2) 

where RCa (13.2), RMg (1.0), RCit (0.67) and RPi (6.5) are molar ratios of Ca2+, Mg2+, citrate 

and Pi, respectively. The calculated micellar PC concentration was 1.5 mM; thus, 19.8 and 

9.8 mM of micellar Ca2+ and Pi, respectively, should be associated with the micellar PCs 

(Little and Holt, 2004). These values were in good agreement with our experimental values of 

micellar Ca2+  (21.0 mM for TG untreated milk and 20.2 mM for TG treated milk) and 

micellar Pi (9.7 mM for TG untreated milk and 9.3 mM for TG treated milk) (Table 6.1). In 

addition, the model parameter α (fraction of PCs in the CPNs) gave a value of 1 at pH 6.66. 

These results indicated that TG treatment did not alter the PCs distributed between the 

aqueous and micellar phase, and despite the presence of TG-induced crosslinks, almost all the 

PCs were present in the CPNs at pH 6.66. Again this was due to the fact that TG-mediated 

crosslinks did not interfere with the PCs on the caseins where the calcium phosphates were 

present. 

 

6.3.2 Changes in partition of minerals as a function of pH 

The acidified milks had pH values between 6.42±0.03 and 4.13±0.02, and the alkalinised 

milks had pH values from 7.38±0.01 to 10.06±0.02. The experimental and calculated total 

soluble Ca2+ and Pi concentrations as a function of pH for TG untreated and treated milks are 

shown in Figure 6.2A and B, respectively. The measured and calculated ionic Ca2+ as a 

function of pH for both types of milk are displayed in Figure 6.3.  
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Figure 6.2. Experimental concentrations of total soluble (A) Ca2+ and (B) Pi as a function of pH for 

10% (w/w) milks untreated () and treated () with TG. Calculated concentrations of total soluble 

(A) Ca2+ and (B) Pi as a function of pH with (black solid line) and without (green solid line) 

adjustment of the modelling parameters. More details on the adjustment of the modelling parameters 

are in the text. Error bars represent standard deviations of triplicate measurements. 

 

 

Figure 6.3. Ionic Ca2+ concentration as a function of pH for 10% (w/w) TG untreated () and TG 

treated () milks. The black solid line represents the calculated ionic Ca2+ with adjustment of 

modelling parameters. More details on the adjustment of modelling parameters are in the text. Error 

bars represent standard deviations of triplicate measurements.  
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The changes in experimental total soluble Ca2+ (Figure 6.2A) and Pi (Figure 6.2B), and ionic 

Ca2+ (Figure 6.3) concentrations as a function of pH were comparable, with no significant 

difference (P<0.05) between TG untreated and treated milk. These results indicated that the 

formation of TG-mediated isopeptide bonds did not affect the distribution of Ca2+ and Pi 

between the serum and the micellar phase of the milk at any pH investigated here. However, 

TG crosslinking has been shown to alter the distribution of caseins between the serum and 

micellar phase of milk in response to pH change and this could have affected the mineral 

partition of the two types of milk.  

 

Acidification of TG untreated and treated milks resulted in the progressive solubilisation of 

Ca2+ and Pi into the serum as the pH dropped from 6.66±0.03 down to 5.20±0.01, and 

complete solubilisation at pH ≤ 5.20±0.01 (Figure 6.2A and B). The solubilisation of micellar 

Ca2+ and Pi during acidification was consistent to earlier findings (Dalgleish and Law, 1989; 

Famelart et al., 1996; Gastaldi et al., 1996; Law and Leaver, 1998; Le Graët and Gaucheron, 

1999; Mekmene et al., 2010; van Hooydonk et al., 1986; Visser et al., 1986). The 

solubilisation of Ca2+ (Figure 6.2A) was accompanied by an increase of ionic Ca2+ measured 

by the Ca2+ ISE for both types of milk (Figure 6.3). As mentioned in Chapter 4, CCP 

solubilisation during acidification led to the destabilisation of casein micelles and the 

dissociation of caseins into the serum in TG untreated milk (Lucey, 2002). In contrast, despite 

CCP solubilisation, the TG-induced crosslinks between caseins in the TG treated milk 

prevented the dissociation of caseins during acidification (Schorsch et al., 2000a; Vasbinder 

et al., 2003c). Even though the milk with TG treatment prevented casein dissociation and 

reduced the release of caseins into the serum, the Ca2+ and Pi distributed between caseins and 

serum during acidification was the same as that in TG untreated milk.  

 

Alkalinisation of TG untreated and treated milks induced precipitation of Ca2+ and Pi, and 

their concentrations in solution gradually decreased as the pH was increased from 6.66±0.03 

to 10.06±0.02 (Figure 6.2A and B). These trends are in agreement with van Dijk (1991, 

1992), Vaia et al. (2006), and Ahmad et al. (2009) who all suggested calcium phosphate 

precipitation during alkalinisation, as evidenced also by the decrease in diffusible Ca2+ and Pi. 

Chapter 5 demonstrated that upon increasing the pH to ~8, casein micelles in both TG 

untreated and treated milks swelled due to the increase in electrostatic repulsion between 

caseins. Swelling resulted in the loosening of casein micellar structures, which in turn led to 

caseins dissociating from the micellar phase to the serum of TG untreated milk; whereas all 
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caseins stayed in the micellar phase of TG treated milk. Above ~pH 8, casein micelles in TG 

untreated milk were disrupted with almost all caseins released from the micellar phase into 

the serum; whereas TG treatment prevented the full disruption of casein micelles. 

Nevertheless, caseins in TG treated milk were dissociated into the serum during 

alkalinisation, but at a lower extent than that in TG untreated milk. Even though TG 

treatment in milk reduced the extent of alkaline-induced casein dissociation from the micellar 

phase to the serum; the distribution of Ca2+ and Pi between the micellar phase and serum 

during alkalinisation was the same as the milk without TG treatment. This was similar to the 

acidified milk discussed above where the mineral partition between the micellar phase and 

the serum is the same for TG treated and non-treated milks. Therefore, the experiments have 

revealed that despite modifying the balance of caseins and the partition of PCs between the 

serum and micellar phase of milk, TG treatment did not affect the distribution of Ca2+ and Pi 

between caseins and serum between ~pH 4 and 10. 

 

Carl Holt’s model was used to help understand the change in mineral speciation as a function 

of pH obtained experimentally (Figure 6.2A and B). Note that the modelled results discussed 

here did not take into consideration the fact that the presence of TG altered the distribution of 

caseins and PCs in the serum and micellar phase during acidification and alkalinisation. 

There were discrepancies between the calculated and experimental data for the change in 

total soluble Ca2+ and Pi concentrations at both acidic and alkaline conditions. Based on the 

theoretical model, complete solubilisation of micellar Ca2+ and Pi occurred at a higher pH 

(5.82) (green solid line in Figure 6.2A and B) than that measured experimentally (5.07±0.04) 

during acidification. In addition, instead of the measured steady reduction in total soluble 

Ca2+ and Pi concentrations as the pH increased, the modelled values increased above pH 8.35 

(green solid line in Figure 6.2A and B). These discrepancies between the experimental and 

calculated values were possibly due to the model not being designed for milk with extreme 

pH values, hence not all the reactions occurring during the pH change were accounted for 

(e.g. change in solubility of calcium phosphate with pH). Mekmene et al. (2010) calculated 

the ion equilibria in milk from ~pH 6.7 down to ~pH 2.2. They showed that the calculated 

concentrations of minerals were in good agreement with the experimental results. The 

primary difference between their model and Holt’s model used in this study was the lack of 

free PO4
3- in determining the serum IAP of calcium phosphate. When the {PO4

3-} term in 

Equation 6.1 was removed by changing its stoichiometric coefficient from 0.2 to 0.0, and 
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adjusting the stoichiometric coefficient of {HPO4
2-} from 0.7 to 0.9, there was no significant 

improvement of fitting the calculated results to our experimental data.  

 

More attempts at readjusting the parameters used in the model to allow modelling the entire 

pH range and to improve the fitting of the experimental results were performed. Parameters 

including the Ksp for precipitation and the composition of CPN were adjusted (Table 6.4). The 

calculated results with adjusted parameters are shown by the black solid line in Figure 6.2A 

for Ca2+ and in Figure 6.2B for Pi. The Ksp expression of CPN (Equation 6.1) was based on 

Reaction 6.3.  

(𝐶𝑎2+)𝑥(𝐻𝑃𝑂4
2−)

𝑦
(𝑃𝑂4

3−)
𝑧
 (𝑠) ↔ 𝑥(𝐶𝑎2+)(𝑎𝑞) + 𝑦(𝐻𝑃𝑂4

2−)(𝑎𝑞) + 𝑧(𝑃𝑂4
3−)(𝑎𝑞)      (6.3) 

where x, y and z denote the stoichiometric coefficients for Ca2+, HPO4
2- and PO4

3- ions, 

respectively. During acidification, where the modelled micellar Ca2+ and Pi were solubilised 

into serum at a higher pH than that determined experimentally, the Ksp was lowered so that 

the solubility of CPN was reduced. During alkalinisation, where the calculated micellar Ca2+ 

and Pi showed dissolution instead of precipitation at pH above 8.35, the Ksp was also lowered. 

To do so, the stoichiometric coefficients of HPO4
2- and PO4

3- (i.e., y and z, respectively, in 

Reaction 6.3) were altered according to the pH of the milk system (Table 6.4). The 

stoichiometric coefficient for HPO4
2- was increased and that for PO4

3- was decreased at acidic 

conditions to allow for more acidic and less basic form of phosphate in the CPN. Conversely, 

the former was decreased for the less acidic phosphate form and the latter was increased for 

more basic form of phosphate at alkaline conditions. The calculated Ca/Pi ratio varied from 

1.08 to 1.20 across the whole pH range, which suggested that the CPN resembled possible 

DCPD (Ca/Pi of 1.0) (Chow, 2001; Holt, 2004), ACP1 and ACP2 (Ca/Pi of 1.3) 

(Christoffersen et al., 1990) or OCP (Ca/Pi of 1.3) (Chow, 2001; Holt, 2004). 
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Table 6.4. Parameters adjusted for milk systems at different pH to allow better fitting calculated 

results by the model to those obtained experimentally.  

pH x(Ca2+)a y(HPO4
2-)a z(PO4

3-)a PiCPNb Ca/Pi molar ratioc Ksp 

4.13 1 0.79 0.14 0.93 1.08 8.00x10-8 

4.31 1 0.79 0.14 0.93 1.08 8.00x10-8 

4.59 1 0.79 0.14 0.93 1.08 8.00x10-8 

5.07 1 0.79 0.14 0.93 1.08 8.00x10-8 

5.20 1 0.79 0.14 0.93 1.08 8.00x10-8 

5.36 1 0.79 0.14 0.93 1.08 8.00x10-8 

5.57 1 0.78 0.15 0.93 1.08 9.00x10-8 

5.82 1 0.77 0.15 0.92 1.08 1.00x10-7 

6.02 1 0.76 0.16 0.92 1.09 1.10x10-7 

6.26 1 0.74 0.17 0.91 1.10 1.20x10-7 

6.42 1 0.72 0.19 0.91 1.10 1.30x10-7 

6.66* 1 0.70 0.20 0.90 1.11 1.60x10-7 

7.38 1 0.69 0.21 0.90 1.12 1.57x10-7 

8.35 1 0.66 0.22 0.88 1.14 1.30x10-7 

9.40 1 0.57 0.28 0.85 1.18 6.00x10-8 

10.06 1 0.51 0.32 0.83 1.20 3.00x10-8 

a Stoichiometric coefficients (x, y, z) for Ca2+, HPO4
2- and PO4

3- in CPN, respectively 

(Equation 6.3). 

b Ratio of Pi in CPN calculated by summing the stoichiometric coefficients of y(HPO4
2-) and 

z(PO4
3-).  

c Ratio of Ca2+ : Pi calculated by using x(Ca2+)/PiCPN. 

