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Abstract

Bovine milk protein isolate (MPI) is produced by ultrafiltration (UF) and diafiltration (DF) of skim
milk (followed by spray-drying) and has a protein content of > 90% on a dry matter basis. High
protein milk protein concentrate (MPC) and MPI are well documented to display impaired
rehydration properties. The primary rate limiting factor during hydration is the dispersion of casein
micelles from inter-linked micellar networks formed due to changes in colloidal properties during
manufacturing and storage of MPI.

This thesis describes novel research on the development of MPI enzymatic hydrolysates with
enhanced solubility. It also addresses the comparative functional characteristics of intact and
enzymatically hydrolysed MPI particularly in relation to the impact of different enzyme activities
and the associated differences in physicochemical characteristics of their hydrolysates on the
functional properties.

MPI hydrolysates generated with Flavourzyme™, Neutrase™ and Protamex™ at two hydrolysis
time points per enzyme with degree of hydrolysis (DH) values ranging from 15.6 to 37.1%, were
evaluated in comparison to intact unhydrolysed MPI. Gel permeation chromatography indicated
digestion of individual milk proteins in all hydrolysates. Hydrolysis of MPI with Flavourzyme™,
Neutrase™ and Protamex™ resulted in enhanced nitrogen solubility between pH 4.0 and 7.0
compared to intact MPI1. MPI hydrolysates displayed reduced water droplet contact angles (<50°)
compared with intact MPI1 (~90°), indicating increased wettability.

Hydrolysis also resulted in modifications to other functional properties of MPI. Intact MPI was
highly heat stable at 140°C above pH 6.8 (>10 min), while all hydrolysates coagulated within 64s

at 140°C between pH 6.2-7.4. The hydrolysate samples displayed reduced foam capacity and
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reduced foam half-life (58.1-214s) at 25°C compared to the intact protein (783-850s) despite
displaying reduced surface tension. MPI hydrolysates displayed reduced glass transition
temperatures (48.5-67.3°C) compared with intact MPI (~121°C), indicating reduced powder
storage stability and an increased risk of stickiness, lumping and caking compared with intact MPI.
The hydrolysate samples displayed reduced whiteness and altered yellowness and greenness
compared to the MPI control samples. The Flavourzyme™ hydrolysate (60 min incubation)
demonstrated a comparable bitterness (mean bitterness score: 2.14) to the intact protein (1.52-
1.57). All other hydrolysates displayed increased bitterness where the Neutrase™ and Protamex™
hydrolysates had the highest mean bitterness scores (8.80-9.39). Qil-in-water (O/W) emulsions
modelled on a commercially available infant formula prepared using the MPI hydrolysates
demonstrated reduced emulsion stability under accelerated storage conditions compared to the
O/W emulsions containing intact MPI.

Overall, enzymatic hydrolysis enhanced the solubility and rehydration properties of MPI; while
their heat, emulsion and foam stability were reduced and bitterness perception was increased.
Instability and bitterness development was hydrolytic enzyme, DH and molecular mass
distribution dependent. The MPI hydrolysates may find application in specific food and beverage
applications, however, the exploitation of the benefits of hydrolysis (e.g., enhanced solubility) in
complex food matrices may require modification of the formulation (e.g., incorporation of calcium
chelating and viscosity enhancement agents) and storage at controlled ambient temperatures to
achieve improved functional characteristics and emulsion stability. Additionally, the use of
Flavourzyme™ to limit bitterness development may be a key selection factor in the use of MPI

hydrolysate ingredients in specific food and beverage applications.

Vi
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Figure 2.7 Ca®" concentration of 1.5% (protein (w/w)) solutions of bovine milk protein isolate
(MPI) control and hydrolysate samples as a function of pH at 25°C.

Figure 2.8A Viscosity during simulated high temperature short time (HTST) heating and cooling
of 5.5% (protein (w/w)) solutions of bovine milk protein isolate (MPI) control and hydrolysate
samples as a function of temperature at pH 6.2.

Figure 2.8B Viscosity during simulated high temperature short time (HTST) heating and cooling
of 5.5% (protein (w/w)) solutions of bovine milk protein isolate (MPI1) control and hydrolysate
samples as a function of temperature at pH 6.8.

