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Abstract 1 

Bovine milk protein isolate (MPI) is produced by ultrafiltration (UF) and diafiltration (DF) of skim 2 

milk (followed by spray-drying) and has a protein content of ≥ 90% on a dry matter basis. High 3 

protein milk protein concentrate (MPC) and MPI are well documented to display impaired 4 

rehydration properties. The primary rate limiting factor during hydration is the dispersion of casein 5 

micelles from inter-linked micellar networks formed due to changes in colloidal properties during 6 

manufacturing and storage of MPI.   7 

This thesis describes novel research on the development of MPI enzymatic hydrolysates with 8 

enhanced solubility. It also addresses the comparative functional characteristics of intact and 9 

enzymatically hydrolysed MPI particularly in relation to the impact of different enzyme activities 10 

and the associated differences in physicochemical characteristics of their hydrolysates on the 11 

functional properties.  12 

MPI hydrolysates generated with Flavourzyme™, Neutrase™ and Protamex™ at two hydrolysis 13 

time points per enzyme with degree of hydrolysis (DH) values ranging from 15.6 to 37.1%, were 14 

evaluated in comparison to intact unhydrolysed MPI. Gel permeation chromatography indicated 15 

digestion of individual milk proteins in all hydrolysates. Hydrolysis of MPI with Flavourzyme™, 16 

Neutrase™ and Protamex™ resulted in enhanced nitrogen solubility between pH 4.0 and 7.0 17 

compared to intact MPI. MPI hydrolysates displayed reduced water droplet contact angles (<50°) 18 

compared with intact MPI (~90°), indicating increased wettability.  19 

Hydrolysis also resulted in modifications to other functional properties of MPI. Intact MPI was 20 

highly heat stable at 140°C above pH 6.8 (>10 min), while all hydrolysates coagulated within 64s 21 

at 140°C between pH 6.2-7.4. The hydrolysate samples displayed reduced foam capacity and 22 
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reduced foam half-life (58.1-214s) at 25°C compared to the intact protein (783-850s) despite 23 

displaying reduced surface tension. MPI hydrolysates displayed reduced glass transition 24 

temperatures (48.5-67.3°C) compared with intact MPI (~121°C), indicating reduced powder 25 

storage stability and an increased risk of stickiness, lumping and caking compared with intact MPI. 26 

The hydrolysate samples displayed reduced whiteness and altered yellowness and greenness 27 

compared to the MPI control samples. The FlavourzymeTM hydrolysate (60 min incubation) 28 

demonstrated a comparable bitterness (mean bitterness score: 2.14) to the intact protein (1.52-29 

1.57). All other hydrolysates displayed increased bitterness where the NeutraseTM and ProtamexTM 30 

hydrolysates had the highest mean bitterness scores (8.80-9.39). Oil-in-water (O/W) emulsions 31 

modelled on a commercially available infant formula prepared using the MPI hydrolysates 32 

demonstrated reduced emulsion stability under accelerated storage conditions compared to the 33 

O/W emulsions containing intact MPI. 34 

Overall, enzymatic hydrolysis enhanced the solubility and rehydration properties of MPI; while 35 

their heat, emulsion and foam stability were reduced and bitterness perception was increased. 36 

Instability and bitterness development was hydrolytic enzyme, DH and molecular mass 37 

distribution dependent. The MPI hydrolysates may find application in specific food and beverage 38 

applications, however, the exploitation of the benefits of hydrolysis (e.g., enhanced solubility) in 39 

complex food matrices may require modification of the formulation (e.g., incorporation of calcium 40 

chelating and viscosity enhancement agents) and storage at controlled ambient temperatures to 41 

achieve improved functional characteristics and emulsion stability. Additionally, the use of 42 

FlavourzymeTM to limit bitterness development may be a key selection factor in the use of MPI 43 

hydrolysate ingredients in specific food and beverage applications.  44 
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1 Literature Review 222 

1.1 Bovine milk composition  223 

Bovine milk is a mammary gland secretory fluid composed of a complex mixture of components 224 

including protein, fat, lactose, minerals and vitamins that meets the complete nutritional 225 

requirements of the calf. Bovine milk also contains oligosaccharides, polar lipids, growth factors, 226 

immunoglobulins, hormones, enzymes, cytokines, nucleotides, nucleosides, bioactive peptides and 227 

other minor components that support immunity and critical physiological functions (Haug et al., 228 

2007). Bovine milk typically contains 12.7% total solids, 3.7% fat, 3.4% protein, 4.8% lactose and 229 

0.7% ash (Fox et al., 2015). However, several factors impact the composition of bovine milk such 230 

as the breed, feed management, age and health of the cow. The composition also evolves over the 231 

course of lactation to meet the changing nutritional requirements of the calf. Bovine colostrum 232 

contains higher levels of immunoglobulins, protein, fat, minerals, vitamins, hormones, growth 233 

factors, non-protein nitrogen and nucleotides than mature milk (McGrath et al., 2016).  234 

1.2 Bovine milk proteins  235 

Bovine milk proteins are classified as either caseins or whey proteins. Caseins account for 236 

approximately 80% of the protein in bovine milk with the remainder consisting of whey proteins 237 

(Fox et al., 2015). Caseins are present in bovine milk in the form of micelles which are self-238 

assembled colloidal structures composed mainly of a mixture of caseins and inorganic calcium 239 

phosphate, which is essential to micelle structure (Dalgleish, 2011). Caseins precipitate from milk 240 

at their isoelectric point (~ pH 4.6) while whey protein remains soluble at this pH. There are four 241 

primary casein proteins: αs1-, αs2-, β- and κ-casein. The different genetic variants of the caseins 242 
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differ in the number of ester phosphate groups and some amino acid substitution and in some case 243 

deletions in their primary sequences (Dumpler, Huppertz, & Kulozik, 2020). Bovine milk whey 244 

proteins include β-lactoglobulin, α-lactalbumin, blood serum albumin (BSA), immunoglobulins 245 

(Ig) and several minor proteins such as lactoferrin and osteopontin. Some of the physico-chemical 246 

characteristics of the caseins and whey proteins are displayed in Table 1.1.  247 

Table 1.1 Some physico-chemical characteristics of the caseins and whey proteins (adapted from 248 

O’Regan et al., 2009).  249 

Protein Concentration 

(g/100g Protein) 

Number  

of residues  

Mol. Wt.  

(kDa) 

Isoionic pH 

s1-casein 31.0 199 23.6 4.94 

s2-casein 8.0 207 25.2 - 25.4 5.23 - 5.45 

-casein 28.0 209 24 5.14 

-casein 10.0 169 19 5.61 

β-lactoglobulin 9.8 162 18 5.2 

α-lactalbumin 3.7 123 14 4.2 - 4.5 

BSA 1.2 582 66 5.3 

Ig 2.4 variable 150 - 900 -- 

 250 

1.2.1 Caseins  251 

The casein phosphoproteins (αs1-, αs2- and β-caseins) contain polar and non-polar domains and 252 

therefore exhibit both hydrophilic and hydrophobic properties as per Figure 1.1. The caseins do 253 

not have well defined secondary or tertiary structures due to the high proportion of hydrophobic 254 

amino acids, specifically proline (Payens and Schmidit, 1966).  The secondary structure of the 255 

caseins is often referred to as being random coil, however, it should be considered as intrinsically 256 

unstructured (McMahon & Oommen, 2008). Phosphorylation at certain serine residues means that 257 
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the casein phosphoproteins can bind considerable amounts of calcium ions which can result in 258 

precipitation (Dalgleish, 2011) which is characteristic of the caseins. However, κ-casein is only 259 

singly phosphorylated and does not precipitate even in the presence of high concentrations of 260 

calcium (Dalgleish, 2011).  261 

 262 
Figure 1.1 Structural diagrams of the four main caseins. The loose structure denotes negatively 263 

charged regions, and PP denotes phosphate centres. The bars denote hydrophobic regions and do 264 

not imply rigidity (taken from Horne, 1998).  265 

1.2.1.1 s1-Casein 266 

The predominant protein in bovine milk is s1-casein (Table 1.1). There are eight genetic variants 267 

of bovine s1-casein (named from A to H), identified in order of decreasing relative electrophoretic 268 

mobility in gels containing urea (Farrell et al., 2004). The B variant is the most common variant 269 

in western cattle breeds such as B. taurus (Eskin & Goff, 2013), consisting of 199 residues and has 270 

a molecular weight of approximately 23.6 kDa (Table 1.1). The s1-casein polypeptide chain 271 

sequence contains eight acidic phosphoseryl residues and three strongly hydrophobic regions 272 

(Eskin & Goff, 2013). Proline residues are evenly distributed throughout the primary sequence 273 

which limits secondary structure but s1-casein does contain some -sheets and -turns 274 
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(Swaisgood, 1992). The presence of both acidic and hydrophobic regions results in s1-casein 275 

displaying amphiphilic properties and a rheomorphic structure which adapts to conditions such as 276 

pH and ionic environment (Dalgleish, 2011). Precipitation of s1-casein occurs at a calcium 277 

concentration of 3-6 mM (Aoki et al., 1985). 278 

1.2.1.2 s2-Casein 279 

There are four genetic variants of bovine s2-casein (named A to D) with variant A being the most 280 

common in western breeds (Farrell et al., 2004). s2-Casein consists of 207 residues and has a 281 

molecular weight of approximately 25.2 kDa (Table 1.1). It contains 10-13 phosphoseryl residues 282 

and two hydrophobic domains (Swaisgood, 2003). The alternating hydrophobic and hydrophilic 283 

domains in the polypeptide chain sequence results in s2-casein being the most hydrophilic of the 284 

casein phosphoproteins and the least prone to self-aggregation (O’Regan et al., 2009). It is also 285 

the most calcium sensitive of the casein phosphoproteins, precipitating at a calcium concentration 286 

of 2 mM (Toma and Nakai, 1973).  287 

1.2.1.3 -Casein 288 

There are eleven genetic variants of -casein (A1, A2, A3, B, C, D, E, F, G, H and I) with the A 289 

variants predominant in bovine milk (Farrell et al., 2004). -Casein consists of 209 residues and 290 

has a molecular weight of approximately 24 kDa (Table 1.1). -Casein has amphiphilic properties 291 

due to a hydrophilic phosphoserine cluster located in the N-terminal polar domain, however, it is 292 

the most hydrophobic of the caseins due to its highly hydrophobic C-terminal domain (Huppertz 293 

et al., 2018). -Casein does not contain cysteine residues but does contain proline evenly 294 

distributed throughout the polypeptide chain, limiting the formation of an -helix (Eskin & Goff, 295 
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2013). -Casein undergoes reversible self-association caused by hydrophobic interactions at 296 

temperatures greater than 4°C (Dauphas et al., 2005). Guo et al. (2003) reported that -casein 297 

precipitation occurred in the presence of approximately 10-20 Ca2+ ions per casein molecule.     298 

1.2.1.4 -Casein 299 

There are eleven genetic variants of -casein: A, B, C, E, F1, F2, G1, G2, H, I and J with the A and 300 

B variants the most common in bovine milk (Farrell et al., 2004). -Casein consists of 169 residues 301 

and has a molecular weight of approximately 19 kDa (Table 1.1). -Casein contains one 302 

phosphoseryl residue but does not contain any phosphoserine clusters meaning it has the lowest 303 

calcium sensitivity of the caseins and is therefore not expected to have much impact on calcium 304 

binding (Holland, 2008). -Casein is glycosylated at certain threonine residues with the 305 

carbohydrate portion containing galactose, N-acetylgalactosamine and N-acetlyneuraminic acid 306 

(Eskin & Goff, 2013). -Casein is sensitive to hydrolysis by chymosin resulting in the hydrolytic 307 

products: para--casein and the glycomacropeptide (GMP) (O’Regan et al., 2009). The 308 

hydrophobic para--casein contains two cysteine residues that form intramolecular disulfide bonds 309 

(Holland, 2008) while the hydrophilic GMP contains the only serine phosphate residue and also 310 

the glycosylated sites (Dalgleish, 2011). The amphiphilic nature and low calcium sensitivity of -311 

casein allow the hydrophobic domain to interact with the hydrophobic domains of the casein 312 

phosphoproteins as part of the casein micelle while the hydrophilic GMP provides steric 313 

stabilization of the micelle against precipitation (Dalgleish, 2011). 314 
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1.2.1.5 Casein micelle  315 

Casein micelles are present in bovine milk as highly hydrated colloidal particles that result from 316 

the aggregation of casein phosphoproteins with calcium phosphate that is stabilised by a layer of 317 

surface bound -casein (Dalgleish, 2011). The casein micelle is spherical in shape, ranging in 318 

diameter from 80 to 400 nm (average 200 nm) and typically contains in excess of 20,000 individual 319 

casein molecules (Kruif, 1998; Dalgleish, 2011).  320 

1.2.1.5.1 Casein micelle structure  321 

The casein proteins are thought to form small, self-assembled aggregates held together by 322 

hydrophobic interactions between the s- and -caseins (Dalgleish, 2011). These casein 323 

phosphoprotein aggregates sequester calcium phosphate in nanoclusters forming the micelle 324 

structure, preventing precipitation of insoluble calcium phosphate in milk thus allowing calcium 325 

phosphate to be nutritionally available for the calf while also suppressing pathological calcification 326 

or amyloidosis of the bovine mammary gland (Holt et al., 2013). The casein micelle is known as 327 

an association colloid since the caseins and the colloidal calcium phosphate (CCP) are not 328 

covalently bound (Kruif, 1999). Several compositional studies have reported that the size of the 329 

casein micelle increases with increasing -casein content but reduces with increasing -casein 330 

content, suggesting that the majority of -casein is located in the interior of the micelle while the 331 

majority of -casein is located on the surface (Dalgleish, 2011). The surface -casein interacts 332 

with the other caseins in the micelle via their hydrophobic regions, however further growth of the 333 

micelle is limited because -casein does not contain a phosphoserine cluster for linkage via 334 
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colloidal calcium phosphate nor does it contain another hydrophobic anchor point to extend the 335 

micelle via this route (Horne, 1998).  336 

There are several proposed models of the casein micelle structure including the core-coat model, 337 

the internal structure model, the sub-micelle model and the dual binding model which are described 338 

in more detail by O’Regan et al. (2009). While there is ongoing debate over the casein micelle 339 

substructure, there are several aspects that are generally agreed upon as outlined by Huppertz 340 

(2016): 341 

1. The presence of considerable amounts of water in the core of the micelles 342 

2. The presence of calcium phosphate nanoclusters in the core of the micelles 343 

3. Calcium phosphate nanoclusters and interactions between the proteins are essential to 344 

maintaining the structural integrity of the micelle  345 

4. The presence of -casein on the surface of the micelle and the stabilizing effect of the GMP  346 

Dalgleish (2011) proposed that the model outlined in Figure 1.2 is capable of explaining most of 347 

these agreed upon reactivities of the casein micelle incorporating calcium phosphate nanoclusters 348 

interacting with casein phosphoproteins in the core of the micelle with the -casein located on the 349 

surface. Dalgleish (2011) also proposed in Figure 1.2 that the highly hydrated micelle contains 350 

water in channels inside the micelle stabilized by -casein bound to hydrophobic regions of the 351 

calcium phosphate nanoclusters.  352 
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 353 
Figure 1.2 Schematic structure of the casein micelle, incorporating calcium phosphate 354 

nanoclusters (grey) with their attached caseins (red) and the surface located -casein (green). The 355 

“hydrophobically bound” mobile -casein is shown in blue, within water channels inside the 356 

micelle. For clarity the relative sizes of the individual components are not to scale (taken from 357 

Dalgleish, 2011).  358 

1.2.1.5.2 Casein micelle stability  359 

The hydrophilic -casein GMP moiety protrudes from the micelle into the serum phase of milk to 360 

form a “hairy” layer which sterically and electrostatically stabilizes the structure from aggregation 361 

as outlined in the reviews by Walstra (1999), and Holt and Horne (1996). Scanning electron 362 

microscope images demonstrate that the surface of the casein micelle is uneven with clefts 363 

penetrating the micelle (Figure 1.3). -Casein hairs do not need to completely cover the surface of 364 

the micelle to provide effective stability (Dalgleish, 2011).  365 

Conversely, if the GMP was removed or collapsed on the micelle surface, the steric stabilization 366 

would be absent, leading to flocculation induced by Van der Waals interactions and eventual 367 

gelation (Kruif, 1999). The addition of rennet to milk in the cheese making process involves the 368 
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cleavage of -casein GMP by chymosin from the micelle surface resulting in flocculation (Kruif, 369 

1999). Alternatively, inducing the collapse of the hairy layer through addition of high levels of 370 

ethanol (Horne, 2003) or reducing the pH of milk to ~5.5 and therefore reducing the charge of  -371 

casein causing it to precipitate results in the subsequent aggregation of the micelles (Dalgleish, 372 

2011). Acidification also results in the solubilization of CCP which further contributes to micelle 373 

destabilization (Kruif, 1999). These different mechanisms of destabilization demonstrate that 374 

CCP, hydrogen bonding, hydrophobic, steric and electrostatic forces are critically important to 375 

maintaining the integrity of the casein micelle (O’Regan et al., 2009). Additionally, from a 376 

biological perspective, the gelation of casein micelles through acidification, proteolysis or both 377 

results in the formation of a clot in the stomach, providing slow release of nutrients for the calf 378 

(Holt et al., 2013). 379 

 380 

Figure 1.3 Field-emission scanning electron micrograph of a casein micelle. The scale bar is 200 381 

nm (taken from Dalgleish, 2011). 382 
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1.2.2 Whey protein  383 

Whey can be separated from casein in milk through the precipitation of casein. Sweet whey is 384 

produced from the rennet coagulation of casein, while acid whey is produced from the acidification 385 

of caseins to the isoelectric point at ~4.6 pH (Fox et al., 2015). Sweet whey contains GMP due to 386 

the renneting process while acid whey contains high levels of minerals due to the solubilization of 387 

CCP (Lucey, 2016). Native whey protein free from GMP can be separated from milk through 388 

membrane filtration or chromatographic techniques (Nelson & Barbano, 2005). In addition to the 389 

major whey proteins (β-lactoglobulin & α-lactalbumin), the whey protein fraction also contains 390 

blood serum albumin (BSA), immunoglobulins (Ig), osteopontin, lactoferrin and a large number 391 

of minor proteins and enzymes. The whey proteins have globular structures which display greater 392 

hydrophilicity, lower heat stability and are less sensitive to ionic strength and pH changes than 393 

caseins (Kinsella et al., 1989).   394 

1.2.2.1 -Lactoglobulin  395 

The predominant whey protein in bovine milk is -lactoglobulin (-lg, Table 1.1). There are eleven 396 

genetic variants of bovine -lg (A-J and W) with the A and B variants being the most common 397 