* Native pH of milk, without the addition of GDL or NaOH. 

 

After the adjustment of parameters as described above, the modelled results showed Ca2+ in 

the serum to be predominately in the form of ionic Ca2+ (60%), bound to PCs of soluble 

caseins (15%), and associated with Cit3- (13%), Cl- (5%) and H2PO4
- (4%) after complete 

solubilisation of CPN at ~pH 5. The highest content of ionic Ca2+ (60%) was found in the 

serum at ~pH 5, which was consistent with the measured ionic Ca2+ (Figure 6.3). Despite the 

adjustment of the modelling parameters, the discrepancy between the experimental and 

modelled ionic Ca2+ values under acidic conditions was still present, possibly due to the low 
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amount of total citrate as mentioned in Section 6.3.1.1. Most soluble Pi (86%) was in the 

form of free H2PO4
-, while a minor amount of H2PO4

- (7%) was bound to Ca2+ at ~pH 5. 

When the pH was raised, all ionic Ca2+, CaCit-, CaHPO4 and CaCl2 concentrations in the 

serum decreased. The concentration of free H2PO4
- also decreased, with a simultaneous 

increase in HPO4
2- and PO4

3-, which suggested the transformation of H2PO4
- into more basic 

forms such as HPO4
2- and PO4

3-. Since the intrinsic association constant for PO4
3- to bind 

Ca2+ (2.88106 M-1) was the highest (Holt et al., 1981a), it was expected to associate with the 

soluble Ca2+ forming CaPO4
+ complexes. Due to the low solubility, CaPO4

+ may precipitate 

and become part of the CPN. Hence, at ~pH 10, only 2.1 mM Ca2+ and 2.7 mM Pi remained in 

the serum. 

 

Figure 6.4A, B and C show the experimental total soluble concentrations of Mg2+, K+ and 

Na+, respectively, in TG untreated and treated milks. As with Ca2+ and Pi, despite the pH 

change, the partition of Mg2+, K+ and Na+ was not significantly influenced by the TG-

mediated isopeptide bonds present between the casein molecules (P<0.05). The distribution 

of total soluble Mg2+ between serum and micellar phase as a function of pH, had a similar 

trend to that of Ca2+ at the pH range studied for both types of milk. It was gradually 

solubilised into the aqueous phase from ~pH 6.7 to ~pH 5.2, then fully solubilised upon 

further acidification (at ~pH 5.1 or lower). When the milks (with and without TG) were 

alkalinised, total soluble Mg2+ decreased, which suggested that it had precipitated, possibly 

with Ca2+ and Pi (Figure 6.4A). There was no change in the soluble K+ and Na+ in both types 

of milk at the acidic pH range. Almost all the K+ and Na+ ions were diffusible. This was 

because caseins preferably bind divalent ions more than monovalent ions (Mekmene et al., 

2010). However, a small amount of soluble K+ decreased as a function of the pH increase 

during alkalinisation possibly due to the association with dissociated caseins (Figure 6.4B). 

The soluble Na+ concentration increased during alkalinisation due to the addition of NaOH 

for TG untreated and treated milks, increasing up to ~33 mM at ~pH 10 (Figure 6.4C). 
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Figure 6.4. Concentrations of soluble (A) Mg2+, (B) K+ and (C) Na+ as a function of pH for 10% 

(w/w) milk samples. The two types of milk are: TG untreated () and TG treated (). Error bars 

represent standard deviations of triplicate measurements.  

 

6.3.3 Characterisation of calcium phosphate phases at alkaline pH 

Section 6.3.2 showed that the precipitation of calcium phosphate upon alkalinisation of milk 

with and without TG treatment was not significantly different (P<0.05). Raman spectroscopy 

was used to characterise and compare the phase of the precipitated calcium phosphate 

between TG untreated and treated milk following alkalinisation. Synthetic calcium phosphate 

standards (ACP, DCPD, TCP, OCP and HAP) were also characterised in order to identify if 

they were present in the milk samples after alkalinisation. The Raman spectra of these 

synthetic calcium phosphate standards are shown in Figure 6.5. As confirmed by powder X-
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ray diffraction, ACP was amorphous, while the other calcium phosphate phases were 

crystalline (Arifin et al., 2014).  

 

 

Figure 6.5. Raman spectra of five potential synthetic calcium phosphate phases. All spectra are 

baseline corrected, scaled to similar heights and vertically offset for clarity. 
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In accordance with the results of Sauer et al. (1994), the Raman spectra of all the synthetic 

calcium phosphate standards showed a strong dominant band or group of bands between 950 

and 985 cm-1. This feature corresponded to the stretching mode of the P-O bonds of the PO4
3- 

phosphate group. The Raman shift position of this phosphate group differed for the varying 

calcium phosphate phases. For example, a single band was located at 952 cm-1 for ACP,          

985 cm-1 for DCPD, 959 cm-1 for OCP and 961 cm-1 for HAP. The positions of these 

phosphate bands were consistent with reported values (Table 6.5). The TCP feature was split 

into three bands at 949, 957 and 971 cm-1. Some minor bands were also observable at three 

Raman shift ranges for all calcium phosphates, 350 to 430, 570 to 590, and 1030 to 1080 cm-1 

due to the presence of other Raman-active vibrational modes. Since the Raman spectra of the 

five synthetic calcium phosphate phases each had a distinct phosphate feature, Raman was a 

useful tool to identify the phase or phases present in the TG untreated and treated milk 

samples upon alkalinisation.  

 

Table 6.5. Raman shifts of the main phosphate group of different calcium phosphate phases obtained 

from earlier findings.   

Calcium phosphate phase Raman shift (cm-1) Reference 

ACP 952 Sauer et al. (1994) 

 DCPD 985 Sauer et al. (1994) 

TCP 949, 961, 970 de Aza et al. (1997) 

OCP 957 Sauer et al. (1994) 

HAP 960 Sauer et al. (1994) 

 

The Raman band for the calcium phosphate in milk was very weak. Therefore, 30% (w/w) 

milks were used for the Raman measurements of the TG untreated and treated milks. An 

example of the Raman spectrum of TG untreated milk at pH 6.79 is shown on Figure 6.6 with 

the main vibrational bands assigned as described in previous studies (Table 6.6). The Raman 

spectrum contained significant bands at 1264 and 1665 cm-1 due to milk proteins and a 

distinct band at 1003 cm-1 (near the PO4
3- stretching region), which was due to a 

phenylalanine ring breathing mode (McGoverin et al 2010). In addition, bands at 855-879, 

1083, 1123, 1345 and 1457 cm-1 were due to milk lipids, while bands at 352 and 438 cm-1 

were due to lactose (Table 6.6). The band at 949 cm-1 has been unequivocally assigned to the 

P-O stretch of calcium phosphate in milk using the method of standard addition (Arifin et al., 
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2014). The vibrational bands presented in our milk spectrum were consistent to the Raman 

spectrum of skim milk powder reported by Almeida et al. (2011).  

 

 

Figure 6.6. Raman spectrum of 30% (w/w) milk untreated with TG at pH 6.79. The spectrum is 

baseline corrected.  
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Table 6.6. Raman band assignment of major components in milk obtained from different literature.  

Average Raman 

shift (cm-1) 
Assignment Reference 

Indicative 

milk 

component 

355, 455 Lactose Kirk et al. (2007) Lactose 

860-920 

v(C-C), v(C-O), CH3,rock, 

various amino acid specific 

modes 

Beattie et al. (2004) Lipid 

1005 Phenylalanine ring breathe 
McGoverin et al. 

(2010) 
Protein 

1065 v(C-C)out-of-phase Beattie et al. (2004) Lipid 

1082 v(C-C)gauche Beattie et al. (2004) Lipid 

1121 v(C-C)in-phase Beattie et al. (2004) Lipid 

1262 Amide III 
McGoverin et al. 

(2010) 
Protein 

1303 δ(CH2)twisting Beattie et al. (2004) Lipid 

1340 δ(C-H); v(C-O) Almeida et al. (2011) Lipid 

1455 δ(CH2)scissoring Beattie et al. (2004) Lipid 

1654 v(C=C) Beattie et al. (2004) Lipid 

1665 Amide I 
McGoverin et al. 

(2010) 
Protein 

1745 v(C=O) Almeida et al. (2011) Lipid 

 

The Raman spectra for TG untreated and treated samples under different alkaline conditions 

are shown in Figures 6.7 and 6.8, respectively. The Raman spectra of both TG untreated 

(Figure 6.7A) and TG treated (Figure 6.8A) milks were essentially the same. By comparing 

them with the Raman spectra of the synthetic calcium phosphate standards (Figures 6.7B and 

6.8B), all the milk samples (with and without TG) from ~pH 6.7 to ~pH 10 showed that the 

phosphate P-O stretching band was positioned at 950±2 cm-1 with no new associated bands.  

This Raman feature was characteristic of the ACP Raman feature and indicated that 

alkalinising milk, with or without TG treatment, did not lead to the precipitation of a different 

calcium phosphate phase and also did not lead to the transformation of ACP into crystalline 

forms. 



Chapter 6 

 

171 

 

 

Figure 6.7. Raman spectra of (A) TG untreated milk samples at different pH conditions; and (B) five 

synthetic calcium phosphate phases. All spectra are baseline corrected and vertically offset. Dash lines 

outline the dominate phosphate band of each calcium phosphate phase. Arrow shows the position of 

the calcium phosphate band in the milk samples.  
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Figure 6.8. Raman spectra of (A) TG treated milk samples at different pH conditions; and (B) five 

synthetic calcium phosphate phases. All spectra are baseline corrected and vertically offset. Dash lines 

outline the dominate phosphate band of each calcium phosphate phase. Arrow shows the position of 

the calcium phosphate band in the milk samples.  
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6.4 Summary 

TG treatment of milk did not significantly change the distribution of Ca2+, Mg2+, K+, Na+, Pi 

during acidification and alkalinisation despite the alteration in the distribution of caseins 

between the serum and micellar phase, as discussed in Chapters 4 and 5. Acidification 

resulted in the solubilisation of micellar Ca2+, Mg2+ and Pi, and an increase in ionic Ca2+; 

whereas alkalinisation resulted in the precipitation of Ca2+, Mg2+ and Pi in both types of milk 

(with and without TG). The K+ and Na+ concentrations stayed unchanged, remaining 

diffusible throughout the acidic pH range; whereas a small amount of K+ was reduced, while 

the Na+ concentration increased due to the addition of NaOH at the alkaline pH range for TG 

untreated and treated milks. Calculations using Holt’s model, which did not take into account 

the effect of TG on caseins, allowed an understanding of the change in mineral speciation as 

a function of pH. Due to the presence of discrepancies between the experimental and 

calculated results, some parameters of the model such as Ksp and CPN composition were 

adjusted to improve the fitting of the calculated results to the experimental results. More 

work is needed to improve the model so that the ion equilibria of milk over the whole pH 

range can be calculated without adjustable parameters. In addition to the mineral balance 

results, Raman results showed that alkalinsation did not lead to the transformation of ACPs 

into crystalline phases for both types of milk (with and without TG). Overall, similar mineral 

balance behaviour was observed between TG and non-TG treated milk, because TG-mediated 

crosslinks did not affect the PCs on the caseins. 
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Chapter 7. 
The effect of transglutaminase treatment on the physico-

chemical properties of skim milk with added 
ethylenediaminetetraacetic acid  

 

7.1 Introduction 

Calcium chelators including citrates (e.g. trisodium citrate), phosphates (e.g. disodium 

hydrogen phosphate), and ethylenediaminetetraacetic acid (EDTA) are often added to milk to 

improve the heat stability of milk products (Holt, 1985), through inducing physico-chemical 

changes to the casein micelles (Griffin et al., 1988; Holt, 1982; Ward et al., 1997). Previous 

studies demonstrated that the addition of calcium chelators into milk induced a shift in the 

protein-mineral equilibrium. This resulted in a decrease in free ionic Ca2+ and Ca2+ activity 

(Udabage et al., 2000), and the depletion of colloidal calcium phosphate (CCP) (Griffin et al., 

1988; Holt, 1982; Lin et al., 1972; Munyua and Larsson-Raznikiewicz, 1980; Udabage et al., 

2000; Ward et al., 1997). Micellar caseins are dissociated from the micelles and smaller 

micellar particles are formed, particularly at higher calcium chelator levels. Hence, the 

structural integrity of the casein micelles is affected by the addition of calcium chelators.   