Figure 2.8C Viscosity during simulated high temperature short time (HTST) and cooling of 5.5%
(protein (w/w)) solutions of bovine milk protein isolate (MPI) control and hydrolysate samples as
a function of temperature at pH 7.4.

Figure 3.1 Scanning electron microscope images of bovine milk protein isolate (MPI) and MPI
hydrolysate powder samples (at 1000x magnification).

Figure 3.2 Contact angle developed over time (0 to 60 s) between a deposited drop of deionized
of water and the surface of a compressed disc of bovine milk protein isolate (MPI) and MPI
hydrolysate powder samples.

Figure 3.3 Solubility of bovine milk protein isolate (MPI) and MPI hydrolysate samples (4.0%,
w/w, protein) prepared in deionised water at 25°C and pH 6.8.

Figure 3.4 Moisture sorption isotherms of bovine milk protein isolate (MPI) and MPI hydrolysate
powder samples using a dynamic vapor sorption cycle for water activity values between 0.10 and
0.90.

Figure 4.1 Foam structure images of bovine milk protein isolate (MPI) and MPI hydrolysate
aqueous dispersions (1.5% (w/w) protein/protein equivalent) at pH 6.8 and 25°C at the time of
maximum foam height (tmax) and at the foam half-life time (t1.2).

Figure 4.2 Foam height (mm) and mean bubble radius (—x—, mm) of bovine milk protein isolate
(MPI) and MPI hydrolysate aqueous dispersions (1.5% (w/w) protein/protein equivalent) at pH
6.8 as a function of time at 25°C.

Figure 4.3 Bitterness score (1-10) of bovine milk protein isolate (MPI) and MPI hydrolysate
aqueous dispersions (1.5% (w/w) protein/protein equivalent) at 25°C and pH 6.8.

Figure 5.1 Fat globule size distribution profiles of freshly prepared emulsions formed using bovine
milk protein isolate (MP1) and MPI hydrolysate samples.
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Figure 5.2 LUMISizer phase separation near infrared (NIR) transmission profiles of freshly
prepared emulsions formed using bovine milk protein isolate (MP1) and MPI hydrolysate samples.

Figure 5.3 Instability index of freshly prepared emulsions formed using bovine milk protein
isolate (MPI) and MPI hydrolysate samples.

Figure 5.4A Apparent viscosity of freshly prepared emulsions formed using bovine milk protein
isolate (MPI) and MPI hydrolysate samples at a shear rate of 300 s™ assessed at 45°C.

Figure 5.4B Apparent viscosity of freshly prepared emulsions formed using bovine milk protein
isolate (MPI) and MPI hydrolysate samples at a shear rate of 300 s assessed at 90°C.

Figure 5.5 Evolution of viscosity during simulated high temperature short time (HTST) heating
and cooling of emulsions formed using bovine milk protein isolate (MPI) and MPI hydrolysate
samples as a function of temperature.

Figure 6.1 Schematic representation of the different experimental phases of the thesis.
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1 Literature Review

1.1 Bovine milk composition

Bovine milk is a mammary gland secretory fluid composed of a complex mixture of components
including protein, fat, lactose, minerals and vitamins that meets the complete nutritional
requirements of the calf. Bovine milk also contains oligosaccharides, polar lipids, growth factors,
immunoglobulins, hormones, enzymes, cytokines, nucleotides, nucleosides, bioactive peptides and
other minor components that support immunity and critical physiological functions (Haug et al.,
2007). Bovine milk typically contains 12.7% total solids, 3.7% fat, 3.4% protein, 4.8% lactose and
0.7% ash (Fox et al., 2015). However, several factors impact the composition of bovine milk such
as the breed, feed management, age and health of the cow. The composition also evolves over the
course of lactation to meet the changing nutritional requirements of the calf. Bovine colostrum
contains higher levels of immunoglobulins, protein, fat, minerals, vitamins, hormones, growth

factors, non-protein nitrogen and nucleotides than mature milk (McGrath et al., 2016).