(Farrell et al., 2004). -Lg consists of 162 residues with a molecular weight of approximately 18 398 

kDa and an isoelectric point of ~ pH 5.2 (Table 1.1). The secondary structure of native -lg consists 399 

of 10-15% -helix, 43% -sheet and 47% as unordered structures (including -turns) resulting in 400 

a compact, globular tertiary structure where the -sheet occur in a -barrel type calyx (O’Mahony 401 

& Fox, 2014). -Lg contains two disulphide bonds and one free cysteine (Hoffman & van Mil, 402 

1997). At temperatures > 70°C, the -lg structure partially unfolds into a molten-globule like 403 
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structure exposing the previously buried inner hydrophobic groups and the thiol group. 404 

Hydrophobic interactions between the exposed groups and disulfide linkages between exposed 405 

thiol groups can result in aggregation (Hoffman & van Mil, 1997).  -Lg exists as a dimer at the 406 

native pH of bovine milk (Fox et al., 2015), as a monomer at a pH of less than 3.5 and as a tetramer 407 

at a pH greater than 7.5 (O’Mahony & Fox, 2014). -Lg is classified as a member of the lipocalin 408 

protein family with multiple ligand binding sites suggesting that its biological function involves 409 

nutritional delivery of hydrophobic molecules such as retinol and fatty acids (Kontopidis et al., 410 

2004).  411 

1.2.2.2 -Lactalbumin 412 

Bovine -lactalbumin (-lac) consists of 123 residues with a molecular weight of approximately 413 

14 kDa and an isoelectric point of pH 4.2-4.5 (Table 1.1). -Lac is the second most abundant whey 414 

protein in bovine milk; however, it is the predominant whey protein in human milk. Four genetic 415 

variants of -lac have been identified in bovine milk (A-D) with the A and B variants being the 416 

most common (Deeth & Bansal, 2019). -Lac typically exists as a monomer but self-associates 417 

and aggregates below the isoelectric pH. -Lac contains four intramolecular disulphide bonds but 418 

does not contain any free sulfhydryl groups (Deeth & Bansal, 2019). The secondary structure of 419 

-lac consists of 26% -helix, 14% -sheet and 60% as unordered structures while the tertiary 420 

structure is globular, consisting of two lobes: an -lobe and a -lobe (Brew, 2003). -Lac is 421 

classified as a calcium metalloprotein and the primary calcium binding site is located at the 422 

junction between the  and -lobe (Deeth & Bansal, 2019). The binding of calcium is crucial to 423 

the folding, structure and function of -lac (Brew, 2011).  This calcium binding (down to pH 4.0), 424 
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the presence of four intramolecular disulphide bonds and the absence of a free sulfhydryl group 425 

results in -lac being the most heat and pH stable whey protein (Deeth & Bansal, 2019). -Lac is 426 

a rich source of essential amino acids such as cysteine, lysine and tryptophan, however, its primary 427 

biological function is to act as a regulatory unit of the enzyme galactosyltransferase which is 428 

responsible for lactose synthesis from galactose and glucose in milk (Fenelon et al., 2019).  429 

1.2.3 Heat induced protein-protein interactions in bovine milk  430 

Heat treatment of milk is an essential step in the manufacture of various dairy products and 431 

ingredients to ensure the product is safe and to prolong shelf life by sufficiently reducing the 432 

concentration of microorganisms. This heat treatment of milk results in modifications to the native 433 

structures of milk proteins such as the denaturation of whey protein which can lead to protein-434 

protein interactions (Singh, 2009). Following thermal denaturation of -lg the free thiol group and 435 

the two intramolecular disulphide bonds per monomer become exposed, allowing for interactions 436 

with other -lg monomers, dimers, whey proteins and caseins (Hoffman & van Mil, 1997). These 437 

aggregates containing exposed free thiol groups can result in secondary aggregation and the 438 

subsequent formation of larger aggregates (Buggy et al., 2017). -Lac is more heat stable than -439 

lg and the aggregation of -lac monomers can be reversible due to the absence of free thiol groups 440 

(Deeth & Bansal, 2019). However, -lg can reduce the ability of -lac to refold into its native state 441 

due to the formation of aggregates of -lac and -lg through disulphide bridging and intrachain 442 

disulphide bonds (Buggy et al., 2017). -Lg and aggregates of -lac and -lg can also form 443 

disulphide bonds with - and s2- casein through the exposed free thiol group and disulphide 444 

exchange reactions (Mulvihill & Donovan, 1987). The interaction of -lg and -casein 445 



 

14 

 

significantly affects the rennet coagulation and heat stability of milk (O’Mahony & Fox, 2014). At 446 

pH < 6.7, -lg reduces the extent of heat-induced dissociation of micellar -casein whereas -lg 447 

has been shown to increase heat-induced micellar -casein dissociation at pH > 6.7 (Singh & Fox, 448 

1987). However, - and -casein have displayed chaperone stabilizing effects on -lg (Holt et al., 449 

2013). At temperatures > 70°C -lg monomers and dimers interact with - or -casein to form 450 

fine stranded aggregates instead of larger -lg aggregates (Yong & Foegeding, 2008).  Heat 451 

treatment of milk results in a complex mixture of native whey proteins, whey protein aggregates, 452 

whey protein and casein micelles covered with whey protein (Vasbinder & de Kruif, 2003). The 453 

distribution of these aggregates and their coverage of the micelle is influenced by pH (Figure 1.4) 454 

which affects the rennet and the acid induced gelation of heat-treated milk (Vasbinder & de Kruif, 455 

2003).  456 

 457 
Figure 1.4 A schematic representation of the interactions between casein micelles and whey 458 

proteins occurring in milk during heat treatment for 10 min at 80oC at pH values ranging from 6.35 459 

to 6.9. The small circles represent denatured whey proteins, the large circles the casein micelles. 460 

The whey proteins are either present in aggregates or covalently associated with the casein micelle. 461 

Native whey proteins are not included in the figure (taken from Vasbinder & de Kruif, 2003).  462 
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1.3 Bovine milk minerals  463 

The mineral fraction of bovine milk contains cations (calcium, magnesium, sodium and potassium) 464 

and anions (inorganic phosphate, citrate and chloride) which are distributed between the colloidal 465 

and aqueous phases (Gaucheron, 2005). Two thirds of the calcium is present as calcium phosphate 466 

nanoclusters which is crucial to the structure and stability of the casein micelle (Dalgleish, 2011). 467 

Approximately one third of the calcium, half of the inorganic phosphate, two thirds of the 468 

magnesium, 90% of the citrate, and the majority of sodium, potassium and chloride are present in 469 

the aqueous phase (Table 1.2). The calcium is present in the aqueous phase as calcium phosphate, 470 

calcium citrate and ionic Ca2+ (Gaucheron, 2011). A small amount of calcium is bound to -lac 471 

(Deeth & Bansal, 2019). The colloidal calcium phosphate is in dynamic equilibrium with the 472 

minerals in the aqueous phase (Corredig et al., 2019). The distribution of calcium between the 473 

colloidal and aqueous phases influences the structure and stability of the casein micelle (Bijl et al., 474 

2013). The equilibrium between insoluble calcium phosphate and Ca2+ can be represented by 475 

Equation 1.1 below (Lewis, 2011):  476 

Equation 1.1: 3𝐶𝑎2+ + 2𝐻𝑃𝑂4
2− ↔  𝐶𝑎3𝑃𝑂4 ↓  +2𝐻+ 477 

Acidification of milk dissolves calcium phosphate resulting in increased levels of Ca2+ as per 478 

Equation 1.1. The solubilisation of CCP through lowering the pH can ultimately result in the 479 

dissociation of the micelles into its constituent components (Kruif, 1999).   480 
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Table 1.2 Partitioning of salts in bovine milk (adapted from Gaucheron, 2005).  481 

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., 482 

ethylenediamine tretracetic acid (EDTA)), sodium chloride or divalent cations (especially calcium) 483 

can also result in the breakdown of the casein micelle and coagulation due to the dissociation of 484 

colloidal caseins and salts and whey protein denaturation as outlined in Figure 1.5. Grewal, 485 

Vasiljevic and Huppertz (2021) reported that the addition of Ca2+ or Mg2+ at concentrations ranging 486 

from 2.5-10.0 M to individual casein solutions or binary casein mixtures resulted in the binding of 487 

cations with phospheryl clusters and electronegative regions of caseins leading to the development 488 

of increased -sheet structures and decreased triple helices and turns, respectively. Ca2+ appeared 489 

to have a greater affinity for caseins than Mg2+ especially in the binary mixture. 490 
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 491 

Figure 1.5 Modification of salt equilibrium in different physico-chemical conditions (taken from 492 

Gaucheron, 2005).   493 
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1.4 Bovine milk protein ingredients  494 

The export of liquid bovine milk is limited by its short shelf life and large transport and storage 495 

costs. Milk powders are therefore produced to extend the shelf life of milk by reducing the free 496 

water content to < 5% (Codex, 1999). Milk powder can be stored for an extended period (typically 497 

1 year) without substantial loss of quality, even at ambient temperatures (Sharma et al., 2012). The 498 

extended shelf life and the reduced water content makes milk powder a flexible and cost-effective 499 

option for consumption or further processing for use in food applications. In addition to milk 500 

powder, a wide range of milk powder products such as lactose, milk fat, caseins and caseinates, 501 

whey protein concentrates and isolates, and milk protein concentrates have been specifically 502 

designed for use in nutritional applications such as infant formula (Singh, 2011). These bovine 503 

milk fractionated ingredients are produced through separation techniques e.g., the selective use of 504 

membrane technologies and spray drying as outlined in Figure 1.6. These ingredients can be 505 

formulated to produce infant formula products that are closer to human milk. For example, whey 506 

protein from bovine milk can be combined with bovine milk powder to achieve a whey protein to 507 

casein ratio closer to human milk (~ 60: 40).   508 
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1.5 Bovine milk protein concentrate (MPC) and isolate (MPI) 509 

Bovine milk protein concentrate (MPC) and isolate (MPI) are produced from the concentration of 510 

milk protein by ultrafiltration whereby the whey protein:casein of the milk is not altered (Codex, 511 

1999). There is no standard of identity for MPC and MPI in the U.S.A. MPC and MPI labelled 512 

ingredients in the U.S.A can be produced from membrane filtration, precipitation or dry blending 513 

of casein and whey protein fractionated ingredients (Kelly, 2011). However, the American Dairy 514 

Products Institute (ADPI) defines concentrated milk protein ingredients as being produced through 515 

filtration processes and that products cannot be produced by combining separately produced casein 516 

and whey proteins (ADPI, 2014). In 2014 the ADPI and U.S. Dairy Export Council (USDEC) 517 

submitted Generally Regarded as Safe (GRAS) notification to the Food and Drug Administration 518 

(FDA) for MPC and MPI produced from membrane filtration for use as food ingredients for 519 

functional or nutritional purposes in multiple food applications. However, infant formula was not 520 

included (GRAS Notice No. 000504). Considering the Codex regulation and GRAS descriptions 521 

outlined above, only MPC and MPI produced from membrane filtration will be discussed further 522 

in this review. 523 
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 524 

Figure 1.6 Overview of the manufacturing processes of selected milk protein ingredients. Abbreviations are as follows: MCC/I, micellar 525 

casein concentrate/isolate; WPC/I, whey protein concentrate/isolate; MPC/I, milk protein concentrate/isolate; ED, electrodialysis; IE, 526 

ion exchange; VE, vacuum evaporation; MF, microfiltration; NF, nanofiltration; UF, ultrafiltration; DF, diafiltration (taken from Schuck, 527 

2013). 528 
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1.5.1 Composition of bovine MPC and MPI 529 

Bovine MPC ingredients have protein contents ranging from ≥ 40 to ≤ 89 g/100g while MPI 530 

ingredients have a protein content of ≥ 90 g/100g on a dry matter basis (Meena et al., 2017). MPC 531 

ingredients are labelled as such in order to denote their typical protein content (Agarwal et al., 532 

2015). MPC and MPI ingredients are produced via the ultrafiltration (UF) of skim milk as per 533 

Figures 1.7 and 1.8. The UF retentate contains protein, fat and colloidal minerals while low 534 

molecular weight components such as lactose, soluble minerals and non-protein nitrogen are 535 

permeated (Kelly, 2011). The naturally occurring casein to whey protein ratio of milk (~80: 20) is 536 

retained in MPC and MPI ingredients (Kelly, 2011) while the casein is in a similar micellar form 537 

to that found in milk and the whey proteins are also largely in their native form (O’Regan, et al., 538 

2009).  539 

Table 1.3 Typical composition of milk protein concentrate (MPC) and isolate (MPI) powders 540 

(Source: GRAS Notice GRN number 000504) 541 

Product Protein Fat Lactose Ash Moisture 

(g/100g) 

MPC 42 40-44 0.8-1.2 45-49 6.2-6.8 3.2-3.8 

MPC 56 54-58 0.9-1.3 30-34 6.5-7.1 3.8-4.4 

MPC 70 68-72 0.5-1.4 16-20 6.5-7.3 3.8-5.0 

MPC 85 83-87 0.7-1.6 1.0-5.0 6.3-6.9 4.0-5.5 

MPI 90-94 0.5-1.4 0.1-1.0 5.5-7.0 4.0-5.7 

 542 
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The production of high protein MPC and MPI ingredients require UF coupled with diafiltration 543 

(DF), whereby the UF retentate is diluted and further membrane processed, facilitating additional 544 

removal of salts and lactose which would be limited by reduced filtration throughput caused by 545 

excessive feed concentrations which can occur in UF only manufacturing processes (Ng et al., 546 

2018). The typical protein content of MPI is 90-94% while the lactose content is typically < 1% 547 

(Table 1.3). The maximum protein content of MPI is ultimately restricted by residual fat and CCP 548 

(Kelly, 2011). As shown in Table 1.4, there are significantly higher calcium and phosphorus 549 

contents in MPC 80 and MPI compared to MPC 40 as the colloidal minerals are not sensitive to 550 

removal during UF or DF. However, there is a significant reduction in potassium, sodium and 551 

chloride contents in MPC 80 and MPI compared to MPC 40 as these minerals are almost entirely 552 

present as ions in the aqueous phase of milk (Gaucheron, 2005).  553 

Table 1.4 Mineral analysis of selected commercial milk protein concentrate (MPC) and isolate 554 

(MPI) (modified from Sikand et al., 2011) 555 

Product Calcium Phosphorus Magnesium Potassium Sodium Chloride 

(mg/100g) 

MPC 40 903 816 83 1134 284 1059 

MPC 40 956 882 89 1177 303 1049 

MPC 80 1486 1085 76 217 50 136 

MPC 80 1496 1085 68 226 45 70 

MPC 80 1493 1109 69 366 89 213 

MPI 1506 1118 66 266 64 153 

MPI 1436 1083 69 199 52 183 

MPI 1644 1206 82 161 52 103 
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1.5.2 Manufacture of MPC and MPI 556 

MPC and MPI powders are produced through the UF of pasteurized skim milk followed by DF, 557 

and evaporation (optional) and spray drying of as per Figures 1.7 and 1.8. DF is only required in 558 

combination with UF for high protein MPC and MPI production (Ng et al., 2018). The UF 559 

concentration and DF factors employed determine the protein:lactose and therefore the final 560 

protein content of the MPC and MPI (Gazi & Huppertz, 2015). Skim milk must be used as the 561 

starting material as opposed to whole milk as fat is retained during UF and this would limit the 562 

maximum achievable protein content (Kelly, 2011). The skim milk must be pasteurized before UF 563 

to reduce the microbial load and therefore reduce the frequency of membrane cleaning or changing 564 

due to microbial fouling and biofilm development on the membrane (Chamberland et al., 2017). 565 

However, the heat load should be minimized during processing to preserve the native state of the 566 

proteins as much as possible. Gazi and Huppertz (2015) reported that preparation of MPC 80 from 567 

low-heat (72oC for 15 seconds) and medium-heat treated skim milk (95oC for 45 seconds) resulted 568 

in higher denatured whey protein levels in the MPC 80 prepared from medium-heat treated skim 569 

milk which led to more extensive development of MPC 80 insolubility on storage at elevated 570 

temperatures. This insolubility was suggested to be due to association of the denatured whey 571 

proteins with casein micelles.  572 

1.5.2.1 Membrane processing  573 

UF is a pressure-driven membrane process which typically utilizes a molecular weight cut-off 574 

(MWCO) of 10 kDa in MPC production to maximize protein retention while permeating lactose 575 

and soluble minerals (Gavazzi-April et al., 2018). Polymeric spiral-wound membranes are most 576 

commonly used for the UF of skim milk because of their low initial investment and replacement 577 
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costs (Meyer et al., 2015). Skim milk UF efficiency can be reduced by accumulation of retained 578 

milk particles at the membrane surface (concentration polarization) or fouling caused by 579 

deposition or adsorption of milk particles and proteins onto the membrane surface or pores (Ng et 580 

al., 2018; Li et al., 2016). The membrane surface area and UF processing parameters such as 581 

temperature, feed concentration, applied pressure, fluid composition, flow rate and turbulence need 582 

to be designed to control transmembrane pressure (TMP). Furthermore, the operation needs to be 583 

carried out below the critical flux, i.e., the flux below which there is negligible deposition on the 584 

membrane (Cheryan, 1998; Chan & Chen, 2001).  585 

The UF of skim milk to achieve high protein MPC or MPI production is limited by increased 586 

retentate viscosity caused by non-Newtonian behaviour at high feed concentrations which affect 587 

separation properties such as protein and mineral rejections and lactose transmission (Li et al., 588 

2016).  DF is required to control membrane filtration below the critical flux by reducing the 589 

retentate concentration and viscosity through the introduction of reverse-osmosis (RO) water or 590 

permeate into the UF feed at the same volumetric flow rate as that of the permeate (Gavazzi-April 591 

et al., 2018). However, DF also further alters the ionic equilibrium of the UF retentate. This may 592 

result in partial dissociation of colloidal calcium and caseins potentially affecting component 593 

membrane transmission and influencing membrane fouling mechanisms (Corredig et al., 2019; Li 594 

et al., 2016).595 
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 596 

Figure 1.7 Typical ultrafiltration (UF) plant configuration for milk protein concentrate and isolate production (modified from Bylund, 597 

1995).598 
.599 
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600 
Figure 1.8 Flow diagram for the pilot plant production of high milk protein powder and 601 

composition of products (taken from Mistry, 2002). 602 



 

27 

 

Mistry (2002) produced a high protein milk powder as per Figure 1.8 using a spiral wound UF 603 

model pilot plant unit and a membrane surface area of 5.6 m2. The skim milk was ultra-filtered to 604 

a total solids, protein, lactose and ash of approximately 20.90, 15.16, 3.81 and 1.71% respectively. 605 

The UF flux reduced from an initial 31.15 to 19.28 L m-2 h-1 at approximately 20.90% total solids 606 

and 15.16% protein. At this point DF with water was introduced, increasing the flux to 26.47 L m2 607 

h-1. Following three passes of batch DF, the flux had again reduced to 19.28 L m-2 h-1, however, 608 

the total solids, protein, lactose and ash had increased to approximately 21.57, 18.90, 0.08 and 609 