 

Under conditions where milk is subjected to disruptive forces, transglutaminase (TG) 

treatment has been shown to reduce the extent of dissociation of casein micelles in the 

presence of urea and citrate (O'Sullivan et al., 2002a). TG treatment has also been 

demonstrated to prevent the dissociation of casein micelles upon exposure to ethanol-

mediated heat treatment (O'Connell et al., 2001a; O'Connell et al., 2001b; Zadow, 1993). 

These results suggest that TG has the ability to alter the properties of casein micelles and to 

maintain or improve their integrity and stability under conditions where they would normally 

be dissociated. As studies of the ability of TG to investigate micellar disruption upon addition 

of EDTA remain limited, in this chapter the influence of TG on milk with added EDTA was 

explored. The specific aims of this chapter are to investigate the changes in physico-chemical 

properties of milk with different concentrations of added EDTA and compare these changes 

between TG untreated and treated milk. The results can be useful for applications where 

increasing the stability of milk and other dairy products are sought.    
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7.2 Materials and methods 

7.2.1 Materials  

The materials used in this chapter included skim milk powder, TG, EDTA, NaOH, HNO3, 

D2O, LaCl3·7H2O, 2,4-diaminophenol dihydrochloride, sodium bisulphite, ammonium 

molybdate tetrahydrate, methylenediphosphonic acid, standard stock solutions of Ca2+, Mg2+, 

K+, Na+ and P, and trichloroacetic acid.  

 

7.2.2 Sample preparation and experimental methods 

Sample preparation and experimental methods used in this chapter are outlined in Figure 7.1. 

Milk samples (with and without TG), with added EDTA (0, 2.5, 5, 10, 15, 20, 25, 30, 40 and    

50 mM), and their corresponding ultrafiltrates were prepared for analysing the changes in 

physico-chemical properties. These were monitored by measuring the particle size of casein 

micelles using dynamic light scattering (DLS) and viscosity of milk using rheology, 

examining the casein micelles under cryogenic-transmission electron microscopy (Cryo-

TEM), and analysing the distribution of minerals between the aqueous and micellar phase of 

milk by atomic absorption spectroscopy (AAS) (Ca2+ and Mg2+), atomic emission 

spectroscopy (AES) (K+ and Na+), colorimetry and 31P-nuclear magnetic resonance (31P-

NMR) (inorganic phosphate (Pi)). Note that the details of each procedure are described in 

Chapter 3.  

 

The measured mineral balance results were compared to those calculated using a theoretical 

model. This model was an extension of that described by Holt (2004) for calculating the 

speciation and partition of minerals between the micellar and aqueous phase of milk. In the 

model, CCPs in the micellar phase were assumed to be equivalent to calcium phosphate 

nanoclusters (CPNs), with these nanoclusters containing calcium phosphates as the core, 

surrounded by casein phosphopeptides (Chaplin, 1984; Holt, 2004; Holt et al., 1982; Holt et 

al., 1996). Note that in the modelling, as well as the input of the total concentrations of 

minerals (Ca2+, Mg2+, K+, Na+, Pi, citrate, Cl-, sulfate), carboxylic acids and lactose, the total 

proteins, the total caseins, and the pH; the amounts of NaOH used to adjust the pH to 

maintain the pH at constant value of 6.67±0.01 were also taken into account. 

 

A two-tailed paired sample T-test at a 5% significance level (P<0.05) was carried out to 

investigate the effect of TG treatment on the minerals that are in dynamic equilibrium 
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between the micellar and aqueous phase in milk with added EDTA. The SPSS Statistics 

version 22 software (IBM Corp., New York, USA) was used to perform the statistical 

analyses. 

 

 

Figure 7.1. Flowchart of the experimental procedures used in this chapter. All procedures are 

described in the indicated sections in Chapter 3.  

 

7.3 Results and discussion 

7.3.1 Physical appearance of milks 

The series of milk samples untreated and treated with TG, containing added EDTA, are 

shown in Figure 7.2. For both types of milk, when ≥20 mM EDTA was added, the milk 

samples changed from white and opaque to more translucent, with a higher degree of 

transparency in milk untreated with TG. This was consistent with the results of Odagiri and 

Nickerson (1964), which showed a decrease in characteristic opacity of milk upon the 

addition of 10 mM EDTA. The addition of 0.3 mM (Partschefeld et al., 2007) and 30 mM 

EDTA (Odagiri and Nickerson, 1965b) to milk also resulted in a decrease in turbidity. 
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Furthermore, the milk sample with 50 mM added EDTA was observed to have a greenish 

translucent appearance (Udabage et al., 2000). The white colour in milk is attributed to 

multiple light scattering by the casein micelles (Fox and McSweeney, 1998b; Phadungath, 

2005; Vaia et al., 2006). The change in colour of the milk as observed in the EDTA added 

milks is related to the change in casein micelle sizes (Ashworth, 1964; Tessier et al., 1963), 

which will be further discussed in later sections.   

 

 

Figure 7.2. Milk samples with different amounts of added EDTA. The concentrations of EDTA added 

are labelled on the bottles (from left to right: 0; 2.5; 5; 10; 15; 20; 25; 30; 40; and 50 mM EDTA). The 

two types of milk are: (A) without TG and (B) with TG. 

 

7.3.2 Partition of minerals of control milks  

The contents of Ca2+ and Mg2+, and K+ and Na+ were determined by AAS and AES, 

respectively. Pi was determined by two methods: colorimetry and 31P-NMR. For AAS, AES, 

and colorimetry, only the control milks (with and without TG), the corresponding 

ultrafiltrates, and the ultrafiltrates of other milk samples were analysed. However, for 31P-

NMR, all milk samples and their relative ultrafiltrates were analysed. For AAS, AES, and 

colorimetry, the measurements of the control milk samples gave the total mineral content; 

whereas the values in the ultrafiltrates provided the concentrations of minerals in the aqueous 

phase. For 31P-NMR, measuring both milk and ultrafiltrate gave values for all soluble forms 

of P present. These then enabled the determination of the partition of minerals between the 

aqueous and micellar phase of milk as a function of added EDTA for both types of milk.  

 

The major inorganic ion compositions of control TG untreated and treated milks and those in 

the corresponding ultrafiltrate fractions obtained experimentally are given in Table 7.1. The 
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total concentrations of Ca2+, Mg2+ and Pi  for both TG untreated and treated milks were at the 

lower end ranges of literature values 26-32, 4-6 and 19-23 mM, respectively, but total K+ was 

slightly below the range of 31-43 mM, as reported by Gaucheron (2005). The variations in 

inorganic ion composition between these results and previously reported literature values 

most probably arose from factors such as breed, stage of lactation and diet (Holt, 1985). Due 

to the addition of NaOH for pH adjustment, the total Na+ was much higher than the typical 

range of 17-28 mM (Gaucheron, 2005). The soluble fraction of TG untreated milk contained 

29% Ca2+, 52% Mg2+, 41% Pi, 95% K+ and 98% Na+ of the total inorganic ion concentrations. 

Of these, the proportions of Ca2+, K+ and Na+ were close to the typical values of 31%, 100% 

and 100% of the total, respectively, reported by Holt and Jenness (1984). However, the Mg2+ 

and Pi values were lower than the reported typical values of 65% and 54% of total, 

respectively (Holt and Jenness, 1984). The proportions of ions in the serum to the total 

concentrations of TG treated milk were 27% Ca2+, 57% Mg2+, 41% Pi, 99% K+ and 98% Na+, 

similar to those of TG untreated milk. These indicated that TG treatment did not influence the 

distribution of inorganic ions in milk without added EDTA.  

 

From the modelling, the calculated concentrations of inorganic ions in the aqueous phase of 

the control milk (with no added EDTA) are shown in Table 7.1, and their forms (free and 

complexed) are listed in Table 7.2. The proportions of calculated soluble Ca2+ (25%), K
+ 

(100%), Na+ (100%) and Pi (44%) were comparable to those obtained experimentally for both 

TG untreated and treated milks; whereas the calculated soluble Mg2+ (66%) was higher than 

the experimental value of ~55%. Soluble Ca2+ and Mg2+ existed in numerous forms, in 

decreasing order, free ion, complexed with citrate    (Cit3-), Pi (HPO4
2-) and Cl-. This varied 

slightly from the findings of Holt et al. (1981b) which showed soluble Ca2+ and Mg2+ were 

predominately associated with Cit3-, then to a lesser degree free ions, and associated with 

HPO4
2- and Cl-. The variation between these results and those of Holt et al. (1981b) was 

possibly due to the lower total citrate concentration (4.66 mM c.f. 9.5 mM) used in our study. 

The lower citrate concentration could be ascribed to the season and diet of the cows (Linn, 

1988; Varnam and Sutherland, 1994). Mekmene et al. (2009) and Mekmene et al. (2010) also 

reported similar trends as Holt et al. (1981b). Almost all the soluble K+ and Na+ (~100% of 

total) were in ionic form, in agreement with results reported by Holt et al. (1981b), Mekmene 

et al. (2009) and Mekmene et al. (2010). A minor amount of K+ and Na+ formed weak ion 

pairs with HPO4
2- and Cl-. Soluble Pi accounted for mainly ionic H2PO4

-, to a lesser extent 

ionic HPO4
2- and minor amounts in decreasing order of CaHPO4, MgHPO4, NaHPO4

- and 
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KHPO4
- complexes. The association of Pi and Ca2+ in the aqueous phase was low due to its 

low solubility in aqueous environment (Mekmene et al., 2010). Under the conditions of this 

milk, free PO4
3-, H2Cit- and HCit2- forms were very minimal.  

 

The modelled concentrations of minerals in the micellar phase of the control milk are shown 

in Table 7.1. The proportions of calculated micellar Ca2+ (75%) and Pi (56%) agreed with the 

experimental results of both TG untreated and treated milks (~72% for Ca2+ and ~59% for 

Pi); whereas the calculated Mg2+ (34%) was lower than the experimental value of ~47%. In 

the model, with more details described in Chapter 6, the micellar phase is considered as the 

nanocluster phase. This phase contains CPNs made up of Ca2+, Mg2+, Pi and citrate, where 

they are linked to casein phosphopeptides via phosphorylated sequences known as phosphate 

centres (Holt, 2004; Holt et al., 1996; Little and Holt, 2004).  
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Table 7.1. Total and soluble inorganic ion content of control TG untreated and treated milks (without added EDTA) at pH 6.67±0.01.  