1.2 Bovine milk proteins

Bovine milk proteins are classified as either caseins or whey proteins. Caseins account for
approximately 80% of the protein in bovine milk with the remainder consisting of whey proteins
(Fox et al., 2015). Caseins are present in bovine milk in the form of micelles which are self-
assembled colloidal structures composed mainly of a mixture of caseins and inorganic calcium
phosphate, which is essential to micelle structure (Dalgleish, 2011). Caseins precipitate from milk
at their isoelectric point (~ pH 4.6) while whey protein remains soluble at this pH. There are four

primary casein proteins: osi-, os2-, B- and k-casein. The different genetic variants of the caseins
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differ in the number of ester phosphate groups and some amino acid substitution and in some case
deletions in their primary sequences (Dumpler, Huppertz, & Kulozik, 2020). Bovine milk whey
proteins include B-lactoglobulin, a-lactaloumin, blood serum albumin (BSA), immunoglobulins
(1g) and several minor proteins such as lactoferrin and osteopontin. Some of the physico-chemical

characteristics of the caseins and whey proteins are displayed in Table 1.1.

Table 1.1 Some physico-chemical characteristics of the caseins and whey proteins (adapted from
O’Regan et al., 2009).

Protein Concentration Number Mol. Wit. Isoionic pH
(6/100g Protein) of residues (kDa)

ols1-Casein 31.0 199 23.6 4.94

Qls2-casein 8.0 207 25.2-254 5.23-5.45

[-casein 28.0 209 24 5.14

K-casein 10.0 169 19 5.61

B-lactoglobulin 9.8 162 18 5.2

a-lactaloumin 3.7 123 14 42-45

BSA 1.2 582 66 5.3

Ig 2.4 variable 150 - 900 -

1.2.1 Caseins

The casein phosphoproteins (asi-, as2- and B-caseins) contain polar and non-polar domains and
therefore exhibit both hydrophilic and hydrophobic properties as per Figure 1.1. The caseins do
not have well defined secondary or tertiary structures due to the high proportion of hydrophobic
amino acids, specifically proline (Payens and Schmidit, 1966). The secondary structure of the
caseins is often referred to as being random coil, however, it should be considered as intrinsically

unstructured (McMahon & Oommen, 2008). Phosphorylation at certain serine residues means that
3
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the casein phosphoproteins can bind considerable amounts of calcium ions which can result in
precipitation (Dalgleish, 2011) which is characteristic of the caseins. However, k-casein is only
singly phosphorylated and does not precipitate even in the presence of high concentrations of

calcium (Dalgleish, 2011).

Gy -casein Csa-casein
=
B-casein K-casein

Figure 1.1 Structural diagrams of the four main caseins. The loose structure denotes negatively
charged regions, and PP denotes phosphate centres. The bars denote hydrophobic regions and do
not imply rigidity (taken from Horne, 1998).

1211 a=-Casein

The predominant protein in bovine milk is as1-casein (Table 1.1). There are eight genetic variants
of bovine as1-casein (named from A to H), identified in order of decreasing relative electrophoretic
mobility in gels containing urea (Farrell et al., 2004). The B variant is the most common variant
in western cattle breeds such as B. taurus (Eskin & Goff, 2013), consisting of 199 residues and has
a molecular weight of approximately 23.6 kDa (Table 1.1). The asi-casein polypeptide chain
sequence contains eight acidic phosphoseryl residues and three strongly hydrophobic regions
(Eskin & Goff, 2013). Proline residues are evenly distributed throughout the primary sequence
which limits secondary structure but osi-casein does contain some [-sheets and [-turns

4
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(Swaisgood, 1992). The presence of both acidic and hydrophobic regions results in asi-casein
displaying amphiphilic properties and a rheomorphic structure which adapts to conditions such as
pH and ionic environment (Dalgleish, 2011). Precipitation of asi-casein occurs at a calcium

concentration of 3-6 mM (Aoki et al., 1985).

1.2.1.2 ax-Casein

There are four genetic variants of bovine as-casein (named A to D) with variant A being the most
common in western breeds (Farrell et al., 2004). as>-Casein consists of 207 residues and has a
molecular weight of approximately 25.2 kDa (Table 1.1). It contains 10-13 phosphoseryl residues
and two hydrophobic domains (Swaisgood, 2003). The alternating hydrophobic and hydrophilic
domains in the polypeptide chain sequence results in as2-casein being the most hydrophilic of the
casein phosphoproteins and the least prone to self-aggregation (O’Regan et al., 2009). It is also
the most calcium sensitive of the casein phosphoproteins, precipitating at a calcium concentration

of 2 mM (Toma and Nakai, 1973).