1.67% respectively. 610 

The UF of skim milk is typically produced with < 10 bar operational pressure, a membrane pore 611 

size ~ 0.01 m and a temperature of either ≤ 10°C or in the range of 40-50°C (Meena et al., 2017). 612 

UF at low temperatures is optimal for controlling microbial growth and minimizing protein 613 

denaturation, however, viscosity and concentration polarization are increased, and permeation flux 614 

is reduced compared to UF at 50oC (Méthot-Hains et al., 2016). However, Luo et al. (2014) 615 

reported that UF at 15°C resulted in increased flux, less membrane fouling and a shorter time 616 

required to achieve 5× concentration compared to operation at 30 and 50°C in the production of 617 

high protein MPC.  618 

1.5.2.2 Evaporation and drying 619 

The total solids of the retentate can be as high as 25% following UF and DF during the production 620 

of high protein MPC or MPI (Mistry, 2002; Gavazzi-April et al., 2018; & Augustin et al., 2012). 621 

This retentate can be pumped directly to the spray dryer, however, evaporation is often used to 622 

further increase the total solids content of the concentrate before spray drying (Singh, 2009). The 623 
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total solids of skim milk usually range between 40-50% following evaporation before spray drying 624 

(Bylund, 1995). However, the total solids achievable by evaporation of protein enriched retentate 625 

is typically limited to < 35% due to the increased viscosity caused by the high protein content 626 

(Meena et al, 2017; Rupp et al., 2018; Augustin et al., 2012 & Cao et al., 2015). Cao et al., (2015) 627 

reported on milk concentrated in a three-effect falling film evaporator with first, second and third 628 

effect temperatures of 71, 60 and 56oC, respectively, resulting in a total solids content of 27.90% 629 

to produce an MPC 60 powder. While Augustin et al. (2012) were able to achieve a TS of 31.4% 630 

using a scraped surface evaporator during the production of an MPC 80.  631 

Prior to drying, the evaporator concentrate is typically pre-heated which helps to reduce viscosity 632 

for the atomization process as well as to reduce the microbial load (Rupp et al., 2018). MPC and 633 

MPI powders are typically produced on single or multi-stage dryers with nozzle or rotary 634 

atomization (Meena, et al., 2017). The spray drying conditions reported are widely variable with 635 

inlet and outlet air temperatures typically ranging from 175-200 and 75-105oC, respectively 636 

(Augustin et al., 2012; & Meena, et al., 2017).  Fang et al. (2012) spray dried MPC 80 at pilot 637 

plant scale with inlet and outlet temperatures of 77 and 54oC, respectively, however, the powder 638 

moisture content was approximately 9% (w/w). Martin et al. (2010) spray dried MPC 80 with inlet 639 

and outlet air temperatures of 170 and 65oC, respectively, resulting in a powder moisture of 10-640 

12%. However, the powder was further dried to 5.2% moisture using a fluid bed with an inlet air 641 

temperature of 90oC and an ambient outlet temperature.  642 

High protein MPC powder particles typically have a smooth surface with dents compared to SMP 643 

(Figure 1.9) which displays a wrinkled surface due to the high lactose content using the same 644 

drying conditions (Mistry, 2002). Fang et al. (2012) observed MPC 85 powder with a smooth, 645 
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dented surface when spray-dried at a low inlet air temperature, however, the surface of the MPC 646 

85 became wrinkled at high inlet air temperatures. McSweeney et al. (2020) displayed MPC 75 647 

and 85 powder particle SEM images with smooth, dented surfaces when dried at an inlet and outlet 648 

temperatures of 185 and 65oC, respectively. This may be possibly due to the compaction of casein 649 

micelles during drying, while MPC 40 dried at the same conditions had a collapsed structure with 650 

wrinkled, concave surfaces possibly due to lower occluded air than high protein MPCs. The 651 

solubility of MPC particles decreases with increasing drying inlet air temperature due to increasing 652 

protein denaturation with casein primarily making up the insoluble material rather than whey 653 

protein (Fang et al., 2012). 654 

 655 
Figure 1.9 Microstructure of high protein milk powders. (A) Scanning electron micrograph of 656 

non-fat dry milk – note dents (black arrow). (B) Scanning electron micrograph of high protein milk 657 

powder – note smooth surface and dents (black arrow) (taken from Mistry, 2002).  658 

1.5.3 Applications of MPC and MPI 659 

MPC and MPI ingredients are being used in a wide range of food products for their nutritional, 660 

sensory and functional properties as per Figure 1.10. MPC and MPI are listed in GRAS Notice 661 

GRN no. 000504 as protein sources, formulation aids, emulsifiers, flavouring agents, stabilizers, 662 
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thickeners and texturizers for use in meal replacement and meal supplements, milk drinks, cheese, 663 

yogurt, fermented milks, milk-based spreads, cream substitutes, salad dressing, soups, sauces, 664 

frozen dairy desserts, confectionary and baked goods. Lower protein MPCs (MPC 40-70) are used 665 

to replace skimmed milk powder (SMP), whole milk powder (WMP) and buttermilk powder 666 

(BMP) in food applications such as yogurt and cheese to improve functionality and texture by 667 

increasing dairy solids and protein content without significantly increasing the lactose content 668 

(Agarwal et al., 2015). In cheese manufacture, the use of MPC or UF milk reduces the amount of 669 

rennet and salt needed, provides better control of curd composition and increases cheese yields 670 

(Gavazzi-April et al., 2018). However, MPC and MPI cannot be used in the U.S. for standardizing 671 

cheeses or other food categories unless it is permitted by the applicable standard of identity (GRAS 672 

Notice GRN no. 000504).  673 

The high protein, low lactose, low fat, and innate mineral content of high protein MPC and MPI 674 

ingredients make them particularly useful for nutritional applications such as low lactose infant 675 

and medical nutrition, sports nutrition and weight management. The coagulation of caseins from 676 

MPC and MPI in the stomach may also be beneficial for weight management and sports nutrition 677 

due to the slow digestion of casein and the extended release of amino acids over time (Agarwal et 678 

al., 2015).    679 
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 680 

Figure 1.10 Potential uses and applications for milk protein concentrate (MPC) and isolate (MPI) 681 

(modified from Meena et al., 2017). 682 

1.5.4 Functional properties of MPC and MPI 683 

MPC and MPI can provide valuable functional properties including viscosity, foaming and 684 

emulsification enhancement, which are often a pre-requisite for selected food applications, as 685 

outlined in Table 1.5. However, the expression of the functional properties of MPC and MPI is 686 

dictated by the composition of the ingredient, the processing of the ingredient and the type of food 687 



 

32 

 

matrix the MPC and MPI are used in. The expression of the functional properties of MPC and MPI 688 

may also be limited by poor reconstitution characteristics (Gazi & Huppertz, 2015). 689 

Table 1.5 Selected functional properties of milk protein concentrates (MPCs) and isolates (MPI) 690 

and their applications in final products (modified from Agarwal et al., 2015) 691 

Functional Properties Applications 

Water binding, thickening and viscosity Soups and sauces, meat products, bakery 

products, confectionary, chocolate, yogurt, 

cheese 

Emulsification Soups and sauces, meat products, ice-cream, 

confectionary, coffee whitener 

Foaming and whipping Ice-cream, desserts, whipped toppings 

Gelation Cheese, yogurt, bakery, confectionary 

Heat stability Recombined milk, soups and sauces, infant, 

enteral and clinical nutrition 

Colour/flavour development Chocolate, confectionary  

 692 

1.5.4.1 Solubility  693 

High protein MPC and MPI has been demonstrated to have slow rehydration properties (Mimouni 694 

et al., 2009; Sikand et al., 2011) which can worsen over time depending on storage conditions 695 

(Anema et al., 2006; Havea, 2006). The manufacturing process of MPC and MPI concentrates the 696 

protein and alters the ionic equilibrium affecting the micelle structure which causes further protein-697 

protein interactions which can affect the functionality and solubility of the ingredient (Singh, 698 

2007). The thermal history of the milk is also an important factor in the solubility of MPC and 699 

MPI ingredients, because if denatured whey protein are present, the exposed reactive groups can 700 

form aggregates with one another and with the caseins (Singh, 2009). However, Havea (2006) 701 

reported that disulphide-linked protein aggregates present in MPC 85 powders consisting of -702 
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casein, -lactoglobulin and s2-casein were not considered to play a major role in the formation of 703 

the insoluble material. The mechanisms of high protein MPI and MPI insolubility and insolubility 704 

over storage will be discussed in more detail in section 1.5.4.1.1. 705 

Sikand et al. (2011) assessed the solubility at 21°C of eleven commercially available samples of 706 

MPC and MPI from the U.S.A. The lowest protein MPC samples (MPC 40) had the highest 707 

solubility (98-99% suspension stability). The MPC 80 samples displayed suspension stabilities 708 

ranging from 24-43%. MPI samples with calcium contents ranging from 1436-1644 mg/100g, 709 

phosphorus contents ranging from 1083-1206 mg/100g and sodium contents ranging from 52-64 710 

mg/100g had suspension stabilities ranging from 33-55%. However, MPI samples with calcium 711 

contents ranging from 553-571 mg/100g, phosphorus contents ranging from 434-569 mg/100g and 712 

sodium contents ranging from 167-400 mg/100g had suspension stabilities ranging from 97-98% 713 

despite having similar protein contents. The manufacturing process of the MPC and MPI samples 714 

was not described by Sikand et al. (2011), however, it appears that the MPI samples with 715 

suspension stabilities ranging from 97-98% have been partially depleted in calcium and 716 

phosphorus considering the calcium and phosphorus contents were lower than the MPC 40 samples 717 

(calcium ranging from 903-956 mg/100g; phosphorus ranging from 816-882 mg/100g). The 718 

sodium content also appeared to have been adjusted during processing of these MPI samples as 719 

the levels were closer in content to the MPC 40 samples (sodium ranging from 167-400 mg/100g) 720 

than the other MPI samples.  721 

Fang et al. (2010; 2011) reported improved dissolution of MPC 85 solutions at 50°C due to the 722 

accelerated release of constituents such as colloidal components from the powder particles into the 723 

aqueous phase (Mimouni et al., 2010b). McSweeney et al. (2020) demonstrated that particle size 724 
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distribution of MPC solutions increased with increasing protein content at 23 and 50°C as 725 

displayed in Figure 1.11.  However, the particle size distribution of MPC solutions was smaller at 726 

50 compared to 23°C; this reduction was more pronounced in high protein MPCs than in MPC 40 727 

(McSweeney et al., 2020).  Crowley et al. (2015a) also demonstrated that the sediment height of 728 

MPC solutions rehydrated at 25°C for 90 minutes increased with increasing protein content, while 729 

the sediment height of MPC 90 rehydrated at 25°C for 90 minutes was reduced from approximately 730 

2 mm to 1 mm when the rehydration temperature was increased to 50°C.  731 

732 
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 733 
Figure 1.11 Particle size distribution of milk protein concentrate (MPC) 85 (■), MPC 75 (▲), 734 

MPC 65 (●), MPC 55 (□), and MPC 40 (∆) powders after reconstitution in ultrapure water at (A) 735 

23°C and (B) 50°C (taken from McSweeney et al., 2020).  736 
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1.5.4.1.1 Mechanisms of insolubility  737 

Havea (2006) assessed the solubility of MPC 85 samples and reported that the insoluble material 738 

consisted of casein micelles fused together by non-covalent hydrophobic protein-protein 739 

interactions consisting primarily of - and -caseins. Schokker et al. (2011) proposed that the 740 

cross-linking between casein micelles involves intermolecular -sheet formation. During the 741 

manufacturing process of MPC and MPI, the permeation of soluble ions during UF, and more 742 

significantly during DF, alters the ionic equilibrium of the retentate resulting in the solubilisation 743 

of colloidal calcium phosphate, partial dissociation of individual caseins and the subsequent 744 

loosening of the casein micelle structure (Corredig et al., 2019). The concentration, evaporation 745 

and spray-drying processes of high protein MPC and MPI powder production also results in 746 

reduced micelle inter-particle distance whereby, at a sufficiently high micelle concentration, the 747 

micelle structure can be altered or a collapse of the hairy layer can occur, further promoting protein 748 

aggregation (Corredig et al., 2019). The low lactose content of high protein MPC and MPI is also 749 

considered a contributor to the reduced micelle inter-particle distance and increased potential for 750 

intermolecular reactions because lactose molecules, if present, could act as spacer materials in 751 

powder particles by separating the proteins and hindering protein interactions (Anema et al., 2006).   752 

Crowley et al. (2015a) showed by optical tensiometry that water droplets were imbibed more 753 

slowly with increasing protein content of MPC. Mimouni et al. (2009) reported that the lactose, 754 

whey protein, sodium and potassium present in MPC 85 samples were almost completely released 755 

into the aqueous phase or solubilized after 10 minutes of rehydration at 24oC while only ~63% of 756 

the casein and 55-60% of calcium, phosphorus and magnesium were in the dispersed phase. This 757 

suggests that the rate limiting factor of high protein MPC and MPI dissolution is not water 758 
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penetration into the powder particle as the non-micellar components are readily diffused (Mimouni 759 

et al., 2009).  760 

 761 

Figure 1.12 Field emission scanning electron micrographs of fresh milk protein concentrate (MPC 762 

85) powder particles after rehydration at 24°C for (A) 10 minutes at 8,000× magnification and (B) 763 

80 minutes at 7,500× magnification (taken from Mimouni et al., 2010a). 764 

Scanning electron microscope (SEM) images of reconstituted MPC 85 (5% wt/wt dispersions) at 765 

24°C for 10 minutes showed casein micelles fused together into a porous structure linked by direct 766 

intermicellar contact and short bridges composed of material exposed from the loosened micelle 767 

(Mimouni et al., 2010a). Figure 1.12 shows that the porous structure visible after 10 minutes 768 

reconstitution at 24°C had partially collapsed after 80 minutes of reconstitution. Mimouni et al. 769 

(2010b) proposes that the rate-limiting factor of the hydration of high protein MPC and MPI 770 

appears to be the release of individual micelles after gradual erosion and collapse of the micellar 771 

network. Mimouni et al. (2009) reported that the proportion of casein and colloidal minerals 772 

(calcium, phosphorus and magnesium) in the dispersed phase increased to 95% and between 80-773 

90%, respectively, after 480 minutes of MPC 85 rehydration at 24°C. Crowley et al. (2015a) 774 
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reported no sediment formation in MPC 35-90 after 24 hour of reconstitution at 25°C. Gentle 775 

agitation and extended reconstitution time were sufficient to allow almost complete dispersion of 776 

the micelles into the aqueous phase. This therefore suggests that the micellar network is held 777 

together by weak, reversible interactions such as hydrophobic or hydrogen bonds rather than 778 

covalent bonds such as disulphide interactions (Mimouni et al., 2009). Crowley et al. (2015) also 779 

demonstrated reductions in sediment height of 89.9 and 99.5% when MPC 90 was reconstituted in 780 

skim milk permeate or 80 mM KCl, respectively, compared to water at 50°C for 90 minutes. This 781 

suggests that ionic equilibrium is crucial to the solubility of high protein MPC considering the 782 

impact of the re-establishment of the ionic balance. The modifications of MPC and MPI to alter 783 

functional properties will be discussed in Section 1.6 to provide further insight and perspective on 784 

the mechanisms of insolubility. 785 

1.5.4.1.2 Impact of storage time and conditions  786 

Anema et al. (2006) tracked the solubility of MPC 85 stored over 60 days at temperatures ranging 787 

from 20-50°C. Powders stored at 20°C showed no decrease in solubility over 60 days while powder 788 

stored at 30, 40 and 50°C displayed a rapid decrease in solubility, increasing with increasing 789 

storage temperature and time, to a minimum solubility of ~20% (Anema et al., 2006). Sodium 790 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) showed that the whey proteins 791 

remain almost entirely soluble even at the minimum solubility suggesting that the insoluble 792 

fraction consists of the caseins (Anema et al., 2006). Mimouni et al. (2010b) demonstrated that 793 

the release of non-micellar components (lactose, whey proteins, potassium and sodium) in MPC 794 

85 solutions was the same after 10 minutes rehydration at 24°C for fresh MPC 85 powder 795 

compared to solutions prepared with powder stored at 24°C and 23% relative humidity for 1 and 796 
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2 months. Whereas the content of caseins, calcium, phosphorus and magnesium in the dispersed 797 

phase after 10 minutes of rehydration at 24°C had reduced to 35% at the 1 month and 25% at the 798 

2 month timepoint (Mimouni et al., 2010b). However, the content of caseins, calcium, phosphorus 799 

and magnesium present in the dispersed phase after 480 minutes of reconstitution at 24°C did not 800 

decrease over storage time suggesting that while storage altered the kinetics of dissolution, it did 801 

not induce irreversible insolubilisation of protein material (Mimouni et al., 2010b). Anema et al. 802 

(2006) reported that, following storage of MPC 85 for 60 days at 50°C, all of the proteins could 803 

be recovered as monomeric protein in electrophoresis suggesting that minimal covalent cross-804 

linking had occurred.  805 

 806 

Figure 1.13 Field emission scanning electron micrographs of milk protein concentrate (MPC 85) 807 

stored for 2 months at 20°C and 23% relative humidity: powder particles after rehydration at 24°C 808 

for (A) 10 minutes at 11,000× magnification and (B) 80 minutes at 5,000× magnification (taken 809 

from Mimouni et al., 2010a). 810 

SEM images of MPC 85 stored for 2 months at 20°C and 23% relative humidity which were 811 

reconsituted at 24°C for 10 min (Figure 1.13A) displayed increased denisty and compaction of the 812 

casein micelles in a crust or skin like layer on the surface of the powder particles compared to the 813 

fresh powder. After 80 min of reconstitution at 24°C (Figure 1.13B), the crust appeared to have 814 
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partially detached in large portions rather than individual micelles indicating stronger micelle-815 

micelle interations within the crust and suggesting the dissolution of the aged powder was much 816 

slower and more inhibited than the fresh powder (Mimouni et al., 2010a). Anema et al. (2006) 817 

observed that the caseins in MPC 85 powder were lactosylated during storage. Fan et al. (2018) 818 

also reported that Maillard reactions occurred in high protein MPC powders during storage which 819 

promoted protein cross-linking and contributed to reduced solubility.  820 

1.5.4.2 Heat stability 821 

The heat stability of milk proteins and their susceptibility to denaturation and aggregation depends 822 

on several factors including heat treatment conditions, pH, relative abundance of other proteins 823 

and concentration of salts (Singh, 2004). Rose (1961) described 2 different types of milk based on 824 

their heat coagulation time (HCT) as a function of pH in the range of 6.2 to 7.4: Type A milk, 825 

which has a maximum HCT at the natural pH of milk (6.6-6.8) and a local minimum of 6.9-7.0; 826 

and Type B milk, which shows an increase in HCT with increasing pH (Dumpler, Huppertz & 827 