Mineral 

species 

TG untreated milk TG treated milk 
Modelled concentration (mM) 

Experimental concentration (mM)a 

Total Aqueous phase Micellar phasee Total Aqueous phase Micellar phasee Aqueous phase Micellar phasef 

Ca2+ 28.0±0.2b 8.2±1.1b 19.8 27.9±0.2b 7.4±0.2b 20.5 7.0 21.0 

Mg2+ 4.4±0.1b 2.3±0.1b 2.1 4.2±0.1b 2.4±0.1b 1.8 2.9 1.5 

K+ 29.9±0.1b 28.3±0.7b 1.6 30.1±0.4b 29.8±0.4b 0.3 29.9 0 

Na+ 32.8±0.4b 32.3±0.2b 0.5 27.1±1.4b 26.5±1.2b 0.6 32.8 0 

Pi 19.2±0.2c 7.8±0.2c 11.4 19.3±0.3c 7.9±0.1c 11.4 
8.4 10.7 

Pi ND 7.5±0.1d - ND 7.2±0.1d - 

a Values are mean±standard deviation of triplicates. 

b Obtained experimentally by AAS or AES. 

c Obtained from colorimetric measurements. 

d Obtained from 31P-NMR measurements.  

e Calculated by subtracting the soluble inorganic ion concentration from that of the total. 

f Calculated by subtracting the soluble inorganic ion concentration from that of the total in TG untreated milk. 

ND = not determined, as 31P-NMR only measures the soluble fraction of Pi.  
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Table 7.2. Calculated concentrations (mM) of soluble ionic species (free and complexed) in the 

aqueous phase of control milk (without added EDTA) at pH 6.67. 

Anion Free ion 
Cation complex 

Ca2+ Mg2+ Na+ K+ 

H2Cit-*  6.4x10-5  2.7x10-6  7.4x10-7  1.4x10-6 1.3 x10-6 

HCit2-* 0.01 5.8x10-3 1.3x10-3 1.5x10-3 1.3x10-3 

Cit3-* 0.05 2.7 0.9 0.01 7.6x10-3 

H2PO4
- 4.8 0.08 0.04 0.1 0.09 

HPO4
2- 1.6 0.7 0.4 0.4 0.3 

PO4
3- 9.7x10-6 7.5x10-3 1.1x10-4 8.8x10-6 7.9x10-6 

Cl- 21.1 0.3 0.09 0.4 0.4 

HSO4
- 9.1x10-7 1.4x10-8 6.8x10-9 2.0x10-8 1.8x10-8 

SO4
2- 0.09 0.01 4.8x10-3 6.3x10-3 7.9x10-3 

RCOOH* 0.03 0 0 0 0 

RCOO-* 2.9 0.07 0.04 0.04 0.04 

H3EDTA-* 0 0 0 0 0 

H2EDTA2-* 0 0 0 0 0 

HEDTA3-* 0 0 0 0 0 

EDTA4-* 0 0 0 0 0 

Free ion 0 3.2 1.5 32.4 29.1 

* H2Cit- = dihydrogen citrate ion; HCit2 = hydrogen citrate ion; Cit3- = citrate anion; RCOOH 

= carboxylic acid; RCOO- = carboxylate ion; H3EDTA- = triprotonated 

ethylenediaminetetraacetate ion; H2EDTA2- = diprotonated ethylenediaminetetraacetate ion; 

HEDTA3- = monoprotonated ethylenediaminetetraacetate ion; and EDTA4- = 

ethylenediaminetetraacetate ion. 

 

7.3.3 Effect of EDTA addition on Ca2+ partition 

The soluble Ca2+ as a function of added EDTA obtained experimentally in both types of milk 

is shown in Figure 7.3. The partition of Ca2+ influenced by the addition of EDTA was not 

significantly different between TG untreated and treated milk (P<0.05). The addition of up to   

20 mM EDTA resulted in the gradual solubilisation of Ca2+ from the micellar phase into the 

sera in both types of milk, which indicated the solubilisation of CCP. The increase in soluble 

Ca2+ concentration was approximately equal to the amount of added EDTA. For instance, 
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when 10 mM was added, 9.1±0.7 and 8.1±0.2 mM Ca2+ was diffused from the micellar phase 

to the serum of TG untreated and treated milk, respectively. Upon adding more than 20 mM 

EDTA to both types of milk, almost all the micellar Ca2+ was diffused to the sera (plateau at 

~27 mM). The results indicated that TG treatment did not influence the partition of Ca2+ 

between the aqueous and micellar phase of milk following EDTA addition. In agreement with 

our findings, Udabage et al. (2000) demonstrated that when 5 and 10 mM EDTA was added, 

4.42 and 9.87 mM micellar Ca2+ was transferred to the serum, respectively. In addition, 

Odagiri and Nickerson (1965b) showed that all Ca2+ was diffusible upon the addition of 30 

mM EDTA. 

 

EDTA has a high affinity for Ca2+ (intrinsic association constant of 3.32x1012) and when 

added to milk it forms a chelate with Ca2+ ions (Gaucheron, 2010; Holt et al., 1981b), mostly 

in the form of CaEDTA2- complexes, as shown in the model calculations. It binds and 

sequesters different forms of Ca2+ including soluble Ca2+ (free Ca2+, CaCit-, CaHPO4 and 

CaCl+) and micellar Ca2+ present in the CPN. As EDTA was added up to 25 mM, the 

concentration of CaEDTA2- increased progressively, accompanied by the gradual decrease in 

free Ca2+, CaCit-, CaHPO4 and CaCl+
 content. This indicated the complexation of EDTA with 

Ca2+, the solubilisation of CPN and the reduction in micellar Ca2+ due to the Ca2+-EDTA 

complexation. On increasing the EDTA concentration above 30 mM, all the available soluble 

and micellar Ca2+ (total of 28.0 mM) was complexed with EDTA to form CaEDTA2- 

complexes. Hence the concentrations of free Ca2+, CaCit-, CaHPO4 and CaCl+
 decreased close 

to zero. There was insufficient amount of Ca2+ available to complex with the entire amount of 

EDTA added. The soluble Ca2+ modelled using the modified Holt’s model on the speciation 

of milk minerals taking into account EDTA addition was in good agreement with the 

experimental results. The agreement can be seen through the theoretical solid black line 

reported in Figure 7.3.   
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Figure 7.3. Concentration of soluble Ca2+ as a function of amount of EDTA in 10% (w/w) milks. The 

two types of milk are: TG untreated () and TG treated (). Error bars correspond to standard 

deviations of triplicates. Black solid line is obtained using the modified Holt’s model (see text for 

more details).   

 

7.3.4 Effect of EDTA addition on Pi partition  

The contents of Pi in the milk samples and in the corresponding ultrafiltrates were measured 

by colorimetry and 31P-NMR. Colorimetry detects only the Pi; whereas NMR, in addition to 

Pi, is also sensitive to other phosphate containing components such as glycerophospholipids 

(e.g. glycerophosphorylethanolamine, glycerophosphorylcoline and glycerol-1-phosphate), 

phosphate esters (e.g. N-acetylglucosamine-1-phosphate, glucose-1-phosphate, galactose-6-

phosphate), phospholipids (e.g. phosphorylethanolamine and phosphorylcoline) and non-

protein nitrogenous compounds (e.g. phosphocreatine), all of which contain 31P atoms in a 

mobile and soluble form (Andreotti et al., 2006; Belloque, 2008; Sundekilde et al., 2013). 

The phosphoserine residues on casein molecules are difficult to detect and the Pi as part of the 

CCP in the micellar phase is non-detectable in 31P-NMR (Andreotti et al., 2006).  

 

The 31P-NMR spectra of the control milks, untreated and treated with TG, and those with 15, 

20 and 50 mM added EDTA are displayed in Figure 7.4A and B, respectively. For all milk 

spectra, four major peaks were observed. Peaks were assigned as follows: peak 1 is the 

external standard (methylenediphosphonic acid) at chemical shift of ~17.6 ppm; peak 2 is 

phosphoproteins at between ~2.3 and ~4 ppm; peak 3 is Pi at ~1.1 ppm; and peak 4 is 

glycerophosphorylcholine at ~-0.7 ppm. The methylenediphosphonic acid peak was in 
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agreement with the peak at chemical shift of 17.9 ppm as reported by DeSilva et al. (2009). 

The other peak identifications for phosphoproteins, Pi and glycerophosphorylcholine were 

consistent with previous assignments on bovine milk (Andreotti et al., 2006; Belloque, 2008). 

Peak 2, identified as the resonances of phosphoproteins present in casein micelles, appeared 

as a broad signal. This is due to the limited mobility of 31P nuclei in macromolecular 

aggregates such as casein micelles (Andreotti et al., 2006). The appearance of a broad signal 

for the phosphoproteins was also observed in results by Andreotti et al. (2006) and Panda 

(2011). Glycerophosphorylcholine (peak 4) in milk comes from the phospholipids of the fat 

globule membrane (Panda, 2011) and was not quantified in this study. Upon the addition of 

15 mM EDTA, the Pi peak significantly increased for both types of milk. Further increase of 

EDTA (≥20 mM) in both milks caused the Pi peak to increase even more noticeably. The 

phosphoproteins peak also increased for both types of milk, which was assumed to be due to 

the dissociation of casein micelles after the solubilisation of CCP with and without TG-

induced crosslinks, as shown in the particle sizing results in Section 7.3.6. The results 

obtained in this study were consistent with the findings of Ward et al. (1997) which showed 

the peak area for Pi and phosphoserine residues increased in the 31P-NMR spectra when the 

amount of added EDTA was increased from 10 to 40 mM.  

 

Figure 7.5A and B show the 31P-NMR spectra of the sera of control milks (untreated and 

treated with TG) and those with 15, 20 and 50 mM added EDTA, respectively. Compared to 

the spectra of the milks (Figure 7.4A and B), only three peaks were observed in those of the 

sera: methylenediphosphonic acid at ~17.6 ppm; Pi at ~1.1 ppm; and 

glycerophosphorylcholine at ~-0.7 ppm. The absence of the phosphoproteins peak was due to 

removal of all soluble proteins during the preparation of sera by centrifugation followed by 

ultrafitration. The same trends were observed for both the TG untreated and treated milks and 

sera, where Pi increased slightly when 15 mM EDTA was added, and then markedly 

increased upon the addition of 20 and 50 mM EDTA, suggesting the solubilisation of CCP 

due to chelation of Ca2+ by EDTA.  
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Figure 7.4. 31P-NMR spectra of 10% (w/w) control milks (A) untreated and (B) treated with TG, and 

containing different amounts of added EDTA. The peaks are assigned as follows: 1 = external 

reference (methylenediphosphonic acid); 2 = phosphoproteins; 3 = Pi; and 4 = 

glycerophosphorylcholine.  
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Figure 7.5. 31P-NMR spectra of sera from 10% (w/w) control milks (A) untreated and (B) treated with 

TG, and containing different amounts of added EDTA. The peaks are assigned as follows: 1 = 

external reference (methylenediphosphonic acid); 2 = Pi; and 3 = glycerophosphorylcholine.  
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Using the Topspin software (Bruker BioSpin GmbH, Rheinstetten, Germany), the 31P-NMR 

spectrum of each milk and serum sample was integrated to obtain the area of its Pi and 

external standard peaks. The Pi peak area relative to the external standard peak area was used 

to quantify the Pi concentration using a calibration curve (example shown in Figure A2.11 in 

Appendix 2). The quantified soluble Pi obtained using 31P-NMR and colorimetric method is 

displayed in Figure 7.6. The distribution of soluble Pi as a function of added EDTA was not 

significantly different between TG untreated and treated milk (P<0.05). Soluble Pi gradually 

increased in both types of milk after the addition of up to 20 mM EDTA. In parallel with the 

release of soluble Ca2+ (Figure 7.3), this suggested EDTA-induced solubilisation of CCP. 