1.21.3 pCasein

There are eleven genetic variants of B-casein (Al, A%, A®>, B, C, D, E, F, G, H and I) with the A
variants predominant in bovine milk (Farrell et al., 2004). 3-Casein consists of 209 residues and
has a molecular weight of approximately 24 kDa (Table 1.1). B-Casein has amphiphilic properties
due to a hydrophilic phosphoserine cluster located in the N-terminal polar domain, however, it is
the most hydrophobic of the caseins due to its highly hydrophobic C-terminal domain (Huppertz
et al., 2018). p-Casein does not contain cysteine residues but does contain proline evenly

distributed throughout the polypeptide chain, limiting the formation of an a-helix (Eskin & Goff,
5
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2013). B-Casein undergoes reversible self-association caused by hydrophobic interactions at
temperatures greater than 4°C (Dauphas et al., 2005). Guo et al. (2003) reported that [-casein

precipitation occurred in the presence of approximately 10-20 Ca?* ions per casein molecule.

1214 xCasein

There are eleven genetic variants of k-casein: A, B, C, E, F!, F2, G, G?, H, I and J with the A and
B variants the most common in bovine milk (Farrell et al., 2004). k-Casein consists of 169 residues
and has a molecular weight of approximately 19 kDa (Table 1.1). x-Casein contains one
phosphoseryl residue but does not contain any phosphoserine clusters meaning it has the lowest
calcium sensitivity of the caseins and is therefore not expected to have much impact on calcium
binding (Holland, 2008). «-Casein is glycosylated at certain threonine residues with the
carbohydrate portion containing galactose, N-acetylgalactosamine and N-acetlyneuraminic acid
(Eskin & Goff, 2013). k-Casein is sensitive to hydrolysis by chymosin resulting in the hydrolytic
products: para-k-casein and the glycomacropeptide (GMP) (O’Regan et al., 2009). The
hydrophobic para-k-casein contains two cysteine residues that form intramolecular disulfide bonds
(Holland, 2008) while the hydrophilic GMP contains the only serine phosphate residue and also
the glycosylated sites (Dalgleish, 2011). The amphiphilic nature and low calcium sensitivity of k-
casein allow the hydrophobic domain to interact with the hydrophobic domains of the casein
phosphoproteins as part of the casein micelle while the hydrophilic GMP provides steric

stabilization of the micelle against precipitation (Dalgleish, 2011).
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1.2.1.5 Casein micelle

Casein micelles are present in bovine milk as highly hydrated colloidal particles that result from
the aggregation of casein phosphoproteins with calcium phosphate that is stabilised by a layer of
surface bound «-casein (Dalgleish, 2011). The casein micelle is spherical in shape, ranging in
diameter from 80 to 400 nm (average 200 nm) and typically contains in excess of 20,000 individual

casein molecules (Kruif, 1998; Dalgleish, 2011).

1.2.1.5.1 Casein micelle structure

The casein proteins are thought to form small, self-assembled aggregates held together by
hydrophobic interactions between the as- and B-caseins (Dalgleish, 2011). These casein
phosphoprotein aggregates sequester calcium phosphate in nanoclusters forming the micelle
structure, preventing precipitation of insoluble calcium phosphate in milk thus allowing calcium
phosphate to be nutritionally available for the calf while also suppressing pathological calcification
or amyloidosis of the bovine mammary gland (Holt et al., 2013). The casein micelle is known as
an association colloid since the caseins and the colloidal calcium phosphate (CCP) are not
covalently bound (Kruif, 1999). Several compositional studies have reported that the size of the
casein micelle increases with increasing -casein content but reduces with increasing k-casein
content, suggesting that the majority of B-casein is located in the interior of the micelle while the
majority of k-casein is located on the surface (Dalgleish, 2011). The surface k-casein interacts
with the other caseins in the micelle via their hydrophobic regions, however further growth of the

micelle is limited because k-casein does not contain a phosphoserine cluster for linkage via
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colloidal calcium phosphate nor does it contain another hydrophobic anchor point to extend the

micelle via this route (Horne, 1998).