Kulozik, 2020).  828 

The HCT (140°C) of MPC ingredients ranging in protein content from 35 to 90% was assessed by 829 

Crowley et al. (2014). The MPC35 (SMP) sample displayed a similar HCT profile to type A 830 

unconcentrated skim milk within the pH range of 6.3-7.3, whereby an increased HCT was observed 831 

at the native pH of milk at pH 6.6-6.8, a reduction in HCT at pH 6.9-7.0 and an increase in HCT 832 

at pH 7.1-7.3 (Figure 1.14). At pHs < 6.7, the coagulation of casein micelles in milk and in MPC 833 

samples is driven by solubilisation of calcium phosphate resulting in increased Ca-ion activity and 834 

subsequent calcium induced casein aggregation (Dumpler, Huppertz & Kulozik, 2020). The type 835 

A milk and MPC35 heat stability increases at pH 6.6-6.8 due to a reduction in Ca-ion activity. The 836 
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decreased heat stability at pH 6.9 to 7.0 was attributed to the formation of a Ca-ion sensitive 837 

complex between -lactoglobulin and -casein (Dumpler, Huppertz & Kulozik, 2020). It has 838 

previously been reported that at pH > 7.0, the heat stability of milk increases due to increased 839 

micelle negative charge and decreased Ca-ion activity (Horne & Muir, 1990). 840 

Partial removal of salts from milk results in a conversion from type A to type B HCT profile 841 

whereby there is a progressive increase in coagulation time with increasing pH (Horne & Muir, 842 

1990). MPC50 displayed a HCT trend similar to type A milk. However, the HCT max was at pH 843 

7.0 followed by a sharp decline at pH 7.1, which may be associated to the UF induced changes in 844 

ionic equilibrium. However, the UF and ionic equilibrium alteration was not extensive enough to 845 

produce a type B milk heat stability behaviour. MPC 70-90 displayed increasing HCT with 846 

increasing pH which is similar to a type B milk heat stability behaviour (Figure 1.14). The heat 847 

stability of MPC70-90 decreased with increasing protein content which was likely caused by 848 

increasing Ca-ion activity with increasing protein content (Crowley et al., 2014). The high Ca-ion 849 

activity of reconstituted MPC90 powder (Ca-ion activity: 1.52-3.52 mM at pH 6.29-7.11, 850 

respectively) was attributed to the establishment of mineral equilibrium in the absence of the 851 

majority of the soluble salts which in turn results in the release of Ca2+ and phosphate into the 852 

serum phase to achieve equilibrium (Crowley et al., 2015b). However, Tri Ho et al. (2018) 853 

observed type A like heat stability behaviour in MPC 80 which displayed a maximum HCT at pH 854 

6.7 and a reduced HCT at pH > 6.7 despite a reduction in Ca-ion activity.  855 
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  856 
Figure 1.14 pH-heat coagulation time profiles at 140°C for milk protein concentrate (MPC) 35 857 

(◊), MPC 50 (□), MPC 60 (∆), MPC 70 (■), MPC 80 (♦), MPC 85 (▲) and MPC 90 (●) 858 

reconstituted to 3.5% (w/w) protein (taken from Crowley et al., 2014). 859 

Crowley et al. (2015b) also assessed the heat stability of 8.5% protein suspensions of MPC35-90 860 

at 120°C and reported that MPC70 had improved heat stability compared to MPC 35 which was 861 

attributed to decreased -casein dissociation and reduced gelation of serum-phase proteins while 862 

MPC80-90 were highly unstable to heating due to increased Ca-ion activity with increasing protein 863 

content. Khalesi and FitzGerald (2022a) observed that lower levels of calcium in MPC 80 led to 864 

higher heat stability and that increased levels of denatured whey protein resulted in reduced Ca-865 

ion activity and increased heat stability in MPC 85 (Khalesi and FitzGerald, 2021). Eshpari et al. 866 

(2014) reported that a 5% protein (w/w) solution of MPC 65 produced by UF at pH 6.95 displayed 867 

a HCT of 107 minutes at 120°C while MPC 80 produced using UF and DF had a HCT of 2.4 min 868 

under the same conditions. In addition to the increased protein content, the ash content was reduced 869 
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while the calcium content was increased in the MPC 80 compared to the MPC 65 suggesting the 870 

ionic equilibrium has been altered due to the application of DF. Crowley et al. (2014) demonstrated 871 

that the supplementation of MPC80 with urea did not significantly increase the HCT at pH ≤ 6.7 872 

but reconstitution in simulated milk ultrafiltrate (SMUF) did increase the HCT while dialysis 873 

against skim milk causing MPC 80 to display type A milk like behaviour as a result of largely 874 

restoring the serum composition. 875 

1.5.4.3 Gelation 876 

Gelation of milk proteins, induced by rennet, acidification or heat treatment, is a crucial first step 877 

in both cheese and yogurt manufacture and the rheological properties of the gel impact the 878 

functionality of these products (Lucey, 2002). Rennet and acid gels formed from heated milks have 879 

been reported to have higher gel strength and shorter gelation times due to the heat induced 880 

micellar dissociation of -casein and the interaction of -lactoglobulin and -casein in the heated 881 

milk (Meletharayil et al., 2015). Ferrer et al. (2008) reported that rennet gels formed with MPC 56 882 

were stronger than MPC 85 and this difference was attributed to the different ionic strengths and 883 

the higher calcium to protein ratio in MPC 56 compared to MPC 85. Kuo and Harper (2003) 884 

reported that rennet gel strength increased with increasing MPC 85 dispersibility which may be 885 

related to the ionic equilibration of the MPC 85 solution. Martin et al. (2010) reported that the 886 

production of rennet gels with reconstituted MPC 80 required the addition of at least 2 mM L-1 of 887 

calcium chloride, attributing this to the effect of UF/DF processing on the ionic equilibrium of 888 

MPC 80.  889 
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Meletharayil et al. (2015) investigated the gel strength of acid gels formed using MPC with a range 890 

of protein contents whereby MPC 70, 85 and 90 displayed higher gel strengths than MPC 50, 60 891 

and 80 based on elastic modulus. The increasing solubilization of micellar calcium phosphate with 892 

increasing MPC protein content was expected to result in increased acid gel strength, while the 893 

reduced heat-induced dissociation of -casein and increased association of whey proteins with the 894 

casein micelles with increasing protein content results in reduced gel strength. The balance of these 895 

two competing mechanisms resulted in the higher acid gel strength for MPCs 70, 85 and 90 and 896 

the lower acid gel strength of MPC 80 (Meletharayil et al., 2015).  897 

Cheese produced with high protein MPC and MPI powder require elevated temperatures to be 898 

applied after mixing the dried MPC or MPI with milk to prevent the development of undesirable 899 

thin protein gels known as “nuggets” that are a different colour to the cheese (Bhaskar et al., 2007; 900 

Sun et al., 2017).  901 

1.5.4.4 Emulsification 902 

Milk proteins can function as emulsifiers as they lower the interfacial tension and rapidly adsorb 903 

at the oil-water interface of newly formed oil droplets (Dickinson, 2001). The resulting steric 904 

interfacial layer counteracts coalescence of the oil droplets (Dickinson, 2003). Non-aggregated 905 

casein ingredients (e.g., sodium caseinate) have been shown to adsorb at the oil-water interface 906 

quicker than whey protein ingredients due to their higher surface hydrophobicity and the flexible 907 

conformation of their hydrophilic and hydrophobic domains which allows for more effective 908 

interaction at the interface of the aqueous and oil phases. Aggregated casein ingredients (e.g., 909 

calcium caseinate, SMP, MPC and MPI) have lower emulsifying ability than non-aggregated 910 
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casein and whey ingredients (Euston & Hirst, 1999). In micellar casein ingredients the casein 911 

micelle cannot unfold as quickly as individual casein proteins at the oil-water interface due to the 912 

calcium bridging that maintains micellar structure. When aggregated, the casein micelle also 913 

orientates its hydrophobic groups to the interior of the aggregate thereby reducing surface 914 

hydrophobicity (Dickinson, 1997). However, ingredients that contain casein aggregates form more 915 

viscous emulsions which can be more stable to creaming (Euston & Hirst, 2000). Increasing the 916 

viscosity of the emulsion reduces the probability of collisions between oil droplets and subsequent 917 

coalescence (Spasic, 2018).  918 

Euston and Hirst (2000) and Ye (2011) both reported that SMP and MPC stabilised oil-in-water 919 

(O/W) emulsions had reduced emulsion stability compared to WPC and sodium caseinate O/W 920 

emulsions. The larger, more aggregated SMP and MPC do not spread as easily or quickly at the 921 

oil droplet surface as the smaller WPC or sodium caseinate and therefore larger droplets are formed 922 

(Euston & Hirst, 2000). Ye (2011) observed that MPC stabilised O/W emulsions displayed a high 923 

surface protein concentration present as a thick surface layer of micellar casein with low levels of 924 

whey proteins adsorbed at the interface. Emulsions with larger particle sizes are considered to be 925 

susceptible to destabilisation during downstream processing (e.g., pasteurisation) and to 926 

subsequent creaming during storage (Dickinson, 1997).  927 

Khalesi and FitzGerald (2022a) reported that MPC 80 with reduced calcium levels displayed 928 

improved emulsion stability compared to intact MPC 80. Ye (2011) observed that MPC with 929 

reduced calcium formed O/W emulsions which displayed lower surface protein concentrations and 930 

higher levels of individual caseins and whey proteins adsorbed at the interface compared to intact 931 

MPC. Euston and Hirst (2000) and Ye (2011) both reported that partial dissociation of aggregated 932 
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protein ingredients (e.g., dispersion in EDTA) or calcium depletion resulted in the formation of 933 

O/W emulsions with particle sizes similar to the O/W emulsions formed with sodium caseinate. 934 

This therefore demonstrates that the aggregated structure of the casein micelle is a critical limiting 935 

factor in the stability of O/W emulsions formed with SMP and MPC.  936 

1.5.4.5 Foaming 937 

Milk foams can either be desirable, e.g., for cappuccino-style beverages or undesirable, e.g., during 938 

evaporation, discharge from pumps and pipes or during the reconstitution of milk powders in the 939 

manufacture of recombined milk or infant formula (Huppertz, 2010). In the formation of foams, 940 

milk proteins act like surfactants by adsorbing at the air-liquid interface and reducing the surface 941 

tension (Bos & van Vliet, 2001). The proteins then unfold at the interface with the hydrophilic 942 

groups toward the liquid phase and the hydrophobic groups toward the air phase forming a visco-943 

elastic interfacial film through interactions by the partially denatured proteins stabilising the air 944 

bubbles (Borcherding, Lorenzen & Hoffmann, 2009). Foams are thermodynamically unstable and 945 

will ultimately collapse via Ostwald ripening, drainage and coalescence (Cao et al., 2018). 946 

Individual caseins, casein micelles, whey proteins and milk systems such as skim milk have all 947 

been reported to display good foam formation and stability properties (Chen et al., 2018; Cao et 948 

al., 2018; Borcherding et al., 2008).  949 

Yankov & Panchev (1996) reported that WPC50 generated more foam and formed a more stable 950 

foam with sugar-egg mixtures than with MPC70. Xiong et al. (2020) demonstrated that milk 951 

protein dispersions, heated to 65°C during foaming, containing MPC80 and WPC80 at a whey 952 

protein to casein ratio of 60:40 displayed larger bubbles and higher foamability but lower foam 953 

stability than samples with a whey protein to casein ratio of 20: 80 suggesting samples with higher 954 
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casein ratios generate lesser volume of denser and more stable foam. At higher temperatures, 955 

casein micelles can spread out more efficiently at the air-liquid interface, leading to the formation 956 

of a more rigid interfacial layer which contributes to increased foam stability (Xiong et al.,2020). 957 

However, Borcherding et al. (2009) reported that foaming at lower temperature using skim milk 958 

with increased whey protein content resulted in higher foam stability.  959 

Partial dissociation of casein micelles through the addition of sodium chloride resulted in improved 960 

foamability of milk protein dispersions due to preferential adsorption of -casein into foam which 961 

did not occur in the presence of added calcium due to the re-association of casein micelles (Zhang, 962 

Dalgleish & Goff, 2004). Proteins foam best at pH levels where the molecules are flexible and less 963 

compact (Zhang, Dalgleish & Goff, 2004). Zhang, Dalgleish and Goff (2004) reported that whey 964 

protein isolate (WPI) foamability was highest at pH 4.5 due to the flexible, molten globular state 965 

of -lactalbumin and the reduced electrostatic repulsion of proteins close to the isoelectric point 966 

while WPI foamability was lowest at pH 3 as -lactalbumin and -lactoglobulin form aggregates 967 

at pH < 4.0. The foamability of SMP was reduced between pH 4 to 5 due to casein precipitation 968 

and increased at pH 3.0 due to casein micelle dissociation (Zhang, Dalgleish & Goff, 2004). Mistry 969 

(2002) reported that foaming of high protein MPC increased with increasing pH from pH 7-10 and 970 

increasing agitation time. 971 

1.5.4.6 Colour 972 

The white colour of milk at its natural pH is dictated by the light scattering properties of the casein 973 

micelle (Sinaga, Bansal and Bhandari, 2017). High protein MPC, and MPI, typically display lower 974 

levels of yellowness than typically seen in cow’s milk (Milovanovic et al., 2020), likely due to the 975 
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low levels of lipid and lactose following skimming and membrane processing. The colour of high 976 

protein MPC and MPI ingredients does not appear to have been studied extensively. Khalesi, & 977 

FitzGerald (2022a) observed that the L* value of an MPC80 dispersion (5% w/v, protein) was 978 

reduced following heat treatment. The application of heat treatment to MPC80 was also 979 

demonstrated by Khalesi & FitzGerald (2022a) to result in decreased greenness and increased 980 

yellowness. Pandalaneni et al., (2018) showed that there was no significant difference in colour of 981 

MPC 80 upon a 30% reduction of its calcium content. McSweeney et al., (2021) demonstrated that 982 

MPC 80 powder produced using nitrogen injection during spray-drying resulted in significantly 983 

increased whiteness (L* value) and reduced yellowness (b* value).  984 

1.5.4.7 Flavour 985 

Flavour is a key component in the successful use of milk protein ingredients. Drake et al. (2009) 986 

reported that MPC with protein contents ≤ 56% (dry matter) were characterized by fluid milk type 987 

flavours such as cooked/milky, sweet aromatic, sweet and cereal tastes. However, the flavour 988 

profiles of MPC70, MPC 80 and MPI were characterized by tortilla, brothy, cardboard and animal-989 

type flavours and higher astringency compared to lower protein MPCs. Smith, Campbell and 990 

Drake (2016) characterised milk protein ingredients using the same descriptors as Drake et al. 991 

(2009) where the MPC 70 and 80 were characterised by low but distinct intensity of tortilla and 992 

cardboard flavour, cooked/milky and sweet aromatic flavours. MPI did not demonstrate 993 

cooked/milky and sweet aromatic flavours, however, MPI was perceived as having higher levels 994 

of tortilla and cardboard flavour compared to MPC 70 and 80.   995 

https://www.sciencedirect.com/science/article/pii/S0022030216301539#bib0100
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/astringency
https://www.sciencedirect.com/science/article/pii/S0022030216301539#bib0100
https://www.sciencedirect.com/science/article/pii/S0022030216301539#bib0100
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1.6 Modification of functional properties of bovine milk protein concentrate (MPC) and 996 

isolate (MPI) 997 

As mentioned previously herein, the functional properties of MPC and MPI are affected by 998 

composition, processing and storage, protein content, alteration of the ionic equilibrium, changes 999 

to casein micelle structure and interactions between casein micelles. Several modifications to 1000 

adjust the functional properties of MPC and MPI have been applied as outlined in Figure 1.15. 1001 

These include membrane filtration parameter adjustments, acidification, calcium chelation, 1002 

addition of monovalent ions, high shear treatment, adjustment of spray-drying conditions and 1003 

enzymatic hydrolysis. The impact of enzymatic hydrolysis on the functional properties of MPC 1004 

and MPI will be discussed in more detail in section 1.7.  1005 

1.6.1 Calcium depletion and chelation  1006 

Bhaskar et al. (2007) described the production of a high protein MPC and MPI samples with 1007 

calcium depletion ranging from 33-83% which resulted in increased solubility and reduced risk of 1008 

nugget formation during cheesemaking. Partial calcium depletion was completed using one or a 1009 

combination of two or more of the following methods: (1) cation exchange on an ion exchanger in 1010 

the sodium and/or potassium form (2) acidification to pH 4.6-6 with subsequent dialysis and/or 1011 

UF and/or DF or (3) the addition of a chelating agent such as citric acid, EDTA or phosphates to 1012 

bind a proportion of calcium ions in conjunction with dialysis and/or UF and DF (Bhaskar et al., 1013 

2007). The solubility of 5% (w/v) suspensions of MPI in water at 20°C was increased from ~80% 1014 

to ~98% in 33% calcium depleted MPI and ~100% in 50 and 83% calcium depleted MPI following 1015 

1 day of powder storage at 20oC (Figure 1.16). The solubility of the MPI control was reduced to 1016 

~45% following 36 days of powder storage at 20°C (Figure 1.16). No decrease in solubility was 1017 
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observed for any of the calcium depleted MPI samples over 36 days of powder storage at 20 or 1018 

40oC (Bhaskar et al., 2007). Replacement of approximately 30% of the calcium by sodium or 1019 

potassium ions in UF milk retentate increases the electrostatic repulsive forces between the casein 1020 

micelles resulting in improved hydration properties of the MPC powder (Bhaskar et al., 2007; 1021 

Havea, 2006). Khalesi and FitzGerald (2022b) reported that partial calcium depletion of MPC 80 1022 

resulted in increased solubility compared to a control MPC 80 at pH 7.0 which may be associated 1023 

with the loosening of micellar caseins. Calcium chelating agents also reduce the association of 1024 

calcium ions with casein molecules and the formation of calcium bridges and therefore limit 1025 

micellar cross-linking which is crucial to insolubility development (McCarthy et al. 2017).  1026 

Eshpari et al. (2014) reported that acidification of skim milk to pH 6.0 using glucono--lactone 1027 