Above 20 mM added EDTA, almost all micellar Pi was diffused into the sera for both types of 

milk, with a plateau at ~19 mM. As with the Ca2+, the formation of TG-induced isopeptide 

bonds did not affect the distribution of Pi between the aqueous and micellar phase upon the 

addition of EDTA. Our results were in agreement with Odagiri and Nickerson (1965b) who 

demonstrated the removal of almost all micellar Pi when 30 mM EDTA was added to milk. 

31P-NMR showed that similar amounts of soluble Pi were detected in both types of milk and 

their corresponding sera. This indicated that 31P-NMR was an adequate method to measure 

the Pi in milk without having to remove the proteins. These serum Pi values were also close to 

those determined by colorimetry, confirming the accuracy of 31P-NMR.  

 

The measured amount of Pi in the serum was also in very good agreement to that calculated 

using the modified Holt’s model, which took into account the addition of EDTA, as shown by 

the black line in Figure 7.6. According to this model, soluble Pi accounted for mainly ionic 

H2PO4
-, to a lesser extent ionic HPO4

2- and minor amounts in decreasing order of CaHPO4, 

MgHPO4, NaHPO4
- and KHPO4

- complexes. As the EDTA amount in the milk system 

increased up to 20 mM, the serum Pi concentration increased, suggesting the release of Pi 

from the micelles due to the complexation of micellar Ca2+ by EDTA. The amount of all free 

and complexed forms of Pi increased. Above 20 mM EDTA, Pi in the serum reached a 

plateau of ~19 mM, where all Pi in the milk system was present in the aqueous phase, 

predominately as free H2PO4
- and to a lesser degree as free HPO4

2-.  
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Figure 7.6. Concentration of soluble Pi as a function of amount of EDTA added in 10% (w/w) TG 

untreated () and treated () milks, and the relative TG untreated () and treated () sera, obtained 

from 31P-NMR; and in 10% (w/w) TG untreated (x) and treated (x) milk sera, obtained from 

colorimetry. Error bars correspond to standard deviations of triplicates. The black solid line is 

obtained using the modified Holt’s model (see text for more details).   

 

7.3.5 Effect of EDTA addition on Mg2+, K+ and Na+ partition  

The serum Mg2+ content in both types of milk is shown in Figure 7.7A. The type of milk, TG 

treated or untreated, had no significant effect on the concentration of soluble Mg2+ as a 

function of increasing EDTA (P<0.05). Upon the addition of ≤20 mM EDTA, Mg2+ was 

released into the serum from an initial value of 2.3±0.1 mM for TG untreated milk and 

2.4±0.1 mM for TG treated milk before the addition of EDTA. Above 20 mM added EDTA, 

Mg2+ plateaued at ~3.7 mM, suggesting that nearly all Mg2+ was present in the TG untreated 

and treated milk sera. The model showed that when ≤25 mM EDTA was added, the 

concentration of MgCit- and MgHPO4 increased due to the solubilisation of CCP by the 

complexation with micellar Ca2+. A very small amount of free Mg2+ was complexed by 

EDTA4- to form MgEDTA2-. Above 30 mM EDTA, as all the available Ca2+ was complexed 

with EDTA, the remaining EDTA bound to and sequestered all forms of soluble Mg2+. This 

resulted in the increased formation of MgEDTA2- complexes, accompanied with the decrease 

in free Mg2+, and MgCit- and MgHPO4 complexes. 
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Figure 7.7B shows the soluble K+ content for both TG treated and untreated milks. The 

soluble K+ concentration was not significantly different between both types of milk (P<0.05) 

in the EDTA range investigated. Almost all K+ (~100% of total) was present in the milk sera 

in the form of ionic K+ as a function of added EDTA.  

 

The soluble Na+ content as a function of added EDTA in both types of milk is presented in 

Figure 7.7C. Increasing the amount of EDTA in both types of milk markedly increased the 

soluble Na+ concentration due to the addition of NaOH for pH adjustment. Through the 

EDTA range investigated, as with the soluble K+, the soluble Na+ remained predominately in 

the ionic form. The level of increase was not significantly different for both types of milk 

(P<0.05).  
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Figure 7.7. Concentrations of soluble (A) Mg2+, (B) K+ and (C) Na+ as a function of amount of EDTA 

in 10% (w/w) milks. The two types of milk are: TG untreated () and TG treated (). Error bars 

represent standard deviations of triplicates.  
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7.3.6 Particle sizing by DLS 

The particle size was measured by DLS to further investigate the influence of EDTA on 

casein micelle sizes with and without TG crosslinks. Figure 7.8 shows the particle size 

distribution in milk samples untreated (Figure 7.8A) and treated with TG (Figure 7.8B), 

containing 0, 15, 20 and 50 mM EDTA. For the milk samples without EDTA (TG untreated 

and treated), the particle size distribution was broad and monomodal, with sizes ranging 

between ~90 and ~600 nm, which corresponded to polydisperse casein micelles (Holt, 1992; 

Walstra and Jenness, 1984d). This size range was within that for casein micelles (~50-600 

nm) observed in the study by de Kruif and Holt (2003a). 

 

Upon the addition of 15 mM EDTA, the size distribution of the TG untreated milk became 

bimodal with sizes between ~30 and ~700 nm (Figure 7.8A). The change from monomodal to 

bimodal distribution for TG untreated milk suggested the possible destabilisation and 

disintegration of casein micelles. The smaller population, at the lower end of the size range, 

may correspond to smaller particles that have resulted from micellar disruption. The shape of 

the distribution remained bimodal with an increase in the size range (~10-1100 nm) when 

≥20 mM EDTA was added. This suggested the possible further changes in the micellar 

structure. In comparison, the particle distribution of TG treated milk remained as 

monomodal, even with the addition of 50 mM EDTA (Figure 7.8B). However, the 

distribution range slightly increased to ~60-800 nm (from ~60-600 nm without EDTA 

addition) as more EDTA was added. This suggested that the TG treatment stabilised the 

micellar structure to some extent due to the formation of isopeptide bonds between caseins.  
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Figure 7.8.  Particle size distributions for 10% (w/w) milk samples (A) untreated and (B) treated with 

TG containing: 0 mM (■); 15 mM (♦); 20 mM (); and 50 mM (▲) added EDTA.  

 

The change in casein micelle size, expressed as Z-average diameter, is plotted as a function 

of the added EDTA amount for both types of milk (Figure 7.9). The Z-average is the intensity 

weighted harmonic averaged particle diameter derived using the methods of cumulants to 

analyse the autocorrelation functions generated in a DLS experiment (Frisken, 2001; Koppel, 

1972). The particle size of the control TG untreated and treated milk was 227±2 and      

230±2 nm, respectively. The difference between the two milks without EDTA was very 

minor, implying that only very little inter-micellar crosslinking occurred in the TG treated 

milk (Huppertz and de Kruif, 2007a, 2008; Vasbinder et al., 2003c), consistent with results 

presented by Mounsey et al. (2005), Bönisch et al. (2007) and O'Sullivan et al. (2002b). 

When up to 10 mM EDTA was added, the casein micelles slightly swelled, to 230±3 and 

241±5 nm, respectively, for TG untreated and treated milk. This was possibly due to an 
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increase in the electrostatic repulsion between caseins as CCP was solubilised. CCP plays an 

important role in maintaining the structural integrity of casein micelles (Smiddy et al., 2006). 

According to the nanocluster model for the casein micelle structure proposed by Holt (de 

Kruif and Holt, 2003b; Holt, 1992, 2004), casein micelles are described to be composed of 

casein phosphopeptides and small domains of CPNs. As described in Chapter 5, CPN 

contains a calcium phosphate core, surrounded by a shell of caseins (αs1-, αs2- and β-casein). 

These caseins have phosphoserine residues enabling binding to the calcium phosphate core. 

The association between casein phosphopeptides and CPNs, facilitated by the balance 

between hydrophobic and electrostatic interactions, form the casein micelles (de Kruif and 

Holt, 2003b). Furthermore, the CPNs neutralise the negative charges on the phosphoserine 

residues to facilitate hydrophobic interactions (Horne, 1998). Thus, CPNs and hydrophobic 

interaction are important features in maintaining the structural integrity of casein micelles.  

 

When EDTA was added to TG untreated and treated milks, micellar Ca2+ was chelated by 

EDTA, as observed in the mineral balance results in Section 7.3.3, and micellar Pi was 

diffused into the serum (Section 7.3.4). This suggested that CCP was solubilised similarly in 

the case of both milk types, despite the presence of TG-mediated crosslinks. This in turn 

increased the electrostatic repulsion and led to the swelling of both types of micelle. A further 

increase in EDTA (≥15 mM) resulted in the disruption of both types of casein micelle, 

possibly into smaller casein aggregates, with a greater extent of disruption for the micelles in 

TG untreated milk. The particle size for TG untreated and treated milk containing between 20 

and 50 mM added EDTA plateaued at ~120 and ~200 nm, respectively. The collapse in the 

micellar framework in milk with high amounts of added EDTA was in agreement with 

Udabage et al. (2000) who showed complete disintegration of casein micelles after the 

addition of 50 mM EDTA. Our results suggested that the presence of TG could partially 

improve the casein micelle stability towards EDTA-induced micellar disruption. In 

accordance with our results, Partschefeld et al. (2007) demonstrated that TG treatment 

increased the stability of casein micelles towards disruption on the addition of EDTA.   
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Figure 7.9. Z-average diameter of 10% (w/w) milks as a function of the amount of EDTA added. 

Symbols correspond to: TG untreated () and TG treated () milks. Error bars correspond to 

standard deviations of triplicates. 

 

7.3.7 Viscosity measurements   

While the particle size was affected, the viscosity of milk was also expected to be influenced 

by the EDTA addition. Viscosity is the measure of the internal friction of a fluid or its 

internal resistance to flow (Lewis, 1996). The change in milk viscosity is the result of the 

alteration in the size of the casein micelles dispersed in the aqueous phase (Chandan, 2007). 

This is governed by the change in volume fraction (Anema et al., 2004; Snoeren et al., 1982) 

and voluminosity of the casein micelles (Karlsson et al., 2005). Micellar volume fraction is 

defined as the volume of the casein micelle to the total volume of all the constituents that 

make up the milk dispersion (including the caseins); whereas the micellar voluminosity is the 

volume occupied by a gram of casein micelle material (Dewan et al., 1973). The milk 

viscosity is also related to the number and size of protein particles (Walstra et al., 2006a). 

Therefore, the viscosity results, in combination with the particle sizing results, should provide 

more information about the effect of EDTA on milks with and without TG treatment.  

 

The viscosity measurements were performed by varying the shear rate (Figure 7.10), which 

could yield information on the structural and rheological behaviour of the milk systems. As it 
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could be seen from the viscosity measurement results, the increase in EDTA concentration 

resulted in the increase in viscosity for both types of milk (with and without TG). 

Furthermore, in the case of milk with no added TG, the sample behaved as Newtonian liquid, 

that is, there is no change in viscosity with shear rates, even at the highest EDTA 

concentration (Figure 7.10A). However, in the case of milk containing TG crosslinks, at low 

EDTA concentrations (<15 mM), the milk samples behaved as Newtonian liquids, while at 

high EDTA concentrations (≥15 mM), TG treated samples showed a slight pseudoplastic 

behaviour (Figure 7.10B). This shear-thinning behaviour indicated that the casein aggregates 

could be broken by shear.  