There are several proposed models of the casein micelle structure including the core-coat model,

the internal structure model, the sub-micelle model and the dual binding model which are described

in more detail by O’Regan et al. (2009). While there is ongoing debate over the casein micelle

substructure, there are several aspects that are generally agreed upon as outlined by Huppertz

(2016):

1. The presence of considerable amounts of water in the core of the micelles

2. The presence of calcium phosphate nanoclusters in the core of the micelles

3. Calcium phosphate nanoclusters and interactions between the proteins are essential to
maintaining the structural integrity of the micelle

4. The presence of k-casein on the surface of the micelle and the stabilizing effect of the GMP

Dalgleish (2011) proposed that the model outlined in Figure 1.2 is capable of explaining most of
these agreed upon reactivities of the casein micelle incorporating calcium phosphate nanoclusters
interacting with casein phosphoproteins in the core of the micelle with the k-casein located on the
surface. Dalgleish (2011) also proposed in Figure 1.2 that the highly hydrated micelle contains
water in channels inside the micelle stabilized by B-casein bound to hydrophobic regions of the

calcium phosphate nanoclusters.
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Figure 1.2 Schematic structure of the casein micelle, incorporating calcium phosphate
nanoclusters (grey) with their attached caseins (red) and the surface located k-casein (green). The
“hydrophobically bound” mobile B-casein is shown in blue, within water channels inside the
micelle. For clarity the relative sizes of the individual components are not to scale (taken from
Dalgleish, 2011).

1.2.1.5.2 Casein micelle stability

The hydrophilic k-casein GMP moiety protrudes from the micelle into the serum phase of milk to
form a “hairy” layer which sterically and electrostatically stabilizes the structure from aggregation
as outlined in the reviews by Walstra (1999), and Holt and Horne (1996). Scanning electron
microscope images demonstrate that the surface of the casein micelle is uneven with clefts
penetrating the micelle (Figure 1.3). k-Casein hairs do not need to completely cover the surface of

the micelle to provide effective stability (Dalgleish, 2011).

Conversely, if the GMP was removed or collapsed on the micelle surface, the steric stabilization
would be absent, leading to flocculation induced by Van der Waals interactions and eventual

gelation (Kruif, 1999). The addition of rennet to milk in the cheese making process involves the
9
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cleavage of k-casein GMP by chymosin from the micelle surface resulting in flocculation (Kruif,
1999). Alternatively, inducing the collapse of the hairy layer through addition of high levels of
ethanol (Horne, 2003) or reducing the pH of milk to ~5.5 and therefore reducing the charge of «-
casein causing it to precipitate results in the subsequent aggregation of the micelles (Dalgleish,
2011). Acidification also results in the solubilization of CCP which further contributes to micelle
destabilization (Kruif, 1999). These different mechanisms of destabilization demonstrate that
CCP, hydrogen bonding, hydrophobic, steric and electrostatic forces are critically important to
maintaining the integrity of the casein micelle (O’Regan et al., 2009). Additionally, from a
biological perspective, the gelation of casein micelles through acidification, proteolysis or both

results in the formation of a clot in the stomach, providing slow release of nutrients for the calf

(Holt et al., 2013).

Figure 1.3 Field-emission scanning electron micrograph of a casein micelle. The scale bar is 200
nm (taken from Dalgleish, 2011).
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1.2.2 Whey protein

Whey can be separated from casein in milk through the precipitation of casein. Sweet whey is
produced from the rennet coagulation of casein, while acid whey is produced from the acidification
of caseins to the isoelectric point at ~4.6 pH (Fox et al., 2015). Sweet whey contains GMP due to
the renneting process while acid whey contains high levels of minerals due to the solubilization of
CCP (Lucey, 2016). Native whey protein free from GMP can be separated from milk through
membrane filtration or chromatographic techniques (Nelson & Barbano, 2005). In addition to the
major whey proteins (B-lactoglobulin & a-lactalbumin), the whey protein fraction also contains
blood serum albumin (BSA), immunoglobulins (Ig), osteopontin, lactoferrin and a large number
of minor proteins and enzymes. The whey proteins have globular structures which display greater
hydrophilicity, lower heat stability and are less sensitive to ionic strength and pH changes than

caseins (Kinsella et al., 1989).