(GDL) before UF significantly reduced the calcium content of MPC 80 which subsequently 1028 

displayed increased solubility compared to an MPC 80 control. However, it did not cause a 1029 

significant change in heat stability. Marella et al. (2015) showed that injection of carbon dioxide 1030 

into skim milk before and during UF reduced the pH to ~5.7 and reduced the calcium content of 1031 

the retentate resulting in increased solubility of MPC 80. Li and Corredig (2014) also demonstrated 1032 

that heating of UF and DF skim milk retentate samples at 80°C for 15 minutes before acidification 1033 

with GDL resulted in no difference in calcium release at pH > 5.5 but resulted in increased calcium 1034 

release at pH < 5.5 at higher UF and DF concentrations. Sun et al. (2017) demonstrated that the 1035 

addition of individual or combinations of emulsifying salts (sodium citrate, sodium pyrophosphate 1036 

and sodium phosphate) before membrane filtration during the production of MPC 80 resulted in 1037 

reduced calcium content and increased solubility. De Kort et al. (2012) assessed the effect of 1038 

adding various chelating agents to concentrated micellar casein solutions and found that the heat 1039 
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stability was increased due to an impact on calcium-ion activity and the micellar structure before 1040 

and during heating.  1041 

 1042 
Figure 1.15 Production of milk protein concentrate (MPC) and isolate (MPI) including different 1043 

interventions for solubility improvement (modified from Meena et al., 2017). 1044 
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The majority of the calcium ions in high protein MPC or MPI solutions are bound to phosphoserine 1045 

residues or CCP complexes (Sun et al., 2017). Acidification will partially dissolve CCP and 1046 

chelators will compete with the phosphoserine residues and the CCP in the casein micelle to bind 1047 

the calcium ions resulting in the formation of soluble calcium salts which could be permeated 1048 

during UF and DF (Sun et al., 2017). This calcium depletion results in partial dissociation of the 1049 

casein micelle and an increase in the amount of non-micellar caseins in the retentate during high 1050 

protein MPC and MPI production which can compete with casein micelles at the air-water 1051 

interface during spray drying thereby reducing micelle-micelle crosslinks which as previously 1052 

mentioned have been reported to be central for insolubility development (Schokker et al., 2011; 1053 

Udabage et al., 2012). Conversely, addition of calcium chloride to high protein MPC and micellar 1054 

casein powder resulted in reduced solubility due to micelle flocculation and the formation of 1055 

insoluble material during spray-drying (Schuck et al., 2002; Schokker et al., 2011). 1056 
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 1057 

Figure 1.16 Solubility of 5% solutions (w/v) in 20°C water of a milk protein isolate control and milk protein isolate samples at 33, 50 1058 

and 83% calcium depletion during 36-day storage at 20°C (taken from Bhaskar et al., 2007).1059 
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1.6.2 Ultrafiltration (UF) and diafiltration (DF) 1060 

1.6.2.1 UF temperature 1061 

Luo et al. (2014) prepared high protein MPC with UF at 15, 30 and 50°C and observed that the 1062 

permeation of calcium increased with reducing temperature which was proposed to be due to 1063 

increased ionic calcium at lower temperatures which is more amenable to permeation. Solubility 1064 

improved with reducing UF temperature, likely due to the reduced calcium content and partial 1065 

micelle dissociation as described in section 1.6.1, however, there was no significant difference in 1066 

heat stability (Luo et al., 2014). MPC emulsion activity was higher for the UF operated at 15 and 1067 

30°C compared to 50°C while MPC emulsion stability was higher for UF operated at 30 and 50°C 1068 

compared to 15°C (Luo et al. ,2014). Luo et al. (2014) also reported that plasmin activity was 1069 

increased at 50°C which could have possibly continued hydrolyzing caseins during UF resulting 1070 

in dissociation of micellar casein and reduced zeta potential.  1071 

1.6.2.2 Addition of mineral salts during UF and DF 1072 

Mao et al. (2012) produced MPC 80 samples using DF water containing 50-150 mM of sodium 1073 

chloride resulting in increased solubility with increasing sodium chloride content. Sikand et al. 1074 

(2013) produced MPC 80 samples using DF water containing 150 mM of both sodium chloride 1075 

and potassium chloride resulting in reduced calcium content and 100% nitrogen solubility 1076 

compared to the MPC 80 control which displayed a nitrogen solubility of 52.9% when 1077 

reconstituted in ambient temperature water. Schokker et al. (2011) reported that the addition of 1078 

sodium chloride (100 mM) and sodium citrate (5 mM) following microfiltration (MF) and before 1079 

DF during micellar casein manufacture improved reconstitution. The improved solubility of high 1080 



 

55 

 

protein MPC and MPI produced using salts is proposed to be caused by solubilisation of partially 1081 

bound calcium subsequently resulting in increased repulsive forces between casein micelles, 1082 

partial micelle dissociation and increased levels of non-micellar caseins thereby reducing micellar 1083 

crosslinks (Havea, 2006). It is also reported that the addition of salts modify hydrophobic sites and 1084 

reduce disulphide bond formation thereby affecting protein-protein interactions and limit protein 1085 

aggregate formation (Mao et al., 2012). The hygroscopic nature of sodium chloride could also 1086 

result in improved water transfer in solutions containing high levels of casein micelles during 1087 

rehydration resulting in improved solubility (Schuck et al., 2002).  1088 

1.6.2.3 Modifications to the UF and DF retentate before spray-drying  1089 

Carr (2002) described a process of high protein MPC and MPI production including the addition 1090 

of a monovalent salt (preferably sodium chloride) to the UF or DF retentate before evaporation 1091 

and spray-drying resulting in improved solubility following powder storage at 40°C for 30 days. 1092 

Schuck et al. (2002) reported that the addition of sodium phosphate and sodium citrate to micellar 1093 

casein solutions following MF and DF before spray drying significantly reduced rehydration rates 1094 

due to dissociation of casein micelles into sodium caseinate. Schokker et al. (2011) reported that 1095 

the addition of sodium caseinate (4-12% of the total milk protein in the powders) following MF 1096 

and DF prior to spray-drying during micellar casein manufacture improved reconstitution, 1097 

displaying a linear relationship with increasing sodium caseinate addition. Schokker et al. (2011) 1098 

also reported that the addition of sodium caseinate was more effective when added to the 1099 

concentrate before spray-drying than addition before DF because more non-micellar casein was 1100 

retained. The addition of sodium caseinate does not alter the integrity of the micelle, therefore the 1101 

improved rehydration must be related to the increased levels of non-micellar casein resulting in 1102 
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reduced micellar crosslinking interactions by competing with micelles at the air-water interface 1103 

during spray-drying and spatially separating casein micelles in the powder Schokker et al. (2011). 1104 

Davenel et al. (1997) observed that the addition of whey protein and polydextrose in advance of 1105 

spray-drying both improved the reconstitution of micellar casein powder by spatially separating 1106 

casein micelles (Schokker et al., 2011).  1107 

Cao et al. (2015; 2016) reported that the nanofiltration (NF) of UF milk resulted in MPC 60 with 1108 

a lower solubility index, initially and during storage, compared to MPC 60 produced using 1109 

evaporation. The NF treatment resulted in less compaction of micelles due to a lower TS in the 1110 

concentrate compared to evaporation and lower protein alterations due to the reduced exposure to 1111 

heat (Cao et al., 2015). The NF treatment resulted in less protein-protein interactions and Maillard 1112 

reactions, therefore reducing protein cross-linking, resulting in improved dissolution, initially and 1113 

during subsequent storage (Cao et al., 2016).    1114 

1.6.3 High shear treatment 1115 

The application of physical processes such as high-pressure treatment dissociates casein micelles 1116 

resulting in an increase in the amount of non-micellar casein which has been reported to reduce 1117 

micellar cross-linking, resulting in increased solubility for high protein casein micelle products 1118 

(Schokker et al., 2011). Augustin et al. (2012) applied different high shear treatments to high 1119 

protein MPC following UF and DF, prior to spray-drying: homogenisation at 350/100 bar, 1120 

microfluidisation at 800 bar or ultrasonication at a frequency of 24 kHz and a power output of 600 1121 

watts. These treatments resulted in increased nitrogen solubility and a reduced insolubility index 1122 

of fresh MPC 80 powder and during storage compared to the control. The shear, impact and 1123 

cavitational forces applied during these processes disintegrate and fragment casein micelles and 1124 
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disrupts micellar cross-links which may have developed during processing, thereby increasing the 1125 

level of non-micellar casein and reducing the occurrence of cross-linked casein micelles at the air-1126 

water interface during spray-drying (Augustin et al., 2012). Udabage et al. (2012) reported 1127 

increased solubility of fresh and stored MPC 85 following the application of high-pressure 1128 

treatment of 200 MPa at 40°C due to the altered surface composition leading to increased non-1129 

micellar casein concentration in the retentate prior to drying.  1130 

Yanjun et al. (2014) demonstrated that the application of ultrasound (frequency: 20 kHz, power 1131 

output: 600 watts) following UF and DF improved the solubility of MPC 80, increased emulsion 1132 

activity and stability and increased the gelation storage modulus (G՛). Solubility, emulsion activity 1133 

and G՛ increased with increasing duration of ultrasound treatment, however, emulsion stability was 1134 

higher at 1 min compared to 2 and 5 min treatment (Yanjun et al., 2014). The ultra-sound treated 1135 

samples displayed partial denaturation and unfolding of protein molecules and exposure of 1136 

hydrophobic groups resulting in increased surface hydrophobicity allowing for an effective 1137 

adsorption of protein molecules at the oil-water interface resulting in improved emulsification 1138 

(Yanjun et al., 2014).  1139 

1.6.4 Spray-drying 1140 

Augustin et al. (2012) demonstrated that MPC 80 powder spray-dried at inlet and outlet 1141 

temperatures of 190 and 90°C, respectively, had reduced nitrogen solubility and increased 1142 

insolubility index compared to MPC 80 powder spray-dried at inlet and outlet temperatures of 175 1143 

and 75°C, respectively. Fang et al. (2012) assessed the impact of spray drying MPC 85 powder 1144 

with inlet and outlet temperatures ranging from 77 and 54°C to 178 and 103 ̊C, respectively. MPC 1145 

85 protein denaturation increased and solubility decreased with increasing drying temperatures; 1146 
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the insoluble material primarily consisted of the caseins (Fang et al., 2012). MPC 85 produced 1147 

with inlet and outlet temperatures of 77 and 54°C, respectively, displayed spherical powder 1148 

particles while spray drying at inlet and outlet temperatures of 178 and 103°C, respectively, 1149 

resulted in deflated, wrinkled powder particles (Figure 1.17). Drying at lower temperatures allows 1150 

surface active components more time to migrate to the air-water interface during spray-drying 1151 

compared to higher temperatures resulting in improved reconstitution properties (Augustin et al., 1152 

2012).  1153 

 1154 
Figure 1.17 Scanning electron microscope images of milk protein concentrate (MPC) 85 powder 1155 

particles with different morphologies as a result of different drying conditions (Inlet air 1156 

temperatures: A: 77°C, B: 178°C, magnification ×100) (taken from Fang et al., 2012).   1157 

Typically, powders produced with larger agglomerated particle sizes reconstitute more quickly. 1158 

However, the production of highly agglomerated casein dominant protein concentrate powders 1159 

such as MPI does not typically reduce the rehydration time since the solubilisation of the primary 1160 

particles is limited by micellar cross-linking (Gaiani et al., 2007; Mimouni et al., 2009). Ji et al. 1161 

(2015) reported that fluid bed agglomeration of MPI with various binding liquids such as aqueous 1162 
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solutions of each of lactose and sucrose (15% w/v) improved wettability but did not improve the 1163 

solubility.  1164 

1.6.5 Reconstitution 1165 

The application of mechanical agitation (Richard et al., 2013) has been shown to accelerate 1166 

rehydration of high protein MPC and MPI by promoting turbulence and facilitating powder particle 1167 

solubilisation. Increased water temperature has also been shown to accelerate rehydration of high 1168 

protein MPC and MPI (Mimouni et al. 2009; Fang et al., 2010; Crowley et al., 2015a) with Fang 1169 

et al. (2010) suggesting 50°C was the optimal temperature to rehydrate high protein MPC. 1170 

Reconstitution of high protein MPC and MPI in bovine milk UF permeate improved solubility 1171 

(Crowley et al., 2015a), enhanced ethanol stability at pH 6.6 to 7.0, impaired rennet gelation and 1172 

changed the HCT profile from type A to type B milk (Lin et al., 2018) through the restoration of 1173 

the serum ionic environment. Crowley et al. (2015a) also demonstrated reconstitution of MPC 90 1174 

in a potassium chloride solution (80 mM) increased solubility through the increase in ionic strength 1175 

of the solution which would also reduce calcium ion activity. MPC 80 powder dissolution rate and 1176 

solubility increased with the addition of calcium chelating agents such as sodium phosphate and 1177 

trisodium citrate during reconstitution through the accelerated dissociation of casein micelles 1178 

through the binding of calcium from CCP (McCarthy et al., 2017). 1179 

Ultrasonication of MPC 80 at 20 kHz and 70.2 W power resulted in a significant increase in 1180 

dissolution rate compared to agitation alone. However, there was an associated temperature 1181 

increase above 70°C due to ultrasonication treatment resulting in protein denaturation and 1182 

aggregation suggesting that the ultrasonication conditions need to be combined with other 1183 

technologies or mixing to balance reconstitution and temperature increase (McCarthy et al., 2014). 1184 
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Hydrodynamic cavitation has been demonstrated to achieve instantaneous and simultaneous 1185 

wetting, immersion, dissolution and solubilisation of MPC 80 and increased stability to 1186 

sedimentation compared to standard high-shear treatment (Pathania, et al., 2018).   1187 
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1.7 Enzymatic hydrolysis of bovine milk proteins   1188 

Enzymatic hydrolysis of milk proteins is a process of exposing a milk protein solution to a 1189 

proteolytic enzyme preparation within the appropriate conditions to facilitate the cleavage of 1190 

peptide bonds resulting in the generation of a mixture of polypeptides, oligopeptides and amino 1191 

acids (El-Salam & El-Shibiny, 2017). The percentage of peptide bond cleavage is defined as the 1192 

degree of hydrolysis (DH) which can be approximated based on the amount of amino nitrogen 1193 

present as a proportion of the total nitrogen (Adler-Nissen, 1979). The DH is typically determined 1194 

by the reaction of free amino groups with o-phthalaldehyde in the OPA method or 2,4,6-1195 

trinitrobenzene sulfonic acid in the TNBS method (Kunst, 2003). The characteristics of the protein 1196 

hydrolysate are determined by properties such as the extent of DH, molecular mass distribution, 1197 

conformation and hydrophobicity which are dictated by the substrate, the enzyme(s) activity and 1198 

specificity, and the reaction conditions (El-Salam & El-Shibiny, 2017).  1199 

Controlled enzymatic hydrolysis using mammalian, plant and microbial sources (singly or in 1200 

combination) has been used to modify the functional properties of bovine milk whey proteins, 1201 

caseins and high protein MPC and MPI. Milk protein hydrolysates are regularly used in specialised 1202 

nutritional products since hydrolysed proteins are more easily digested and have substantially 1203 

reduced immunological reactivity (Singh & Ye, 2014). Milk protein hydrolysates are also required 1204 

in products for individuals who suffer from phenylketonuria (PKU) whereby phenylalanine is 1205 

removed from highly hydrolysed proteins (Kunst, 2003). Milk protein ingredients are also 1206 

hydrolysed to generate peptides which may possess specific biological activity of relevance to 1207 

positive health outcomes (Nongonierma & FitzGerald, 2017).  1208 
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1.7.1 Enzyme selection 1209 

Enzymes are characterised primarily based on their activity, specificity and their optimal activity 1210 

conditions (Tavano et al., 2018). Proteolytic enzymes which cleave peptide bonds of internal 1211 

amino acids in a polypeptide chain are classified as endopeptidases while proteases that cleave 1212 

peptide bonds of terminal amino acids in a polypeptide chain are referred to as exopeptidases 1213 

(McDonald, 1985). Exopeptidases are classified as aminopeptidases if they act on the N-terminus 1214 

and carboxypeptidases if they act on the C-terminus (McDonald, 1985). The exopeptidases can be 1215 

further categorised as dipeptidyl- or tripeptidyl- peptidases if they cleave peptide bonds resulting 1216 

in the release of di- and tripeptides, respectively (McDonald, 1985). Proteases that operate at an 1217 

optimal pH > 7.0 are referred to as alkaline, around pH 7.0 as neutral and pH < 7.0 as acidic 1218 

proteases (Tavano et al., 2018). Proteases can also be classified based on the amino acid or metal 1219 

present at the active catalytic site such as cysteine peptidases, aspartic peptidases, serine 1220 

peptidases, metallo peptidases, mixed catalytic type and unknown type (Tavano et al., 2018). The 1221 

international system of enzyme nomenclature categorises enzymes with an EC number whereby 1222 

proteases are located in class 3, hydrolases and sub-class 3.4. Hydrolysis of peptide bonds are 1223 

further sub-divided based on their catalytic mechanism as demonstrated in Table 1.6.    1224 
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Table 1.6 Industrially relevant endopeptidases (taken from Kunst, 2003).   1225 

Enzyme EC number Preferential cleavage 

Serine proteases 3.4.21  

   Chymotrypsin 3.4.21.1 tyr-, trp-, phe-, leu-, arg-, lys- 

   Trypsin 3.4.21.4 arg-, lys- 

   Subtilisins 3.4.21.12 mainly hydrophobic- 

Cysteine proteases 3.4.22  

   Cathepsin B 3.4.22.1 arg-, lys-, phe-X- 

   Papain  3.4.22.2 arg-, lys-, phe-X- 

   Ficin 3.4.22.3 phe-, tyr- 

   Bromelain 3.4.22.4 lys-, arg-, phe-, tyr- 

Aspartic proteases  3.4.23  

   Pepsin 3.4.23.1 aromatic-, leu-, asp-, glu- 

   Chymosin 3.4.23.4 cleaves phe105-met106 bond in -casein 

Metallo proteases 3.4.24  

   Thermolysin 3.4.24.27 ile-, leu-, val-, phe- 

   Neutral proteinase 3.4.24.28 leu-, phe-, and others 

 1226 

Proteases are typically chosen based on the substrate, the proteolytic specificity, the application 1227 

and the desired composition and properties of the resultant protein hydrolysate. Narrow specificity 1228 

proteases that only recognise limited sequences are used in applications where a specific outcome 1229 

is required such as during cheesemaking where rennet (containing chymosin) is added to milk 1230 

resulting in -casein being cleaved and the formation of a milk clot (Kruif, 1999). Proteases with 1231 

broader specificity generally result in a milk protein hydrolysate with a higher DH which is 1232 

typically more applicable for use in products with reduced allergenicity (Kunst, 2003). Milk 1233 

protein hydrolysis can result in the exposure of hydrophobic amino acids (e.g., Pro residues), 1234 
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especially in casein hydrolysates, which contribute to bitter sensory attributes (Slattery & 1235 

FitzGerald, 1998). Endopeptidase treatment of milk protein that generates peptides with non-polar 1236 

amino acids at the C-terminus result in hydrolysates with relatively high bitterness while the 1237 

application of both aminopeptidases and carboxypeptidases resulted in reduced hydrolysate 1238 

bitterness (Kunst, 2003). Proteolytic enzymes from animal (e.g., pepsin, trypsin, chymotrypsin and 1239 

pancreatin), plant (e.g., papain, bromelin and ficin) and microbial (e.g., Table 1.7) sources have 1240 

been used singly or in combination in the preparation of milk protein hydrolysates (El-Salam & 1241 