 

 

Figure 7.10. Viscosity of 10% (w/w) milks (A) untreated and (B) treated with TG containing: 0 mM 

(■); 2.5 mM (♦); 20 mM (); and 50 mM (▲) added EDTA as a function of applied shear rate. 

 

To compare between different samples, the apparent viscosity at a shear rate of 100 s-1 is 

plotted in Figure 7.11. The viscosities of both TG untreated and treated control milks were        

1.70±0.01 mPa·s. When up to 5 mM EDTA was added, the viscosities increased similarly for 

both types of milk. This was caused by swelling of the casein micelles, resulting in an 
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viscosities of both types of milk increased again, with higher viscosity for TG treated milk 

(2.00±0.01 mPa·s) than that of TG untreated milk (1.80±0.01 mPa·s). The viscosity increase 

in both types of milk was ascribed to the disruption of casein micelles leading to their 

dissociation into smaller clusters of casein proteins, as observed by particle sizing (Figure 

7.9). Above 20 mM added EDTA, the viscosity plateaued to value of ~2 and ~3.2 mPa·s for 

TG untreated and TG treated milk, respectively, as no further micellar disruption was 

observed for both types of milk. TG treated milk had higher viscosity than TG untreated milk 

between 20 to 50 mM added EDTA. This is probably due the TG crosslinked protein 

aggregates occupying a larger volume fraction than those without TG crosslinks. 

 

 

Figure 7.11. Viscosity at shear rate of 100 s-1 of 10% (w/w) milks as a function of amount of EDTA 

added. The two types of milk are: TG untreated () and TG treated (). Error bars correspond to 

standard deviations of triplicates. 
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7.3.8 Examination of casein micelles by Cryo-TEM 

Figure 7.12 displays the cryo-transmission electron micrographs of TG untreated and treated 

milks containing 0, 15, 20 and 50 mM added EDTA. The black blobs represent casein 

micelles, while the large circles are grid holes. Both TG untreated and TG treated micelles 

(with no added EDTA) (Figure 7.12A and E) were roughly spherical with irregular surfaces 

and were polydisperse in size. These observations were in agreement with the findings of 

Marchin et al. (2007) and Martin et al. (2007). When 15 mM EDTA was added there was no 

significant difference between the sizes of the casein micelles in both types of milk (Figure 

7.12B and F). However, upon further addition of EDTA (e.g. ≥20 mM), the casein micelles 

were no longer present (Figure 7.12C, D, G and H). This was inconsistent to the particle 

sizing results which suggested the existence of disrupted casein micelles with diameter of 

~120 and ~200 nm in TG untreated and treated milk, respectively (Figure 7.9). Despite 

numerous experimental attempts, the exact reason for the disappearance of the TG untreated 

and treated casein aggregates is still not understood and hence requires further investigation. 

These experiments included using carbon support copper grids with and without glow-

discharge. Glow-discharge facilitates smooth spreading of sample on to the grid (Grassucci et 

al., 2007). Using the glow-discharge, a hydrophilic grid surface was generated by removing 

impurities and depositing negative charges on to the grid surface (Cheung et al., 2013). The 

use of hydrophobic grid surface in the presence of amyl amine solution was also trialled. In 

addition, the alteration of milk concentration and adjustment of the sample thickness on the 

grid by optimising the blotting force during the blotting step were attempted. Unfortunately 

these experiments all failed to improve the TEM imaging of the dissociated casein micelles. 



Chapter 7 

 

199 

 

 

Figure 7.12. Left-hand side: cryo-transmission electron micrographs of 10% (w/w) milk untreated 

with TG containing (A) 0 mM, (B) 15 mM, (C) 20 mM, and (D) 50 mM added EDTA. Right-hand 

side: cryo- transmission electron micrographs of 10% (w/w) milk treated with TG containing (E) 0 

mM, (F) 15 mM, (G) 20 mM, and (H) 50 mM added EDTA. Scale bar corresponds to 200 nm. The 

black blobs represent casein micelles and the large circles are holes of the copper grid.  
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7.3.9 Mechanism of EDTA action on milks with and without TG treatment 

To aid in summarising the results above, a schematic diagram comparing the changes in the 

physico-chemical properties of casein micelles in the TG untreated and treated milk as a 

function of added EDTA was developed (Figure 7.13).  

 

In the absence of EDTA, under the normal physiological conditions of milk, the presence of 

CCPs, and the balance of hydrophobic and electrostatic interactions, are critical features in 

stabilising the micellar structure (Anema and Li, 2000; Horne, 1998; Liu and Guo, 2008; 

McMahon and Oommen, 2008) (Figure 7.13A (i)). TG treatment of milk also adds covalent 

intra-micellar crosslinks between caseins to enhance micellar stability (Figure 7.13B (i)) 

(Lorenzen, 2000a, b; Sharma et al., 2002).  

 

Despite the presence of TG, when EDTA was added to milk, it complexed with soluble Ca2+ 

(free Ca2+, CaCit-, CaHPO4 and CaCl+) and micellar Ca2+. The addition of up to 10 mM 

EDTA resulted in the gradual diffusion of Ca2+, Pi and Mg2+ into the aqueous phase of both 

types of milk, suggesting the progressive solubilisation of CCP (S1). CaEDTA2- complexes 

were formed due to the complexation between EDTA and the different forms of Ca2+. The 

diffused Pi was mainly present as ionic H2PO4
-, to a lesser extent ionic HPO4

2- and minor 

amounts of CaHPO4, MgHPO4, NaHPO4
- and KHPO4

- complexes. Diffused Mg2+ was 

predominantly in the form of MgCit- and MgHPO4. While CCP was solubilised, the TG 

untreated (Figure 7.13A (ii)) and treated casein micelles (Figure 7.13B (ii)) were destabilised 

and swelled, possibly due to the increase in electrostatic repulsion between caseins. This led 

to the increased viscosity for both types of milk.   

 

As further EDTA (≥10 mM) was added, the solubilisation of CCP passed a critical 

concentration (S2 and S3) and the disintegration of casein micelles occurred for both types of 

milk (Figure 7.13A (iii) and B (iii)). A lower degree of micellar disruption in TG crosslinked 

casein micelles was observed suggesting that TG-mediated crosslinks between caseins helped 

stabilise the micellar or aggregated structure against full disintegration (Figure 7.13B (iii)). 

The viscosity of both types of milk increased due to micellar disruption.  

 

Above 20 mM added EDTA, all CCPs were depleted from the micellar phase for both types 

of milk. TG untreated casein micelles were further disrupted (Figure 7.13A (iv)), while TG 
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treated casein micelles remained disrupted into same sized casein aggregates (Figure 7.13B 

(iv)) as in Figure 7.13B (iii). When the added EDTA complexed with all the available Ca2+ 

(e.g. EDTA ≥ 30 mM), it bound to Mg2+ to form MgEDTA2- complexes in both types of milk. 

Soluble K+ was mostly present in the sera in the form of ionic K+, while soluble Na+ 

increased due to the addition of NaOH for pH adjustment, also mostly in ionic form, as a 

function of added EDTA for both TG untreated and treated milks.  

 

The results in this study indicated that the distribution of inorganic ions between the aqueous 

and micellar phase of milk was independent of the presence of the TG-mediated intra-

micellar covalent crosslinks between caseins, following EDTA addition. This was expected 

since the mechanism of TG crosslinking did not affect the CCPs within the casein micelle, 

nor the minerals present in the milk serum. However, TG treatment while unable to prevent 

full dissociation of the casein micelles upon the addition of high EDTA amounts, did result in 

larger casein aggregates when compared to non-TG treated milk.  
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Figure 7.13. Proposed schematic representation of changes in physico-chemical properties of casein 

micelles in (A) TG untreated and (B) TG treated milks with (i) 0 mM, (ii) ≤10 mM, (iii) ≥10 mM, and 

(iv) ≥20 mM added EDTA. S1, S2 and S3 denote steps 1, 2 and 3, respectively (see text for details).  
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7.4 Summary 

This study demonstrated that the TG-induced crosslinks did not affect the dynamics of 

minerals between the aqueous and micellar phase of milk, but it did influence the particle size 

and milk viscosity upon the addition of EDTA. When up to 20 mM EDTA was added, 

complexation with Ca2+ occurred for both types of milk which resulted in the gradual 

increase in soluble Ca2+, Mg2+ and Pi, suggesting the solubilisation of CCP. Upon the 

addition of 10 mM EDTA, TG untreated and treated micelles swelled, possibly due to an 

increase in electrostatic repulsion resulting from the depletion of CCP. This also led to an 

increase in the viscosity. Further addition of EDTA (≥10 mM) resulted in the disruption of 

casein micelles for both types of milk, with a higher degree of disintegration in TG untreated 

milk. This indicated that the intra-micellar isopeptides formed enhanced the stability of 

casein micelles by reducing the extent of micellar disruption upon the addition of EDTA. 

Viscosity further increased as a consequence of micellar disruption for both types of milk. 

After the addition of ≥20 mM EDTA, TG untreated casein micelles were further disrupted, 

but the viscosity plateaued, while with TG treatment the sizes of disrupted micelles remained 

unchanged but the viscosity increased. Despite the presence of TG, the distribution of K+ was 

independent of added EDTA; whereas the concentration of soluble Na+ increased as a 

function of added EDTA due to the addition of NaOH for pH adjustment. The Holt’s model 

for milk mineral speciation, when modified to take into account the addition of EDTA, was 

able to accurately predict the amounts of Ca2+ and Pi in the serum as a function of EDTA 

concentration. Overall, while the TG treatment of milk did not influence the mineral balance 

due to EDTA addition, the results, however, showed that TG addition improved the extent of 

casein micelle dissociation.   
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Chapter 8. 
Conclusions and future work 

 

8.1 Conclusions 

The overall objective of this thesis was to investigate the effect of transglutaminase (TG) 

treatment on the changes in physico-chemical properties of skim milk at acidic and alkaline 

pH, and with added ethylenediaminetetraacetic acid (EDTA).  

 

Acidification, alkalinisation and EDTA addition altered the protein-mineral equilibria which 

had major influences on the physico-chemical properties of milk, particularly the structure 

and stability of casein micelles (Chapters 4-7). The incorporation of TG-mediated ε-(γ-

glutamyl)-lysine covalent crosslinks in milk predominately resulted in intra-micellar 

crosslinking between caseins, and to a lesser extent, the crosslinking of whey proteins. TG 

was more susceptible to crosslinking the casein fractions, in the order κ-casein > β-casein > 

αs-casein, probably due to their location in the casein micelle (Appendix 1). The effects of the 

isopeptide bonds, due to TG treatment, in milk under these conditions were studied in 

Chapters 4 (acidic pH), 5 (alkaline pH) and 7 (added EDTA), and the effect of TG treatment 

on the distribution of minerals between serum and micellar phase as a function of pH change 

was explored in Chapter 6.  