1.2.2.1 pLactoglobulin

The predominant whey protein in bovine milk is B-lactoglobulin (B-lg, Table 1.1). There are eleven
genetic variants of bovine B-lg (A-J and W) with the A and B variants being the most common
(Farrell et al., 2004). B-Lg consists of 162 residues with a molecular weight of approximately 18
kDa and an isoelectric point of ~ pH 5.2 (Table 1.1). The secondary structure of native 3-lg consists
of 10-15% a.-helix, 43% [-sheet and 47% as unordered structures (including B-turns) resulting in
a compact, globular tertiary structure where the 3-sheet occur in a B-barrel type calyx (O’Mahony
& Fox, 2014). B-Lg contains two disulphide bonds and one free cysteine (Hoffman & van Mil,

1997). At temperatures > 70°C, the B-lg structure partially unfolds into a molten-globule like
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structure exposing the previously buried inner hydrophobic groups and the thiol group.
Hydrophobic interactions between the exposed groups and disulfide linkages between exposed
thiol groups can result in aggregation (Hoffman & van Mil, 1997). B-Lg exists as a dimer at the
native pH of bovine milk (Fox et al., 2015), as a monomer at a pH of less than 3.5 and as a tetramer
at a pH greater than 7.5 (O’Mahony & Fox, 2014). B-Lg is classified as a member of the lipocalin
protein family with multiple ligand binding sites suggesting that its biological function involves
nutritional delivery of hydrophobic molecules such as retinol and fatty acids (Kontopidis et al.,

2004).

1.2.2.2 a-Lactalbumin

Bovine a-lactalbumin (a-lac) consists of 123 residues with a molecular weight of approximately
14 kDa and an isoelectric point of pH 4.2-4.5 (Table 1.1). a-Lac is the second most abundant whey
protein in bovine milk; however, it is the predominant whey protein in human milk. Four genetic
variants of a-lac have been identified in bovine milk (A-D) with the A and B variants being the
most common (Deeth & Bansal, 2019). a-Lac typically exists as a monomer but self-associates
and aggregates below the isoelectric pH. a-Lac contains four intramolecular disulphide bonds but
does not contain any free sulfhydryl groups (Deeth & Bansal, 2019). The secondary structure of
a-lac consists of 26% a-helix, 14% B-sheet and 60% as unordered structures while the tertiary
structure is globular, consisting of two lobes: an a-lobe and a pB-lobe (Brew, 2003). a-Lac is
classified as a calcium metalloprotein and the primary calcium binding site is located at the
junction between the o and pB-lobe (Deeth & Bansal, 2019). The binding of calcium is crucial to
the folding, structure and function of a-lac (Brew, 2011). This calcium binding (down to pH 4.0),

12
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the presence of four intramolecular disulphide bonds and the absence of a free sulfhydryl group
results in a-lac being the most heat and pH stable whey protein (Deeth & Bansal, 2019). a-Lac is
a rich source of essential amino acids such as cysteine, lysine and tryptophan, however, its primary
biological function is to act as a regulatory unit of the enzyme galactosyltransferase which is

responsible for lactose synthesis from galactose and glucose in milk (Fenelon et al., 2019).

1.2.3 Heat induced protein-protein interactions in bovine milk

Heat treatment of milk is an essential step in the manufacture of various dairy products and
ingredients to ensure the product is safe and to prolong shelf life by sufficiently reducing the
concentration of microorganisms. This heat treatment of milk results in modifications to the native
structures of milk proteins such as the denaturation of whey protein which can lead to protein-
protein interactions (Singh, 2009). Following thermal denaturation of B-lg the free thiol group and
the two intramolecular disulphide bonds per monomer become exposed, allowing for interactions
with other B-lg monomers, dimers, whey proteins and caseins (Hoffman & van Mil, 1997). These
aggregates containing exposed free thiol groups can result in secondary aggregation and the
subsequent formation of larger aggregates (Buggy et al., 2017). a-Lac is more heat stable than -
Ig and the aggregation of a-lac monomers can be reversible due to the absence of free thiol groups
(Deeth & Bansal, 2019). However, B-Ig can reduce the ability of a-lac to refold into its native state
due to the formation of aggregates of a-lac and -lIg through disulphide bridging and intrachain
disulphide bonds (Buggy et al., 2017). B-Lg and aggregates of a-lac and B-lg can also form
disulphide bonds with k- and as2- casein through the exposed free thiol group and disulphide