El-Shibiny, 2017). Exopeptidases are not typically commercially available in purified form but 1242 

instead are present as a crude extract derived generally from microorganisms (Kunst, 2003) such 1243 

as Flavourzyme™ which is an Aspergillus-derived enzyme preparation containing 2 1244 

aminopeptidases, 2 dipeptidyl peptidases, 3 endopeptidases and 1 α-amylase activity (Merz et al., 1245 

2016). Enzyme preparations from plant, fungal and bacterial sources can also be chosen for food 1246 

applications due to their compliance with the growing demand for Halal and Kosher food 1247 

production and processing (Ermis, 2017). The optimal operating conditions of the selected 1248 

protease must be compatible with the substrate in order to design a manufacturing process to 1249 

produce the desired protein hydrolysate.   1250 
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Table 1.7 Microbial protease preparations used in the production of milk protein hydrolysates 1251 

(taken from El-Salam & El-Shibiny, 2017). 1252 

Trade name Microorganism pH Temperature  
Specificity 

(Residues P1)a 

   (°C)  

Alcalase 2.4L Bacillus licheniformis 6-10 10-80 
F, W, Y, E, M, L, 

A, S, K 

Subtilisin carlesberg Bacillus licheniformis 6-10 10-80 
F, W, Y, M, L, 

A, S, K 

Esparase Bacillus lentus 7-12 10-80 Broad 

Neutrase Bacillus amyloliquifacus 6-8 10-65 L, V, F 

Protamex Bacillus spp. 6-8 10-65 Not specified 

Therolysin/thermolase 
Bacillus 

thermoproteolyticus 
5-9.5 10-80 I, L, V, F 

Flavourzyme Aspergillus oryzae 4-8 10-55 Not specified 

aP1 residue from carboxyl side.  1253 

1.7.2 Hydrolysate manufacture 1254 

The manufacturing process of protein hydrolysates is the facilitation of the hydrolysis reaction of 1255 

the substrate and the selected protease which depends on the pH, temperature and the enzyme to 1256 

substrate ratio to produce the desired hydrolysate composition and/or functionality. This is 1257 

followed by an enzyme inactivation step (e.g., heat treatment, pH adjustment) and potential post-1258 

treatment steps such as centrifugation and membrane filtration to remove insoluble components or 1259 

larger peptides before drying to generate the finished product powder. The production process of 1260 

protein hydrolysates typically involves direct addition of the selected enzyme(s) to the protein 1261 

solution under the optimum conditions for the protease activity until the desired DH is achieved 1262 

followed by heat inactivation of the enzyme (El-Salam & El-Shibiny, 2017). Alternatively, 1263 
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membrane bioreactors, involving a membrane recirculation system connected to the hydrolysis 1264 

reaction vessel, allow for the selective separation of hydrolytic products following a specified 1265 

enzyme and substrate incubation time and retention of the enzyme, intact protein and larger 1266 

hydrolytic products to continue the hydrolysis reaction (Figure 1.18). The application of 1267 

immobilised enzymes can also be used in protein hydrolysis whereby the enzyme is immobilised 1268 

on a solid matrix or a membrane by covalent binding and can be added to the substrate solution or 1269 

the substrate solution is passed through an immobilised enzyme bed and the hydrolysate is 1270 

obtained at the bed outlet (El-Salam & El-Shibiny, 2017). 1271 

 1272 
Figure 1.18 Different methods for the preparation of milk protein hydrolysates (taken from El-1273 

Salam & El-Shibiny, 2017). 1274 
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The hydrolysis of a peptide bond of a non-terminal amino acid generates a free carboxyl and a free 1275 

amino group that are ionized depending on the pH of the reaction mixture (Figure 1.19). At pH 1276 

values > 6 the carboxyl group will release a H+ ion resulting in a decrease in pH while at pH < 5 1277 

the carboxyl group will take up a H+ ion resulting in an increase in pH (Kunst, 2003). Therefore, 1278 

the pH of the hydrolysis reaction may need to be maintained by the addition of alkali or acid in 1279 

order for optimal hydrolysis to take place (Figure 1.18; Figure 1.19). Hydrolysis with exopeptidase 1280 

activities does not result in a large pH change, due to the higher pKa of di- and tri-peptides 1281 

compared to polypeptides and therefore requires a lower volume of acid or base to regulate the pH 1282 

during hydrolysis (Spellman et al., 2003). 1283 

 1284 

Figure 1.19 Hydrolytic degradation of protein peptide bonds (taken from Kunst, 2003). 1285 

1.7.3 Functional properties of casein hydrolysates 1286 

Extensive literature exists on the generation and characterisation of casein hydrolysates. 1287 

Hydrolysis of caseins and sodium caseinate has been shown in several instances to improve 1288 

nitrogen solubility at the isoelectric point due to the generation of peptides with smaller molecular 1289 

mass and less secondary structure than intact protein (Flanagan & FitzGerald, 2002). Tryptic 1290 

hydrolysates of sodium caseinate displayed increased solubility between pH 4.0 to 5.0 at 4.3, 8.0 1291 

and 9.9% DH (Chobert et al., 1988). The NSI of sodium caseinate hydrolysates generated with 1292 

ProtamexTM increased with increasing DH between pH 4.0 and 6.0 (Slattery & FitzGerald, 1998). 1293 
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Rajarathnam et al. (2016) observed 100% NSI of sodium caseinate hydrolysates generated with 1294 

Alcalase and Prolyve at 19.25 and 14.04% DH, respectively, across the pH range 2-8.  1295 

Slattery and FitzGerald (1998) reported sodium caseinate hydrolysates generated with Protamex 1296 

at DH 0.5 and 1.0% had increased emulsifying activity at pH 2.0, however, at 9.0 and 15.0% DH 1297 

the emulsifying activity was reduced compared to intact sodium caseinate. Chobert et al. (1988) 1298 

observed tryptic hydrolysates of sodium caseinate at 4.3, 8.0 and 9.9% DH had increased emulsion 1299 

stability at pH 2.0 and decreased emulsion stability between pH 6.0 and 11.0 compared to intact 1300 

sodium caseinate. Hydrolysis of acid casein with immobilised trypsin, chymotrypsin and 1301 

Rhozyme-41 resulted in increased emulsifying activity (Haque & Mozaffar, 1992). Relatively 1302 

stable emulsions can be formed with casein hydrolysates with a high proportion of peptides > 2 1303 

kDa (Van der Ven, Gruppen, de Bont, & Voragen 2001) possibly due to the generation of more 1304 

flexible amphiphilic peptides (Flanagan & FitzGerald, 2002). Whereas, hydrolysis of casein 1305 

ingredients leading to a high proportion of peptides < 2 kDa typically results in a highly unstable 1306 

emulsion with reduced emulsifying ability and heat stability because the short peptides form 1307 

adsorbed layers with low surface viscosity (Chobert, et al. 1988). Slattery and FitzGerald (1998) 1308 

observed that sodium caseinate ProtamexTM hydrolysates with a DH of 0.5 and 1.0% displayed 1309 

increased foam expansion at pH 2.0, 5.0 and 10.0 and increased foam drainage at pH 2.0 but 1310 

decreased drainage at pH 8.0 and 10.0. However, it was not possible to produce stable foams with 1311 

hydrolysates at DH 3, 9 and 15%. Protein hydrolysis has been demonstrated to increase the 1312 

hygroscopicity and moisture sorption of casein and whey protein ingredients due to the increased 1313 

number of available water binding sites compared to the intact protein (Hogan & O’Callaghan, 1314 
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2013; Netto et al., 1998). However, the glass transition temperature (Tg) of proteins decreases with 1315 

a decrease in molecular mass (Netto et al., 1998) or with increasing DH (Zhou et al., 2014). 1316 

1.7.4 Functional properties of whey protein hydrolysates 1317 

Extensive literature exists on the generation and characterisation of whey protein hydrolysates 1318 

(WPH). Partial hydrolysis of whey proteins has been shown to improve heat stability and 1319 

functional properties while extensive hydrolysis can negatively affect functional properties 1320 

compared to the intact protein (Foegeding et al., 2002). Protein hydrolysis reduces the molecular 1321 

mass distribution, increases the number of charged groups and increase the exposure of reactive 1322 

groups which all affect the functional properties of the protein (van der Ven et al., 2001).  Tryptic 1323 

whey protein hydrolysates displayed increased solubility at 2.5, 3.9 and 5.3% DH (Chobert et al., 1324 

1988). Severin and Xia (2006) reported that WPC 80 hydrolysates (DH ranging from 5 to 20%) 1325 

prepared with AlcalaseTM and ProtamexTM displayed increased solubility with increasing DH due 1326 

to generation of reduced molecular mass peptides. The heat stability of whey protein was improved 1327 

upon partial hydrolysis due to loss of the secondary structure therefore resulting in reduced 1328 

structural changes during heat treatment (Foegeding et al., 2002). WPI gelation properties were 1329 

significantly improved at neutral pH by limited hydrolysis with a protease from Bacillus 1330 

licheniformis (Ju, Otte and Madsen, 1995) while gelation occurs during extensive hydrolysis (DH 1331 

> 18%) of WPI with AlcalaseTM (Doucet, Gauthier and Foegeding, 2001). Euston, Finnegan and 1332 

Hirst (2001) reported that proprietary WPH ingredients with DHs of 4 and 10% resulted in reduced 1333 

emulsifying ability compared to intact WPC but both WPHs had higher heat stability. Increasing 1334 

the DH of these WPHs to between 10 and 27% improved emulsifying ability compared to 1335 

emulsions formed with WPHs at 4 and 10% DH and intact WPC. Increasing the DH above 27% 1336 
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resulted in a highly unstable emulsion with reduced emulsifying ability and heat stability due to 1337 

the increased content of peptides < 2 kDa (Euston, Finnegan & Hirst, 2001). Several whey protein 1338 

hydrolysates generated with different enzymes with a DH range of 5.5-24% had a reduced 1339 

emulsifying ability compared to intact WPC 60 with the majority of the emulsions formed with 1340 

the hydrolysates displaying bimodal droplet size distributions and emulsion instability caused by 1341 

creaming (van der Ven et al., 2001). Sinha et al. (2007) reported that WPC hydrolysis with both 1342 

papain and a fungal protease resulted in increased water absorption capacity, reduced emulsion 1343 

capacity, increased foam capacity and reduced foam stability with increasing DH. 1344 

1.7.5 Functional properties of milk protein concentrate and isolate hydrolysates 1345 

To date, a limited amount of information exists in terms of MPC/MPI hydrolysates. Banach et al. 1346 

(2013) hydrolysed MPC80 with papain (hydrolysis conditions pH 6.8 at 60 ̊C), chymotrypsin 1347 

(hydrolysis conditions pH 8.0 at 50C), trypsin and pepsin (hydrolysis conditions pH 2.0 at 37 ̊C) 1348 

followed by heat inactivated at 95C for 10 min prior to freeze-drying resulting in hydrolysates 1349 

with DH values ranging from 5.0 to 24.4%. There was no remaining intact protein in the papain 1350 

or chymotrypsin hydrolysates, however, while trypsin and pepsin hydrolysed the caseins, 1351 

hydrolysis of the whey proteins was limited suggesting the flexible, random structure of the caseins 1352 

is more vulnerable to hydrolysis than the globular structure of the whey proteins (Banach et al., 1353 

2013). All hydrolysate samples had increased solubility compared to the intact controls at pH 4.6-1354 

7.0 and all hydrolysate samples also demonstrated reduced surface hydrophobicity compared to 1355 

the control. The MPC 80 hydrolysates formed weaker gels than the intact MPC 80 suggesting that 1356 

the smaller peptides produce softer gels upon aggregation. The chymotrypsin (DH: 24.3 & 24.4%) 1357 

and trypsin (DH: 14.8 & 15.1%) hydrolysates were reported to have improved emulsifying ability 1358 
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while the papain hydrolysates (DH: 7.2 & 9.8%) had equivalent emulsifying ability and the pepsin 1359 

hydrolysates had reduced emulsifying ability compared to the control (DH: 5.0 & 5.7%). Emulsion 1360 

stability was improved for the chymotrypsin and trypsin hydrolysate emulsions while the papain 1361 

and pepsin hydrolysate emulsion stabilities were equivalent to the control. Emulsion stability 1362 

increased with increasing DH for all hydrolysates. All hydrolysate samples formed weaker gels 1363 

than the controls. The trypsin hydrolysate (DH: 14.8%) displayed the highest foaming capacity 1364 

and lowest foam stability compared to the controls and the other hydrolysates while the other 1365 

hydrolysates also displayed increased foam stability compared to the controls.  1366 

Lim, Fenelon & McCarthy (2019) hydrolysed high protein MPC and sodium caseinate with trypsin 1367 

(hydrolysis conditions: pH 7.0 at 45C) to generate hydrolysate samples with DH values of 10 and 1368 

15% of each substrate. There was no intact protein remaining in the hydrolysate samples with 1369 

molecular mass distribution decreasing with increasing DH for all hydrolysates. Emulsions were 1370 

prepared with control or hydrolysed protein containing 5% (w/w) protein, 10% (w/w) sunflower 1371 

oil and 10% (w/w) maltodextrin. The emulsions formed with intact and hydrolysed MPC displayed 1372 

similar particle size distributions following homogenisation while the intact sodium caseinate 1373 

stabilised emulsions had a significantly larger particle size than the MPC samples and the 1374 

hydrolysed sodium caseinate stabilised emulsions displayed the largest particle size which 1375 

increased with increasing DH. The hydrolysed MPC stabilised emulsions displayed increased 1376 

phase separation following gravitational separation stability compared to intact MPC despite no 1377 

significant change in -potential. The sodium caseinate hydrolysate stabilised emulsions displayed 1378 

increased sediment development compared to intact sodium caseinate which could be partially 1379 
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attributed to a significant decrease in -potential following hydrolysis. The HCT of the 1380 

hydrolysates stabilised emulsions was significantly lower than the control samples.  1381 

1.7.6 Sensory properties of milk protein hydrolysates 1382 

In addition to modifying functional properties, hydrolysis can also impact the sensory 1383 

characteristics of protein ingredients, which can limit the use of the resultant hydrolysate in 1384 

commercial applications. Hydrolysis of whey protein (Spellman, O’Cuinn and FitzGerald, 2009) 1385 

and casein (O’Sullivan, Nongonierma and FitzGerald, 2017) using enzyme preparations 1386 

containing only endopeptidase activity such as trypsin, Alcalase™ and Protamex™ resulted in 1387 

increased bitterness compared to the intact substrate. This has been attributed to the generation of 1388 

a high proportion of low molecular mass peptides containing hydrophobic amino acid residues. 1389 

Hydrolysis with enzyme preparations containing exopeptidase activities such as FlavorPro 1390 

Whey™ and Flavourzyme™ can limit hydrolysate bitterness development by, e.g., cleaving 1391 

hydrophobic amino acids from the N- and/or C-termini of peptides (FitzGerald and O’Cuinn, 2006; 1392 

O’Sullivan, Nongonierma and FitzGerald, 2017). Hydrolysis has also been demonstrated to 1393 

modify the colour of protein ingredients. Gruppi et al. (2022) reported decreased turbidity in WPC 1394 

and MPC hydrolysates and increased turbidity in sodium caseinate hydrolysates compared to the 1395 

intact substrate. Liang et al. (2021) demonstrated that hydrolysis of bovine milk with either of 1396 

Alcalase™, Protamex™ and Flavourzyme™ resulted in reduced whiteness (reduced L* value) and 1397 

increased yellowness (increased positive b* value). A decrease in milk whiteness or turbidity is 1398 

indicative of the dissociation of micelles or the loss of micellar integrity (Broyard and Gaucheron, 1399 

2015).  1400 
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1.9 Research Objectives  1851 

There is limited information in the literature on the enzymatic hydrolysis of high protein milk 1852 

protein concentrate (MPC) and isolate (MPI) ingredients and the related impact on the solubility 1853 

and functional properties. The objective of this research was to enhance the solubility of MPI 1854 

through controlled enzymatic hydrolysis. It also addressed the comparative functional 1855 

characteristics of intact and enzymatically hydrolysed MPI particularly in relation to the impact of 1856 

enzyme activity and the physicochemical characteristics of the hydrolysates on the functional 1857 

properties. The functional properties of these novel hydrolysates were assessed to determine if 1858 

they could be suitable for use in specific food and beverage applications.  1859 

The specific research objectives of this thesis are:  1860 

• To select suitable enzymes with different activities and specificities and design optimal 1861 

hydrolysis reactions and thermal inactivation conditions to generate MPI hydrolysates with 1862 

a range of DH levels (Chapter 2)  1863 

• To determine the impact of controlled enzymatic hydrolysis, and enzyme activity and 1864 

specificity on the physicochemical characteristics of the MPI hydrolysates (Chapter 2)  1865 

• To enhance the solubility and rehydration properties of MPI following controlled 1866 

enzymatic hydrolysis and to better understand the relationship between enzyme activity, 1867 

specificity and DH on the solubility of the hydrolysates (Chapter 2 & 3) 1868 

• To investigate the impact of controlled enzymatic hydrolysis and the enzyme activity, 1869 

specificity and DH on the heat stability and rheological properties of the hydrolysates in 1870 

comparison to intact MPI (Chapter 2)  1871 
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• To investigate the impact of controlled enzymatic hydrolysis and the enzyme activity, 1872 

specificity and DH on the water sorption properties of the hydrolysates in comparison to 1873 

intact MPI (Chapter 3)  1874 

• To investigate the impact of controlled enzymatic hydrolysis and the enzyme activity, 1875 

specificity and DH on the foaming capacity and stability of the hydrolysates in comparison 1876 

to intact MPI (Chapter 4)  1877 

• To assess the impact of controlled enzymatic hydrolysis and the enzyme activity, 1878 

specificity and DH on the bitterness and colour of the hydrolysates in comparison to intact 1879 

MPI (Chapter 4)  1880 

• To develop model oil-in-water (O/W) emulsions containing intact MPI or MPI 1881 

hydrolysates based on the composition of a ready-to-feed infant formula and determine the 1882 

impact of controlled enzymatic hydrolysis and the enzyme activity, specificity and DH on 1883 

emulsion formation, stability, heat stability and rheological properties of the model O/W 1884 

emulsions (Chapter 5) 1885 

• To provide an overview of the scientific findings obtained and to outline areas for future 1886 

investigation arising therefrom (Chapter 6)  1887 



 

99 

 