 

The effects of TG, acidification temperature (30-45oC) and total solids content (2.5-30% 

w/w) on the rheological properties, microstructures and extent of syneresis of acid milk gels 

were examined in Chapter 4. The acid milk gels were prepared using glucono-δ-lactone to 

lower the pH of the milk from ~6.7 (native pH) to below 4.6 (isoelectric point of casein) in a 

controlled manner. TG treatment did not alter the acidification kinetics (Chapter 4) and the 

solubilisation of colloidal calcium phosphate (CCP) that normally occur in milk as a function 

of pH decrease (Chapter 6). However, depending on the temperature, milk treated with TG 

induced different gelation profiles (elastic modulus (Gʹ) versus time curves) to that without 

TG treatment. At 30oC, TG treated milk had a similar gelation profile, gelation pH and final 

gel firmness as TG untreated milk; whereas these properties differed from TG untreated milk 

at ≥35oC. In particular, the gelation profiles at ≥35oC, of TG treated milk inhibited the 

formation of a shoulder termed Gʹshoulder, which was observed in TG untreated milk. The 

disappearance of G'shoulder in the gelation profile of TG treated milk at ≥35oC was 
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demonstrated to be due to the lack of soluble protein complexes. G'shoulder was proposed to be 

the transition of the first increase in Gʹ due to the aggregation of soluble protein complexes 

(present in milk untreated with TG) at the early stage of acidification, to the second increase 

in Gʹ due to further aggregation of casein micelles (and aggregated soluble complexes) as 

acidification progressed. This supported the proposal of Lucey et al. (1998a), O'Kennedy and 

Kelly (2000), and Famelart et al. (2003, 2004); whereas the explanation for the Gʹshoulder that 

was related to the solubilisation of CCP (Anema, 2009b; Ercili-Cura et al., 2013; Horne, 

2003; Koutina and Skibsted, 2015; Lee and Lucey, 2004) could be dismissed, as it was shown 

that Gʹshoulder was inhibited in TG treated milk when acidified at ≥35oC, even though CCP 

solubilisation during acidification was the same as that in TG untreated milk (Chapter 6). 

Furthermore, at ≥35oC, where the TG untreated milk gel was less firm, more porous and 

subjected to syneresis, the TG treated milk gel was markedly firmer, less prone to breakage at 

large deformation, less porous and more homogenous, and prevented syneresis. These 

differences were due to the TG-induced covalent isopeptide bonds restricting structural 

rearrangements during the gelation process. When the total solids content increased, TG 

treatment did not significantly influence the final gel firmness. The final gel firmness 

increased in both types of milk gel (with and without TG) at 30oC presumably due to the 

increase in micelle-micelle interactions and the presence of more inter-micellar bonds in the 

milk gel network. 

  

The effect of TG treatment on the changes in physico-chemical properties of milk during the 

process of alkalinisation (~pH 6.7 to ~10) was investigated in Chapter 5, and its effect on the 

mineral balance was investigated in Chapter 6. Both TG treated and TG untreated casein 

micelles swelled when these milks were alkalinised from ~pH 6.7 to ~8. The swelling of the 

casein micelles was due to the increase in electrostatic repulsion between the charged casein 

molecules. In TG untreated milk, and hence the absence of crosslinks, the swelling of the 

micelles loosened the micellar structure resulting in the progressive dissociation of caseins. 

However, in the presence of TG-induced crosslinks, most caseins were maintained in the 

micellar phase. As the pH was increased from ~8 to ~10, TG treated casein micelles resisted 

full micellar disruption, continued to swell and had a reduced extent of casein dissociation. In 

both TG untreated and treated milks, the β-lactoglobulin was denatured and aggregated, 

however, the α-lactalbumin in TG treated milk resisted denaturation and aggregation. The 

results revealed that TG treatment induced strong protein-protein interactions to stabilise the 

micellar network against alkaline-induced disruption.  
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The effect of TG on the mineral balance and calcium phosphate phases of milk as a function 

of pH change (~pH 4 to ~10) explored by the use of analytical methods and Raman 

spectroscopy, respectively, was reported in Chapter 6. TG treatment did not significantly 

affect the distribution of Ca2+, Mg2+, K+, Na+ and inorganic phosphate (Pi) during 

acidification and alkalinisation, though the TG-induced crosslinks prevented the dissociation 

of caseins at acidic pH and prevented the full disruption of micelles at alkaline pH (Chapter 

5). Acidification resulted in the progressive solubilisation of CCP from ~pH 6.6 to ~5.2, and 

complete CCP solubilisation below ~pH 5.2. Conversely, alkalinisation from ~pH 6.6 to ~10 

resulted in the gradual precipitation of calcium phosphate for both types of milk. Raman 

spectroscopy showed that, despite TG treatment, alkalinisation did not result in the 

transformation of amorphous calcium phosphate into crystalline phases. An attempt to model 

the partition of Ca2+ and Pi as a function of pH change using the model of Carl Holt was 

unsuccessful, and discrepancies between the modelled and experimental results were 

observed. Parameters including the solubility product (Ksp) and the composition of calcium 

phosphate nanoclusters (CPNs) in the Holt’s model were adjusted and the fit of the 

experimental results was drastically improved. However, more work is still required to 

improve the model for calculating the ion equilibria in the pH range studied, without the need 

to adjust some of the parameters.  

 

Chapter 7 reported the effect of TG on the physico-chemical properties of milk with added 

EDTA (0-50 mM). Even with TG treatment, the addition of up to 20 mM EDTA resulted in 

the complexation of Ca2+ and thus the solubilisation of CCP, and all CCPs were depleted 

above 20 mM added EDTA. The modelled Ca2+ and Pi concentrations as a function of added 

EDTA using the modified Carl Holt model on the speciation of milk minerals, taking into 

account the EDTA addition, was in good agreement with the experimental results. The model 

was found to satisfactorily predict the ion equilibria in milk systems with added EDTA. The 

soluble Pi values measured by colorimetry, when compared to the 31P-Nuclear magnetic 

resonance (31P-NMR) results, showed that 31P-NMR was an adequate and fast method to 

measure Pi without the need to remove the proteins. TG crosslinked casein micelles, similarly 

to TG untreated casein micelles, swelled upon the addition of 10 mM EDTA due to the 

increase in electrostatic repulsion resulting from CCP depletion. When more than 15 mM 

EDTA was added, both the TG treated and untreated casein micelles were disrupted, although 

there was less casein micelle disruption in the TG treated milk. The viscosity increased as a 

result of micellar disruption in both types of milk. The results indicated that TG-mediated ɛ-
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(γ-glutamyl)-lysine isopeptide bonds partially improved the stability of casein micelles in the 

presence of EDTA.  

 

Overall, milk containing intra-micellar crosslinked casein micelles, when subjected to 

acidification at ≥35oC, produced acid gels with improved texture and microstructure, and 

with no syneresis (Chapter 4). When subjected to alkalinisation (Chapter 5), the isopeptide 

bonds prevented full micellar disruption against the increased electrostatic repulsion. With 

the addition of EDTA (Chapter 7), the crosslinks between the caseins induced by TG reduced 

micellar disruption despite the solubilisation of CCP by EDTA. Under alkaline and acidic 

conditions, and when EDTA was added, the mineral equilibrium was similar between milk 

with and without TG-mediated crosslinks (Chapters 6 and 7), because the crosslinks did not 

affect the phosphoserine residues on the caseins. The findings obtained for TG treated 

acidified milks can potentially allow the manufacture of dairy products such as yogurts with 

increased gel strength and with the absence of syneresis. Although the use of alkaline pH and 

addition of EDTA is not permitted in food applications, the findings obtained on TG treated 

milks at alkaline pH and added EDTA contribute to the fundamental knowledge on casein 

micelle structure which is still not fully understood.  

 

8.2 Future work 

In the course of the current thesis, several future areas of research could be considered.  

 

Development of a more suitable theoretical model for the analysis of internal structural 

features of casein micelles 

In Chapter 5, the small angle X-ray scattering (SAXS) spectra of casein micelles, with and 

without TG-induced isopeptide bonds, were fitted with the existing core-shell theoretical 

model to obtain the change in size of the core and shell of the casein micelle and CPN as a 

function of pH increase. TG non-crosslinked casein micelles showed a decrease in the 

micellar core and shell radii, in agreement with micellar disruption; whereas those that were 

crosslinked showed an increase and decrease in the radius of the micellar core and shell, 

respectively; consistent with casein micelle swelling during alkalinisation. Nevertheless, 

despite the presence of isopeptide crosslinks, the sizes of CPNs remained relatively constant 

when the pH was increased. Although the results provided structural changes of the casein 

micelles and CPNs in response to alkalinisation, there were variations between the fitted 



Chapter 8 

 

209 

 

results and those reported in the literature. These variations are dependent on the approaches 

used to fit the SAXS data. To obtain better quantitative structural information of the casein 

micelles under alkaline pH, a new theoretical model applicable to analysing the internal 

structural features of casein micelles should be developed. The development of such a model 

would allow the extension of the SAXS work to examine the structural changes of casein 

micelles under a wider range of stressors (e.g. acidic pH, addition of EDTA, citrate, urea and 

oxalate). Furthermore, although SAXS is a convenient, effective and non-destructive way to 

obtain quantitative structural information of the casein micelles, and is a complementary 

technique to the more direct visualising methods such as cryogenic-transmission electron 

microscopy (Cryo-TEM) (Chapter 5), the observation of organic materials can be limited by 

the relatively low scattering contrast offered by SAXS (Wang et al., 2010). Hence, it would 

be worthwhile conducting resonant soft X-ray scattering experiments in addition to SAXS. 

Resonant soft X-ray scattering enhances the scattering contrast by using X-ray photon energy 

near the absorption edge of the element or chemical of interest (Wang et al., 2010). The use 

of resonant soft X-ray scattering significantly increases the scattering intensity and enhances 

the elemental and chemical sensitivity of the scattering objects such as CPN.    

 

Imaging casein micelles with and without isopeptide crosslinks  

Cryo-TEM was used to image casein micelles in milk at alkaline conditions (Chapter 5) and 

with added EDTA (Chapter 7). However, based on the sizes of casein micelles of selected 

milk samples measured by dynamic light scattering, the casein micelles were not observed 

under the Cryo-TEM under certain conditions, e.g. TG untreated milk at pH > 8, and TG 

untreated and treated milks containing ≥20 mM of added EDTA. Hence, it is necessary to 

examine the morphology of casein micelles under these conditions by using methods other 

than Cryo-TEM. Structural modifications of casein micelles in response to alkalinisation and 

EDTA addition could be imaged by real space microscopy techniques such as atomic force 

microscopy (AFM). This technique uses a tip mounted at the end of a cantilever to measure 

the force interactions between itself and the sample when it is brought in close contact with 

the surface of the sample (Giessibl, 2003; Ricci and Braga, 2004). AFM involves the 

immobilisation of single casein micelles on to surface substrates (e.g. gold). In addition to the 

common practice of immobilising milk casein micelles for AFM (e.g. using ethanolic 11-

mercaptoundecanoic acid to form self-assembled monolayers and carbodiimide chemistry 

(aqueous mixture of N-hydroxysuccinimide coupled with N-ethyl-N-(dimethyl-aminopropyl) 

carbodiimide) to functionalise the tail groups of 11-mercaptoundecanoic acid for micelle 



Chapter 8 

 

210 

 

immobilisation), other immobilisation methods such as siloxane monolayers on mica 

substrates, which have not yet been applied to casein micelles could be trialled for better 

imaging of casein micelles by AFM. When utilising AFM, the in situ casein micelle structural 

changes in the aqueous phase in reaction to stress induced by acidification, alkalinisation and 

EDTA addition might also be directly probed.  

 

Improving Carl Holt’s model for milk mineral speciation under extreme pH conditions  

The ion speciation model modified from Carl Holt’s original model was shown to give a 

satisfactory description of the ion composition for milk with added EDTA. The modelled data 

fitted well with that obtained experimentally (Chapter 7). However, this was not the case for 

modelling the mineral balance of milk under extreme acidic and alkaline conditions (Chapter 

6). In particular, it was necessary to alter parameters such as Ksp and the composition of CPN 

to facilitate fitting the calculated results to the experimental data. Firstly these parameters 

should be measured and then compared to those used in the model. If the measured 

parameters were found to differ significantly from those used in this thesis, then the need to 

revisit Holt’s model and modifying it further would be justified.  