exchange reactions (Mulvihill & Donovan, 1987). The interaction of B-lg and «-casein
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significantly affects the rennet coagulation and heat stability of milk (O’Mahony & Fox, 2014). At
pH < 6.7, B-lg reduces the extent of heat-induced dissociation of micellar k-casein whereas 3-1g
has been shown to increase heat-induced micellar k-casein dissociation at pH > 6.7 (Singh & Fox,
1987). However, a- and B-casein have displayed chaperone stabilizing effects on p-lg (Holt et al.,
2013). At temperatures > 70°C B-lg monomers and dimers interact with o- or 3-casein to form
fine stranded aggregates instead of larger B-lg aggregates (Yong & Foegeding, 2008). Heat
treatment of milk results in a complex mixture of native whey proteins, whey protein aggregates,
whey protein and casein micelles covered with whey protein (Vasbinder & de Kruif, 2003). The
distribution of these aggregates and their coverage of the micelle is influenced by pH (Figure 1.4)

which affects the rennet and the acid induced gelation of heat-treated milk (Vasbinder & de Kruif,

2003).
:ﬁs °§3
80 OO o
o o 8
og - o o
' 2o
o3 o
pH 6.35 6.45 6.55 6.7 6.9

Figure 1.4 A schematic representation of the interactions between casein micelles and whey
proteins occurring in milk during heat treatment for 10 min at 80°C at pH values ranging from 6.35
to 6.9. The small circles represent denatured whey proteins, the large circles the casein micelles.
The whey proteins are either present in aggregates or covalently associated with the casein micelle.
Native whey proteins are not included in the figure (taken from Vasbinder & de Kruif, 2003).
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1.3 Bovine milk minerals

The mineral fraction of bovine milk contains cations (calcium, magnesium, sodium and potassium)
and anions (inorganic phosphate, citrate and chloride) which are distributed between the colloidal
and aqueous phases (Gaucheron, 2005). Two thirds of the calcium is present as calcium phosphate
nanoclusters which is crucial to the structure and stability of the casein micelle (Dalgleish, 2011).
Approximately one third of the calcium, half of the inorganic phosphate, two thirds of the
magnesium, 90% of the citrate, and the majority of sodium, potassium and chloride are present in
the aqueous phase (Table 1.2). The calcium is present in the aqueous phase as calcium phosphate,
calcium citrate and ionic Ca?* (Gaucheron, 2011). A small amount of calcium is bound to o-lac
(Deeth & Bansal, 2019). The colloidal calcium phosphate is in dynamic equilibrium with the
minerals in the aqueous phase (Corredig et al., 2019). The distribution of calcium between the
colloidal and aqueous phases influences the structure and stability of the casein micelle (Bijl et al.,
2013). The equilibrium between insoluble calcium phosphate and Ca?* can be represented by

Equation 1.1 below (Lewis, 2011):

Equation 1.1: 3Ca?* + 2HPO;~ & CazP0, 1 +2H*

Acidification of milk dissolves calcium phosphate resulting in increased levels of Ca?* as per
Equation 1.1. The solubilisation of CCP through lowering the pH can ultimately result in the

dissociation of the micelles into its constituent components (Kruif, 1999).
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Table 1.2 Partitioning of salts in bovine milk (adapted from Gaucheron, 2005).

Constituent Total concentration Soluble Micellar
(mM) (mM) (% of total) (mM) (% of
total)
Calcium 29.4 9.2 31 20.2 69
Inorganic phosphate 20.9 11.2 54 9.7 46
Magnesium 5.1 3.3 65 1.8 35
Citrate 9.2 8.2 89 -- --
Soluble sodium 24.2 -- -- - -
Soluble potassium 34.7 - - -- -
Soluble chloride 30.2 -- -- - --

Other processes such as heat treatment, cooling and the addition of chelating agents (e.g.,
ethylenediamine tretracetic acid (EDTA)), sodium chloride or divalent cations (especially calcium)
can also result in the breakdown of the casein micelle and coagulation due to the dissociation of
colloidal caseins and salts and whey protein denaturation as outlined in Figure 1.5. Grewal,
Vasiljevic and Huppertz (2021) reported that the addition of Ca?* or Mg?* at concentrations ranging
from 2.5-10.0 M to individual casein solutions or binary casein mixtures resulted in the binding of
cations with phospheryl clusters and electronegative regions of caseins leading to the dev