Chapter 2 1888 
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Functional properties of bovine milk protein isolate and associated 1891 

enzymatic hydrolysates 1892 
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2 Functional properties of bovine milk protein isolate (MPI) and associated enzymatic 1909 

hydrolysates  1910 

2.1 Abstract 1911 

The nitrogen solubility (pH 2.0 – 8.0), heat stability (pH 6.2 – 7.4) and viscosity (pH 6.2 – 7.4) 1912 

properties of bovine milk protein isolate (MPI) and its Flavourzyme™, Neutrase™ and 1913 

Protamex™ enzymatic hydrolysates were studied. Gel permeation chromatography indicated 1914 

digestion of individual milk proteins in all hydrolysates. MPI had low solubility at pH 4.0 – 5.0; 1915 

however, hydrolysis with all enzymes significantly increased solubility between pH 4.0 – 7.0. MPI 1916 

was highly heat stable at 140C above pH 6.8 (>10 min). All hydrolysates coagulated within 64 s 1917 

at 140C between pH 6.2 – 7.4. All hydrolysates displayed increased apparent viscosities upon 1918 

exposure to simulated high temperature short time (HTST) heating and cooling conditions between 1919 

pH 6.2 – 7.4. The results demonstrate that enzymatic hydrolysis of MPI increased protein 1920 

solubility; however, the heat stability was reduced. The apparent viscosity was lower than the 1921 

control at ambient temperature and increased at 90C.  1922 
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2.2 Introduction 1923 

Bovine milk protein isolate (MPI) is a commercial ingredient prepared following ultra-filtration 1924 

(UF) and diafiltration (DF) of skimmed milk. The resulting permeate contains lactose, soluble 1925 

minerals and non-protein nitrogen while protein, fat and colloidal minerals partition to the retentate 1926 

(Mistry, 2002). The DF retentate is evaporated and spray-dried to produce MPI powder (Kelly, 1927 

2011). The typical composition of MPI powder (on a dry matter (DM) basis) is 91.4% (w/w) 1928 

protein, 6.1% (w/w) ash, 1.5% (w/w) fat and 1.0% (w/w) lactose (Agarwal et al., 2015). 1929 

The high protein, low lactose, low fat, and innate mineral content makes MPI particularly useful 1930 

for nutritional applications such as low lactose infant and medical nutrition and also, sports 1931 

nutrition and weight management. MPI possesses valuable functional properties related to 1932 

viscosity, foaming and emulsification enhancement (De Castro-Morel & Harper, 2002). 1933 

MPI has poor water solubility which limits its functional properties (De Castro-Morel & Harper, 1934 

2002). While MPI has a similar casein to whey protein ratio as skimmed milk (O’Regan et al., 1935 

2009); its protein concentration and the serum and micellar environments are altered during the 1936 

membrane filtration process (Mistry, 2002). Scanning electron microscope (SEM) images of 1937 

reconstituted milk protein concentrate (85% (w/w) protein, MPC85) showed casein micelles fused 1938 

together into a porous structure linked by direct intermicellar contact and short bridges composed 1939 

of material exposed from the loosened micelle (Mimouni et al., 2010). The rate-limiting factor of 1940 

hydration was the release of individual micelles after gradual erosion and collapse of the micellar 1941 

network (Mimouni et al., 2010). Furthermore, casein micelle network formation is increased as a 1942 

function of storage time and temperature resulting in the formation of a skin-like layer on the 1943 

surface of MPI powder particles (Mimouni et al., 2010). 1944 
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The application of increased mechanical agitation (Richard et al., 2013) and heated water (50C) 1945 

has been shown to accelerate rehydration (Crowley et al., 2015). Addition of NaCl (Mao et al., 1946 

2012) or KCl (Sikand et al., 2013) to the UF retentate during DF at 100 to 150 mM resulted in 1947 

100% solubility of MPC80. Chelation of ionic calcium (Ca2+) has also been reported to positively 1948 

affect MPC and MPI solubility (Bhaskar et al., 2003) and heat stability (De Kort et al., 2012). 1949 

Controlled enzymatic hydrolysis using mammalian, plant and microbial sources (singly or in 1950 

combination) has been used to modify the functional properties of whey proteins, caseins and 1951 

MPC80. Increased solubility and decreased viscosity are typically observed with an increasing 1952 

extent of protein hydrolysis due to changes in size, structure and hydrophobicity of the peptides 1953 

released (El-Salam & El-Shibiny, 2017). Partial hydrolysis of whey proteins has been shown to 1954 

improve heat stability and functional properties while extensive hydrolysis can negatively affect 1955 

functional properties compared to the intact protein (Foegeding et al., 2002). Hydrolysis of caseins 1956 

and sodium caseinate has been shown in several instances to improve nitrogen solubility at the 1957 

isoelectric point (Chobert et al., 1988; Flanagan & FitzGerald, 2003; Rajarathnam et al., 2016). 1958 

Banach et al. (2013) hydrolysed MPC80 with chymotrypsin, trypsin, pepsin and papain, which 1959 

resulted in an improvement of the nitrogen solubility in the pH range 4.6 – 7.0. 1960 

There is limited information in the literature on the role of enzymatic hydrolysis on the functional 1961 

properties of bovine MPI. Therefore, the objective of this study was to evaluate the functional 1962 

properties of MPI hydrolysed with three proteolytic enzyme preparations: Flavourzyme™, 1963 

Neutrase™ and Protamex™. The hypothesis was that enzymatic treatment would alter the 1964 

functional properties of MPI, i.e., enhance nitrogen solubility, reduce viscosity and heat stability. 1965 
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2.3 Materials and Methods 1966 

2.3.1 Materials 1967 

Bovine MPI (88% (w/w) protein) was purchased from Kerry Ingredients (Listowel, Ireland). 1968 

Flavourzyme™ (500L), Neutrase™ (0.8L) and Protamex™ (1.5L) were obtained from 1969 

Novozymes (Bagsvaerd, Denmark). 2,4,6-Trinitrobenzenesulfonic acid (TNBS) was obtained 1970 

from the Medical Supply Company (Dublin, Ireland). Hydrochloric acid (HCl), sodium hydroxide 1971 

(NaOH), high performance liquid chromatography (HPLC) grade water, acetonitrile (ACN), 0.2 1972 

µm PTFE syringe filters, 0.2 µm cellulose acetate filters and Whatman No. 1 filter paper and were 1973 

purchased from VWR (Dublin, Ireland). Trifluoroacetic acid (TFA), 1974 

tris(hydroxymethyl)aminomethane (TRIS), sodium phosphate monobasic, sodium phosphate 1975 

dibasic, sodium dodecyl sulphate (SDS), standards for molecular mass distribution (i.e., bovine 1976 

serum albumin (BSA), β-lactoglobulin (β-Lg), α-lactalbumin (α-La), aprotinin, bacitracin, Leu-1977 

Trp-Met-Arg, Asp-Glu and Tyr), mass spectrometry (MS) grade water and ACN were purchased 1978 

from Sigma Aldrich (Dublin, Ireland). All other chemicals were of analytical grade unless 1979 

otherwise stated. 1980 

2.3.2 Milk protein isolate hydrolysis 1981 

A solution of MPI (10% protein (w/w)) was dispersed in distilled water under constant agitation 1982 

for 120 min in a water bath (Lauda E100, Lauda Brinkmann, Lauda-Königshofen, Germany) set 1983 

at 50C. The pH of the solution was adjusted to pH 7.0 using 2 M NaOH and the sample was 1984 

allowed to equilibrate for a further 30 min at 50C with the pH readjusted as necessary. The 1985 

enzyme preparations were added to the MPI solutions under agitation at an enzyme to substrate 1986 
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ratio (E: S) of 1:50 (w/w for Flavourzyme™ and Protamex™ or v/w for Neutrase™), on a protein 1987 

basis. The pH of the enzyme-treated MPI solution was kept constant at pH 7.0 using a pH stat (718 1988 

stat Titrino, Metrohm, Herisau, Switzerland) by the addition of 2 M NaOH for a total duration of 1989 

180 min. Hydrolysate samples were removed for analysis at 2 incubation times for each enzyme. 1990 

The Flavourzyme™ hydrolysates FLV60 and FLV180 were taken after an incubation time of 60 1991 

min and 180 min respectively. The Neutrase™ hydrolysates NEU30 and NEU180 were taken after 1992 

an incubation time of 30 min and 180 min respectively. The Protamex™ hydrolysates PRT30 and 1993 

PRT180 were taken after an incubation time of 30 min and 180 min respectively. The FLV60 1994 

sample was taken after 60 min incubation to achieve a comparable degree of hydrolysis (DH) with 1995 

the NEU30 and PRT30 samples. After sampling, the enzymes were inactivated by heating at 90C 1996 

for 20 min in a water bath. The enzyme inactivation was confirmed using the azocasein method as 1997 

described by Kilcawley, Wilkinson and Fox (2002). The hydrolysates were then freeze-dried (Free 1998 

Zone 18L, Labconco, Kansas City, MO, USA) and stored at -20C prior to further analysis. The 1999 

control (CTRL0) corresponded to the MPI powder. A further MPI control sample (CRTL180) was 2000 

prepared under the same conditions (time (180 min), temperature, pH adjustment, agitation, heat 2001 

treatment, freeze drying and storage) as the hydrolysates, but without enzyme addition. 2002 

2.3.3 Compositional analysis 2003 

Protein content of the powder samples was determined in triplicate as outlined with the IDF 2004 

Kjeldahl method (1993) using an Auto-Kjeldahl System K-370 (BUCHI Labortechnik AG, Flawil, 2005 

Switzerland). A nitrogen-protein conversion factor of 6.25 was used. 2006 

Mineral analysis was performed in triplicate by a contract laboratory, using the ICP Emission 2007 

Spectrometry method (AOAC method 2011.14). 2008 
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2.3.4 Degree of hydrolysis determination 2009 

The DH of each hydrolysate was determined in triplicate using the Trinitrobenzenosulfonic 2010 

(TNBS) method (Adler-Nissen, 1979) as outlined by Spellman et al., (2003). The DH was 2011 

expressed as the percentage of peptide bonds hydrolysed. Absorbance values were measured at 2012 

350 nm with a spectrophotometer (Shimadzu UV mini 1240, Kyoto, Japan). The method was 2013 

calibrated using Leu standards and the absorbance values were expressed as free amino group 2014 

content (AN). The DH was determined using the following formula:  2015 

𝐷𝐻 = 100 ×
(𝐴𝑁2 − 𝐴𝑁1)

𝑁𝑝𝑏 
 2016 

With AN1, the free amino group content of the unhydrolysed MPI proteins (mg g-1 protein), AN2, 2017 

the free amino group content of the MPI hydrolysate (mg g-1 protein) and Npb the nitrogen content 2018 

of the peptide bonds in the protein substrate (114.34 for MPI as previously described 2019 

(Nongonierma et al., 2017)). 2020 

2.3.5 Molecular mass determination by gel permeation high performance liquid 2021 

chromatography  2022 

Molecular mass distribution of the intact and hydrolysed MPI samples was determined by gel 2023 

permeation high performance liquid chromatography (GP-HPLC). GP-HPLC was carried out as 2024 

previously described by Spellman, O’Cuinn and FitzGerald (2009), using a Waters HPLC system 2025 

(Milford, MA, USA) and a TSK G2000 SW separating column (600 x 7.5 mm ID, Tosoh 2026 

Bioscience, Tokyo, Japan). Samples were resuspended in the mobile phase (0.1% (v/v) TFA and 2027 

30% HPLC grade acetonitrile in HPLC water) at 0.22% (protein (w/v)) and filtered through 0.2 2028 
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µm PTFE syringe filters. The flow rate was set at 0.5 mL min-1 for 60 min. The absorbance was 2029 

monitored at 214 nm. 2030 

2.3.6 Peptide profile determination by reverse-phase ultra-performance liquid 2031 

chromatography  2032 

The peptide profiles of the intact and hydrolysed MPI samples was determined using an Acquity-2033 

Waters reverse-phase ultra-performance liquid chromatography (RP-UPLC) system as per 2034 

Nongonierma and FitzGerald (2012). An Acquity UPLC BEH C18, 130 Å column (2.1 mm x 50 2035 

mm x 1.7 mm) and Acquity BEH C18 (1.7 mm) vanguard pre-column, from Waters, were used. 2036 

Solvent A was 0.1% (v/v) TFA in MS-grade water and solvent B was 0.1% (v/v) TFA in 80% 2037 

HPLC grade ACN. The samples were resuspended (0.4% protein (w /v)) in solvent A and filtered 2038 

using 0.2 µm cellulose acetate filters. The flow rate was set at 0.3 mL min-1 for 45 min. Elution 2039 

was completed using a linear gradient of solvent A to B (0.1% (v/v) TFA and 80% (v/v) MS grade 2040 

acetonitrile in MS-grade water): 0–0.28 min: 100% A, 0.28–45 min: 100-20% A. The absorbance 2041 

was monitored at 214 nm and 280 nm. 2042 

2.3.7 Amino acid analysis 2043 

Total and free amino acid analysis of the intact and hydrolysed MPI samples was performed in 2044 

triplicate by a contract laboratory, using the HPLC method described by Schuster (1988). 2045 

2.3.8 Nitrogen solubility index  2046 

The nitrogen solubility of MPI and associated hydrolysates was determined using the IDF nitrogen 2047 

solubility index (NSI) method (2002) at pH 2.0, 3.0, 4.0, 4.5, 5.0, 6.0, 6.5, 7.0 and 8.0, in triplicate. 2048 

Sample solutions (1% protein (w/w) in distilled water) were prepared at ambient temperature (22 2049 
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± 2C). The pH was adjusted using 0.1 M and 1.0 M HCl or NaOH, as required. The solutions 2050 

were magnetically stirred at ambient temperature for 120 min, with the pH readjusted as necessary. 2051 

The samples were then allowed to stand for 2 min before centrifugation at 3,000 g for 10 min at 2052 

22C (Heittich Zentrifugen Universal 320R centrifuge, Andreas Heittich GmbH & Co., Tuttlingen, 2053 

Germany). After centrifugation, each supernatant was filtered through Whatman No. 1 filter paper 2054 

and the protein content in the filtrates were determined by the Kjeldahl method as per the IDF 2055 

procedure (1993). A nitrogen-protein conversion factor of 6.25 was used. Solubility was calculated 2056 

as the protein content of the supernatant expressed as a percentage of the total protein content of 2057 

the initial powder sample. 2058 

2.3.9 Heat stability analysis 2059 

The heat coagulation times (HCT) of 1.5% (protein (w/w) in distilled water) solutions of MPI and 2060 

associated hydrolysates were determined at 140C at pH 6.2, 6.5, 6.8, 7.1 and 7.4. The solutions 2061 

were initially magnetically stirred at ambient temperature for 120 min. The solutions were then 2062 

pH adjusted using 0.1 M and 1.0 M HCl or NaOH as required. The pH adjusted samples were 2063 

refrigerated at 4C overnight. The samples were then brought to ambient temperature and pH 2064 

readjusted as necessary. Aliquots (2mL) of the samples were transferred into glass tubes (10 mm 2065 

x 120 mm, AGB Scientific, Dublin, Ireland) and sealed with rubber stoppers. The tubes were 2066 

placed in a metal rack and immersed in an oil bath at 140C (Elbanton BV, Kerkdriel, The 2067 

Netherlands) with continuous oscillation. The time required to induce visual 2068 

coagulation/flocculation of the sample was taken as the HCT (Flanagan & FitzGerald, 2003). Each 2069 

analysis was performed in triplicate. 2070 
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2.3.10 Ionic calcium concentration 2071 

Ca2+ concentration was determined in triplicate using a Ca2+ selective probe (Metrohm, Evenwood, 2072 

UK). The 1.5% (protein (w/w) in distilled water) solutions were prepared as per the HCT samples 2073 

at pH 6.2, 6.5, 6.8, 7.1 and 7.4. The pH was readjusted post overnight refrigeration if necessary. 2074 

The Ca2+ selective probe was calibrated using 1.0, 5.0 and 10.0 mM calcium solutions (prepared 2075 

using CaCl2 and KCl). Once calibrated, the probe was immersed in the samples, held at 25C and 2076 

magnetically stirred for 10 min. Results were expressed in mM Ca2+ L-1 sample at the different pH 2077 

values. 2078 

2.3.11 Measurement of apparent viscosity  2079 

The apparent viscosity of the intact and hydrolysed MPI samples was determined at 25, 45 and 2080 

90C using an AR 2000ex Rheometer (TA Instruments Ltd., Crawley, UK) fitted with a standard 2081 

sized concentric cylinder geometry (TA Instruments Ltd.). Solutions (5.5% protein (w/w)) were 2082 

adjusted to pH 6.2, 6.8 and 7.4 using 0.1 M and 1.0 M HCl or NaOH, as required. At constant 2083 

temperature a shear rate increasing from 0.01 to 300 s-1 was applied over 120 s followed by a 2084 

constant shear of 300 s-1 for a further 120 s. 2085 

The viscosity of the intact and hydrolysed MPI samples was determined in triplicate at simulated 2086 

pasteurisation high temperature, short time (HTST) and cooling conditions using an AR 2000ex 2087 

Rheometer fitted with a starch pasting cell geometry (TA Instruments Ltd). The samples (5.5% 2088 

protein (w/w) solutions) were prepared and measured at pH 6.2, 6.8 and 7.4. A fixed shear rate of 2089 

16.8 s-1 was then applied throughout. The samples were held at 65C for 80 s and the temperature 2090 

was then increased from 65C to 95C at a heating rate of 15C min-1. The samples were then held 2091 

at 90C for 60 s and cooled to 10C at a cooling rate of 15C min-1 and held for a further 420 s. 2092 
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2.4 Results and Discussion 2093 

To date, a limited number of studies have reported on the technofunctional properties of bovine 2094 

MPI hydrolysates. To our knowledge, these studies have mainly focused on the bioactive 2095 

properties (antioxidant and antidiabetic) of MPI hydrolysates (Hogan et al., 2009; Nongonierma 2096 

et al., 2017a & 2017b). Within this study, the technofunctional properties of different MPI 2097 

hydrolysates were evaluated with a particular focus on nitrogen solubility, heat stability and 2098 

viscosity. 2099 

During MPI hydrolysis, it was shown that the enzyme preparation as well as hydrolysis duration 2100 

influenced the DH of the resultant hydrolysate (Figure 2.1). Flavourzyme™ is an Aspergillus-2101 

derived enzyme preparation. Merz et al. (2016) characterized Flavourzyme™ and identified 8 2102 

different enzyme activities within this preparation consisting of 2 aminopeptidases/exopeptidases, 2103 

2 dipeptidyl peptidases, 3 endopeptidases, and 1 α-amylase activity. Neutrase™ and Protamex™ 2104 

are preparations derived from Bacillus amyloliquefaciens and Bacillus spp., respectively. They 2105 

both contain endoproteinase activities. Neutrase™ has been reported as having broad substrate 2106 

specificity with a cleavage preference for peptide bonds located at the C-terminal side of 2107 

hydrophobic amino acids (Madsen et al., 1997). Protamex™ mainly contains a subtilisin-like 2108 

activity and therefore cleaves peptide bonds at the C-terminal side of large bulky amino acids 2109 