 

Use of different milks, different crosslinking agents, and a wider range of environmental 

conditions 

The effect of TG treatment on the physico-chemical alterations in milk can be broadened by 

studying its role under other processing conditions. For example, the addition of calcium 

chelating agents to milk for cheese manufacture, such as monosodium phosphate, disodium 

phosphate, trisodium phosphate, sodium pyrophosphate, sodium hexametaphosphate, 

trisodium citrate, and high hydrostatic pressure treatment of milk, could be considered. 

Furthermore, it would be interesting to compare the TG crosslinking behaviour in bovine 

milk to caprine and ovine milks, which have not been vastly investigated, under conditions 

where the casein micelles are subjected to disruptions.   

 

In this thesis, microbial TG was chosen to crosslink the proteins in milk as it is commercially 

available in large quantities (Motoki and Kumazawa, 2000), and it is rated as non-toxic and 

certified with Generally Recognised as Safe (GRAS) status by the U.S. Food and Drug 

Association (FDA) (U.S. Food and Drug Administration, 2015). In comparison to TG, there 

is relatively little information on milk proteins crosslinked by laccase, tyrosinase, peroxidase 

and genipin. It would be worthwhile to investigate the effect of these crosslinking agents on 
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the changes in physico-chemical properties of milk under different processing conditions, in 

comparison to TG.  
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Appendix 1. Determination of susceptibility of proteins to 
transglutaminase crosslinking and degree of crosslinking in 
casein micelles in milk 
 

The susceptibility of the proteins to be crosslinked by transglutaminase (TG) and the extent 

of TG-induced crosslinking were determined by reversed-phase high performance liquid 

chromatography (RP-HPLC). Figure A1.1-A and A1.1-B represent the RP-HPLC 

chromatograms of the separated caseins and whey proteins in both control TG untreated and 

treated milk, respectively. The peaks on the chromatograms were identified and quantified 

using individual purified milk caseins and whey proteins (Sigma-Aldrich Co., Missouri, 

USA). The peak areas were integrated using the OMNIC software (Thermo Fisher Scientific 

Inc., New York, USA).  

 

 

Figure A1.1. RP-HPLC chromatograms of different (A) casein fractions and (B) whey protein 

fractions in 10% (w/w) TG untreated (blue) and treated (red) milks. Injection volume was 50 μL. In 

(A), peaks are: 1 = -casein (-CN); 2 = αs-casein (αs-CN); and 3 = β-casein (β-CN). In (B), peaks 

are: 1 = α-lactalbumin (α-Lac); and 2 = β-lactoglobulin (β-Lg). In (A), the three -CN peaks represent 

-CN variants A/B with varying states of glycosylation1, the peak eluting after the last -CN peak is 

αs2-CN, and the peak thereafter is αs1-CN2-4. The two β-CN peaks represent β-CN A variants1. In (B), 

the double peak of β-Lg represents the two A/B variants1. The details of the use of RP-HPLC are in 

Section 3.9.1.1, Chapter 3.  
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In comparison to TG untreated milk, the peak areas of all caseins and α-Lac were reduced in 

TG treated milk (Table A1.1). The concentrations of the proteins in control TG untreated 

milk ([Proteinnon-TG]) and TG treated milk ([ProteinTG]) were calculated using the calibration 

curves in Figures A2.1-A2.5 in Appendix 2. The residual protein in the TG treated milk 

(residual proteinTG) is expressed as a percentage of the total milk, as follows: 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑇𝐺 (%) =
[𝑃𝑟𝑜𝑡𝑒𝑖𝑛𝑇𝐺 ]

[𝑃𝑟𝑜𝑡𝑒𝑖𝑛𝑁𝑜𝑛−𝑇𝐺]
× 100  (A.1) 

The residual proteinTG can then be further used to calculate the percentage of protein 

crosslinked by TG in TG treated milk (crosslinked proteinTG) using the equation: 

𝐶𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛𝑇𝐺 (%) = 100 − 𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑇𝐺 (A.2) 

 

Table A1.1. Calculated residual protein and crosslinked protein in control TG treated milk obtained 

from peak area integration of RP-HPLC chromatograms. 

Protein 
Residual protein in  

TG treated milk (%)1 

Crosslinked protein in  

TG treated milk (%)2 

αs-casein 55.0±0.3 45.0 

β-casein 37.3±0.04 62.7 

κ-casein 9.5±2.2 90.5 

α-lactalbumin 88.6±3.7 11.4 

β-lactoglobulin 100±3.2 0 

1 Calculated using Equation A.1. 

2 Calculated using Equation A.2. 

 

 

 

 

 

1 Swaisgood, H. E. (2003). Chemistry of caseins. In "Advanced Dairy Chemistry: Proteins" (P. F. Fox and P. L. 

H. McSweeney, eds.), Vol. 1, pp. 139-202. Kluwer Academic/Plenum Publishers, New York. 

 
2 Bobe, G., Beitz, D. C., Freeman, A. E., and Lindberg, G. L. (1998). Separation and quantification of bovine 

milk proteins by reversed-phase high-performance liquid chromatography. Journal of Agricultural and Food 

Chemistry 46, 458-463. 

 
3 Bonizzi, I., Buffoni, J. N., and Feligini, M. (2009). Quantification of bovine casein fractions by direct 

chromatographic analysis of milk. Approaching the application to a real production context. Journal of 

Chromatography A 1216, 165-168. 

 
4 Bordin, G., Cordeiro Raposo, F., de la Calle, B., and Rodriguez, A. R. (2001). Identification and quantification 

of major bovine milk proteins by liquid chromatography. Journal of Chromatography A 928, 63-76. 
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As the composition of caseins and whey proteins in both milks was the same, any change in 

peak area of either casein or whey protein was the result of TG-induced crosslinking, 

indicating that these proteins have not been eluted at their original retention times. Amongst 

all caseins, κ-CN was most susceptible to crosslinking by TG (90.5% crosslinked), followed 

by β-CN (62.7% crosslinked) then αs-CN (45.0% crosslinked). This order of susceptibility of 

caseins to TG crosslinking was consistent with results presented in previous studies5-10. The 

order of susceptibility of the different caseins to TG crosslinking was most probably due to 

their location within the casein micelles10. κ-CNs, and to a lesser extent, β-CNs, are located 

on the micellar surface that are readily accessible to TG; whereas αs-CNs are located in the 

core that is poorly accessible to TG11. In comparison, for whey proteins, 11.4% α-Lac was 

crosslinked by TG and no β-Lg was crosslinked by TG. This indicated that caseins were more 

crosslinked by TG in milk than whey proteins possibly due to the greater accessibility of the 

glutamine and lysine residues in their native unfolded structures. In contrast, these residues 

are buried inside the globular structures of the whey proteins. The accessibility of whey 

proteins to TG crosslinking is increased only when the milk is heat treated12, alkalinised13, 

high  pressure  treated14 or  treated  with  reducing  agents such as dithiothreitol15,16. The milk  

 

  

 
5 Hinz, K., Huppert, T., Kulozik, U., and Kelly, A. L. (2007). Influence of enzymatic cross-linking on milk fat 

globules and emulsifying properties of milk proteins. International Dairy Journal 17, 289-293. 

 
6 Hinz, K., Huppertz, T., and Kelly, A. L. (2012). Susceptibility of the individual caseins in reconstituted skim 

milk to cross-linking by transglutaminase: Influence of temperature, pH and mineral equilibria. Journal of Dairy 

Research 79, 414-421. 

 
7 Huppertz, T., and de Kruif, C. G. (2007a). Rennet-induced coagulation of enzymatically cross-linked casein 

micelles. International Dairy Journal 17, 442-447. 

 
8 Huppertz, T., and de Kruif, C. G. (2007b). Ethanol stability of casein micelles cross-linked with 

transglutaminase. International Dairy Journal 17, 436-441. 

 
9 Sharma, R., Lorenzen, P. C., and Qvist, K. B. (2001). Influence of transglutaminase treatment of skim milk on 

the formation of ɛ-(γ-glutamyl) lysine and the susceptibility of individual proteins towards crosslinking. 

International Dairy Journal 11, 785-793. 

 
10 Smiddy, M. A., Martin, J. E. G. H., Kelly, A. L., de Kruif, C. G., and Huppertz, T. (2006). Stability of casein 

micelles cross-linked by transglutaminase. Journal of Dairy Science 89, 1906-1914. 

  
11 de Kruif, C. G., and Holt, C. (2003). Structure, functions and interactions of casein micelles. In "Advanced 

Dairy Chemistry: Proteins" (P. F. Fox and P. L. H. McSweeney, eds.), Vol. 1, pp. 233-276. Kluwer 

Academic/Plenum Publishers, New York. 

 

12 O'Sullivan, M. M., Kelly, A. L., and Fox, P. F. (2002b). Influence of transglutaminase treatment on some 

physico-chemical properties of milk. Journal of Dairy Research 69, 433-442. 
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used in this study was reconstituted from low heat skim milk powder (minimal heat treatment 

was used during its manufacture), and heat treatment only took place to inactivate TG after 

incubation, hence it was expected that most of the TG induced crosslinking occurred on the 

caseins.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
13 Faergemand, M., Otte, J., and Qvist, K. B. (1997a). Enzymatic cross-linking of whey proteins by a Ca2+-

independent microbial transglutaminase from Streptomyces lydicus. Food Hydrocolloids 11, 19-25. 

 
14 Lauber, S., Krause, I., Klostermeyer, H., and Henle, T. (2003). Microbial transglutaminase crosslinks β-casein 

and β-lactoglobulin to heterologous oligomers under high pressure. European Food Research and Technology 

216, 15-17. 

 
15 Coussons, P. J., Price, N. C., Kelly, S. M., Smith, B., and Sawyer, L. (1992). Transglutaminase catalyses the 

modification of glutamine side chains in the C-terminal region of bovine β-lactoglobulin. Biochemical Journal 

283, 803-806. 

 
16 de Jong, G. A. H., and Koppelman, S. J. (2002). Transglutaminase catalyzed reactions: Impact on food 

applications. Journal of Food Science 67, 2798-2806.  
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Appendix 2. Calibration curves for quantification of proteins 
and inorganic ions 
 

 

Figure A2.1. Calibration curve for RP-HPLC analysis of as-CN.  

 

 

Figure A2.2. Calibration curve for RP-HPLC analysis of β-CN.  
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Figure A2.3. Calibration curve for RP-HPLC analysis of κ-CN.  

 

 

Figure A2.4. Calibration curve for RP-HPLC analysis of α-Lac.  
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Figure A2.5. Calibration curve for RP-HPLC analysis of β-Lg.  

 

 

Figure A2.6. Calibration curve of Ca2+ for atomic absorption spectroscopy.  
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Figure A2.7. Calibration curve of Mg2+ for atomic absorption spectroscopy.  

 

 

Figure A2.8. Calibration curve of K+ for atomic emission spectroscopy.  
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Figure A2.9. Calibration curve of Na+ for atomic emission spectroscopy.  

 

 

Figure A2.10. Calibration curve of inorganic phosphate (Pi) for colorimetry.  
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Figure A2.11. Calibration curve of Pi for 31P-Nuclear magnetic resonance. Methylenediphosphonic 

acid (MDPA) is the external reference used for quantification. 

 

 

 

 

 

 

 

 

 

 

Figure A2.12. Calibration curve of ionic Ca2+ for Ca2+ ion selective electrode.  
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