(Groen et al., 1992). In this study, The DH of MPI hydrolysed with Flavourzyme™, Neutrase™ 2110 

and Protamex™ as a function of hydrolysis time is shown in Figure 2.1. FLV60 and FLV180 had 2111 

DH values of 15.6  2.62% and 37.1  2.23%, respectively. NEU30 and NEU180 had DH values 2112 

of 15.6  1.14% and 22.9  1.30%, respectively. PRT30 and PRT180 had DH values of 17.8  2113 

2.37% and 21.6  1.58%, respectively. The hydrolysis of MPI with Flavourzyme™ yielded the 2114 
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highest DH (37.1% DH) after 180 min. This was linked to the presence of both endo- and 2115 

exopeptidase activities within Flavourzyme™ (Smyth & FitzGerald, 1998; Kilcawley et al., 2002; 2116 

Merz et al., 2016).  2117 

 2118 
Figure 2.1 Degree of hydrolysis (DH) as a function of incubation time during the enzymatic 2119 

hydrolysis of bovine milk protein isolate (MPI) using Flavourzyme™ (FLV) (—▲—), Neutrase™ 2120 

(NEU) (—●—) and Protamex™ (PRT) (—■—). Values represent mean, error bars represent the 2121 

standard deviation, n = 3. 2122 

The molecular mass distribution of the controls and hydrolysates is shown in Figure 2.2. CRTL0 2123 

and CTRL180 contain components > 10 kDa, indicating intact proteins. The molecular mass of 2124 

the peptides in the hydrolysates decreased with increasing hydrolysis time. Large molecular weight 2125 

components (>10 kDa) were still present in FLV60 and NEU30, representing between 20 and 28% 2126 

of these samples. FLV180, NEU180, PRT30 and PRT180 contained a large proportion of 2127 
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components <1 kDa which represented up to 64% of these hydrolysates. FLV180 and PRT180 had 2128 

similar levels of <1 kDa molecular mass components (64%, Figure 2.2).  2129 

2130 
Figure 2.2 Molecular mass distribution of bovine milk protein isolate (MPI) control and 2131 

hydrolysate samples. MPI control (CTRL0), MPI freeze-dried control (CTRL180), 2132 

Flavourzyme™ 60 min (FLV60) and 180 min hydrolysate (FLV180), Neutrase™ 30 min (NEU30) 2133 

and 180 min hydrolysate (NEU180), Protamex™ 30 min (PRT30) and 180 min hydrolysate 2134 

(PRT180).  >10 kDa, 10-5 kDa,  5-1 kDa and  <1 kDa. Values represent mean, n = 3. 2135 

Flavourzyme™ yielded MPI hydrolysates having the highest levels of free amino acids compared 2136 

to the other hydrolysate samples, which increased with the level of hydrolysis (Figure 2.3). This 2137 

was linked to the exopeptidase activities within Flavourzyme™ (Merz et al., 2016). FLV60, for 2138 

example, contained 1260 mg 100 g-1 of Trp and 405 mg 100 g-1 free Trp. Therefore, 32% of the 2139 

Trp present in FLV60 is free Trp. The free Trp increases to 58% in FLV180 (i.e., 711 mg 100 g-1 2140 

free Trp expressed as percentage of 1260 mg 100 g-1 Trp). Flavourzyme™ did not release free Cys 2141 

regardless of the hydrolysis duration. Hydrolysis of MPI with Neutrase™ and Protamex™ yielded 2142 

lower levels of free amino acids than the Flavourzyme™ hydrolysate samples. Within the 2143 
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Neutrase™ hydrolysates, the level of free Val, Leu, Phe and Met increased with increasing 2144 

hydrolysis time. Protamex™ MPI hydrolysates contained some free Thr, Ser, Val, Leu, Tyr, Phe 2145 

and Met with levels increasing with the extent of hydrolysis. No free amino acids were detected in 2146 

the control samples.  2147 

 2148 

Figure 2.3 Free amino acid composition of bovine milk protein isolate (MPI) hydrolysate samples. 2149 

Free amino acid result expressed as % of total individual amino acid content. MPI control 2150 

(CTRL0), MPI freeze-dried control (CTRL180),  Flavourzyme™ 60 min hydrolysate 2151 

(FLV60), Flavourzyme™ 180 min hydrolysate (FLV180), Neutrase™ 30 min hydrolysate 2152 

(NEU30),  Neutrase™ 180 min hydrolysate (NEU180), Protamex™ 30 min hydrolysate 2153 

(PRT30),  Protamex™ 180 min hydrolysate (PRT180). Values represent mean, error bars 2154 

represent the standard deviation, n = 3. 2155 

The RP-UPLC peptide profile of the hydrolysate samples at 214 nm is shown in Figure 2.4. Peptide 2156 

peak heights eluting at lower retention times were generally higher with increasing hydrolysis 2157 

times. In contrast, peptide peak heights eluting at higher retention times were in general less intense 2158 

as hydrolysis proceeded. Elution with increasing ACN concentrations at shorter retention times is 2159 
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indicative of increasing hydrophilicity of peptides. For CTRL0 and CTRL180, characteristic 2160 

individual protein peaks were not detected either at 214 nm or 280 nm indicating that the proteins 2161 

in the control samples were not soluble in the mobile phase. 2162 

 2163 

Figure 2.4 Reverse phase ultra-performance liquid chromatography (RP-UPLC) profiles of bovine 2164 

milk protein isolate (MPI) hydrolysate samples at 214 nm. Flavourzyme™ 60 min (FLV60) and 2165 

180 min hydrolysate (FLV180), Neutrase™ 30 min (NEU30) and 180 min hydrolysate (NEU180), 2166 

Protamex™ 30 min (PRT30) and 180 min hydrolysate (PRT180). ACN: acetonitrile gradient ˗ ˗ ˗. 2167 

An increase in the solubility of MPI hydrolysate samples between the isoelectric point and up to 2168 

pH 7.0 was seen with increasing hydrolysis time (Figure 2.5). CTRL0 and CRTL180 both had a 2169 

low solubility (<10%) at the isoelectric point of caseins (pH 4.6) (Figure 2.5). The controls also 2170 

had <50% solubility at pH 7.0 (41 and 47% for CTRL0 and CTRL180, respectively). All MPI 2171 

hydrolysates showed enhanced solubility compared to the controls between pH 4.0 – 7.0, with the 2172 

NSI increasing with increasing hydrolysis time. This increase is solubility may be attributed to the 2173 

reduced molecular mass distribution and increase in the presence of hydrophilic peptides in the 2174 
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hydrolysate samples. FLV180, NEU180 and PRT180 displayed solubility values >80% between 2175 

pH 4.0 – 8.0. FLV60 displayed the lowest increase in NSI between pH 4.0 – 8.0 (57 – 63%). 2176 

FLV60 contained the highest proportion of components >10 kDa (28%, Figure 2.2) and RP-UPLC 2177 

peaks at longer retention times than the other hydrolysates (Figure 2.4). FLV60 had a distinct 2178 

peptide peak eluting at 28 min, which was absent from FLV180, suggesting that the presence of 2179 

hydrophilic peptides increased with increasing hydrolysis time.  2180 

 2181 

Figure 2.5 Nitrogen solubility index (NSI %) of bovine milk protein isolate (MPI) control and 2182 

hydrolysate samples (1% protein (w/w)) rehydrated in 25°C water, as a function of pH. MPI 2183 

control (CTRL0) (—♦—), MPI freeze-dried control (CTRL180) (—◊—), Flavourzyme™ 60 min 2184 

(FLV60) (—▲—) and 180 min hydrolysate (FLV180) (˗ ˗Δ˗ ˗), Neutrase™ 30 min (NEU30) (—2185 

●—) and 180 min hydrolysate (NEU180) (˗ ˗○˗ ˗), Protamex™ 30 min (PRT30) (—■—) and 180 2186 

min hydrolysate (PRT180) (˗ ˗□˗ ˗). Values represent mean, n = 3. 2187 
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The protein, calcium and sodium contents of the controls and the hydrolysate samples are 2188 

presented in Table 2.1. The protein and calcium results are comparable between the controls and 2189 

hydrolysate samples. The sodium content of the hydrolysate samples was higher than the control 2190 

samples since NaOH was used to maintain a constant pH of 7.0 during hydrolysis. The sodium 2191 

content increased with increasing hydrolysis time for all enzymes. The FLV60 and the FLV180 2192 

had a sodium content of 748  7.29 mg 100 g-1 DM and 1124  9.91 mg 100 g-1 DM respectively. 2193 

The NEU30 and the NEU180 had a sodium content of 1440  51.3 mg 100 g-1 DM and 1753  2194 

25.2 mg 100 g-1 DM respectively. The PRT30 and the PRT180 had a sodium content of 1962  2195 

15.3 mg 100 g-1 DM and 2281  20.3 mg 100 g-1 DM respectively. The Flavourzyme™ hydrolysate 2196 

samples had the lowest sodium content. Neutrase™ and Protamex™ hydrolysis required larger 2197 

amounts of NaOH to maintain the pH at 7.0 during hydrolysis due to their broad specificity 2198 

endopeptidase activities. Hydrolysis with exopeptidase activities does not result in a large pH 2199 

decrease, due to the higher pKa of di- and tri-peptides (Spellman et al., 2003). Therefore, a lower 2200 

volume of base was required to regulate the pH during hydrolysis with Flavourzyme™ even 2201 

though the DH achieved after 180 min hydrolysis was higher. FLV60 had both the lowest NSI at 2202 

pH 4.0 – 8.0 and the lowest sodium content. The increasing sodium content of the hydrolysates 2203 

with increasing hydrolysis time may also be a contributor to enhancing solubility. Mao et al. (2012) 2204 

showed that sodium supplementation increased solubility of MPC80 by modifying the ionic 2205 

environment. CRTL180 was also shown to have slightly higher NSI than CRTL0. This increased 2206 

NSI in CRTL180 may have resulted from its higher sodium content (Table 2.1) due to pH 2207 

adjustment with NaOH. Banach et al. (2013) also showed that the freeze-drying process reduced 2208 

the surface hydrophobicity of MPC 80, which may also contribute to the higher NSI of CRTL180.   2209 
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Table 2.1 Protein, calcium and sodium levels in bovine milk protein isolate (MPI) control and 2210 

hydrolysate samples.  2211 

Sample Protein  

(g 100 g-1) 

Calcium  

(mg 100 g-1) 

Sodium  

(mg 100 g-1) 

CTRL0 91.1 ± 0.40 2119 ± 15.3 72.9 ± 1.72 

CTRL180 91.5 ± 0.75 2157 ± 5.09 314 ± 1.53 

FLV60 90.4 ± 0.40 2137 ± 25.2 748 ± 7.29 

FLV180 91.1 ± 0.15 2140 ± 5.77 1124 ± 9.91 

NEU30 91.3 ± 0.17 2129 ± 73.7 1440 ± 51.3 

NEU180 90.4 ± 0.25 2126 ± 32.2 1753 ± 25.2 

PRT30 90.5 ± 0.36 2140 ± 36.1 1962 ± 15.3 

PRT180 90.0 ± 0.10 2139 ± 7.57 2281 ± 20.3 

MPI control (CTRL0), MPI freeze-dried control (CTRL180), Flavourzyme™ 60 min hydrolysate 2212 

(FLV60) and 180 min hydrolysate (FLV180), Neutrase™ 30 min hydrolysate (NEU30) and 180 2213 

min hydrolysate (NEU180), Protamex™ 60 min hydrolysate (PRT30) and 180 min hydrolysate 2214 

(PRT180). Data expressed per 100 g dry matter; values represent mean ± standard deviation (n = 2215 

3). 2216 

A large reduction in the HCT of MPI was observed following enzymatic treatment (Figure 2.6B). 2217 

The MPI substrate used in this study appears to have higher heat stability than the majority of the 2218 

high protein MPCs and MPI reported in the literature (Crowley et al., 2014). The HCT for the 2219 

controls increased with increasing pH to >10 min at pH 6.8 (Figure 2.6A). At pH 7.4, the HCT 2220 

was 27 min and 32 min for CTRL180 and CTRL0, respectively. All hydrolysate samples 2221 

coagulated between 8 s (FLV60 at pH 6.2) and 64 s (NEU180 at pH 7.4) across all pH values 2222 

evaluated (Figure 2.6B). As per the controls, the HCT for all of the MPI hydrolysate samples 2223 
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increased with increasing pH. The effect of hydrolysis on the casein micelle structure, which is 2224 

essential to casein heat stability, may be the cause of the reduced heat stability.  2225 

 2226 
Figure 2.6A Heat coagulation time (HCT) of 1.5% (protein (w/w)) solutions of bovine milk 2227 

protein isolate (MPI) control samples as a function of pH at 140C. MPI control (CTRL0) (—♦—2228 

), MPI freeze-dried control (CTRL180) (—◊—). 2229 
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 2230 
Figure 2.6B Heat coagulation time (HCT) of 1.5% (protein (w/w)) solutions of bovine milk 2231 

protein isolate (MPI) hydrolysate samples. Flavourzyme™ 60 min (FLV60) (—▲—) and 180 min 2232 

hydrolysate (FLV180) (˗ ˗Δ˗ ˗), Neutrase™ 30 min (NEU30) (—●—) and 180 min hydrolysate 2233 

(NEU180) (˗ ˗○˗ ˗), Protamex™ 30 min (PRT30) (—■—) and 180 min hydrolysate (PRT180) (˗ 2234 

˗□˗ ˗). Values represent mean, n = 3. 2235 

Figure 2.7 also showed that the Ca+2 concentration increased with increasing hydrolysis time and 2236 

decreased with increasing pH values. The Ca+2 concentration of the hydrolysates was higher than 2237 

that of the controls at all pH values studied. Of the hydrolysates, FLV60 and FLV180 had the 2238 

lowest Ca+2 concentration at all pH values. NEU30, NEU180, PRT30 and PRT180 had comparable 2239 

Ca+2 concentrations at each pH value. This increase in Ca+2 is expected to have resulted from the 2240 

release of Ca+2 on the breakdown of the casein micelle. In general, the enzyme preparation appears 2241 

to have a minor impact on the HCT; the HCT was shown to increase with increasing hydrolysis 2242 

time for all three enzyme preparations. FLV60 showed the lowest HCT at all pHs. Similarly to the 2243 

lower solubility of FLV60, the HCT may have been impacted by the presence of larger molecular 2244 
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weight components. The Flavourzyme™ hydrolysates had both the lowest Ca+2 and the lowest 2245 

HCT (Figure 2.7 and 2.6B, respectively) suggesting that while Ca+2 may play a role in the reduced 2246 

heat stability of the hydrolysates, it may not be the primary driver.  2247 

 2248 

Figure 2.7 Ca2+ concentration of 1.5% (protein (w/w)) solutions of bovine milk protein isolate 2249 

(MPI) control and hydrolysate samples as a function of pH at 25°C. MPI control (CTRL0) (—♦—2250 

), MPI freeze-dried control (CTRL180) (—◊—), Flavourzyme™ 60 min (FLV60) (—▲—) and 2251 

180 min hydrolysate (FLV180) (˗ ˗Δ˗ ˗), Neutrase™ 30 min (NEU30) (—●—) and 180 min 2252 

hydrolysate (NEU180) (˗ ˗○˗ ˗), Protamex™ 30 min (PRT30) (—■—) and 180 hydrolysate 2253 

(PRT180) (˗ ˗□˗ ˗). Values represent mean, n = 3. 2254 

At 25C, all hydrolysate samples displayed lower apparent viscosity than the controls across all 2255 

pH values at a shear rate of 300 s-1 (Table 2.2). The apparent viscosity decreased with increasing 2256 

DH for all hydrolysate samples. The reduction in molecular mass distribution is expected to result 2257 

in lower apparent viscosity of the hydrolysate samples. The apparent viscosity of the MPI controls 2258 

and FLV60, NEU30, PRT30 were comparable across all pH values at 45C. Again, the apparent 2259 

viscosity appeared to be lower at higher DH. O’Donnell and Butler (1999) showed that the 2260 

apparent viscosity of MPC85 decreased with increasing temperature. While at 90C, the apparent 2261 
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viscosities of the FLV60, NEU30, PRT30 (3.66 – 4.10 mPa s) and NEU180 (3.66 mPa s) were 2262 

higher than CTRL0 (3.13 mPa s) and CTRL180 (3.29 mPa s) at pH 6.2. FLV180 (3.28 mPa s) and 2263 

PRT180 (3.10 mPa s) were comparable to the controls. At pH 6.8, FLV60, NEU30, PRT30 2264 

displayed higher apparent viscosities (3.33 – 3.67 mPa s) than CTRL0 (3.06 mPa s) and CTRL180 2265 

(3.18 mPa s). FLV180 (3.17 mPa s) and PRT180 (3.01 mPa s) were comparable to the controls 2266 

while NEU180 displayed the lowest apparent viscosity (2.90 mPa s). At 90C and pH 7.4, FLV60 2267 

displayed the highest apparent viscosity (3.55 mPa s). The apparent viscosity of NEU30 (3.17 2268 

mPas) and PRT30 (3.00 mPa s) were similar to CTRL0 (3.02 mPa s) and CTRL180 (3.09 mPa s) 2269 

while the 180 min hydrolysate samples (FLV180, NEU180, PRT180) (2.75 – 2.90 mPa s) 2270 

displayed the lowest apparent viscosities compared to the other samples. This viscosity 2271 

development in the hydrolysates at 90C is indicative of aggregate formation. This viscosity 2272 

development at 90C was not evident at pH 7.4 for all hydrolysate samples (except FLV60), a 2273 

result that correlates with the heat stability data, which shows increasing HCT (delayed aggregate 2274 

formation) with increasing pH (Figure 2.6B).   2275 
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Table 2.2 Apparent viscosity of bovine milk protein isolate (MPI) control and hydrolysate samples 2276 

measured at a shear rate of 300 s-1 assessed at 25, 45 and 90°C at pH 6.2, 6.8 and 7.4. 2277 

 Apparent viscosity (mPa s) 

 pH 6.2 pH 6.8 pH 7.4 

Sample 25°C 45°C 90°C 25°C 45°C 90°C 25°C 45°C 90°C 

CTRL0 
4.93 ± 

0.08 

3.66 ± 

0.04 

3.13 ± 

0.06 

4.74 ± 

0.14 

3.62 ± 

0.05 

3.06 ± 

0.02 

4.69 ± 

0.11 

3.59 ± 

0.05 

3.02 ± 

0.02 

CTRL180 
5.02 ± 

0.17 

3.64 ± 

0.07 

3.29 ± 

0.09 

4.93 ± 

0.17 

3.60 ± 

0.06 

3.18 ± 

0.02 

4.80 ± 

0.16 

3.61 ± 

0.09 

3.09 ± 

0.04 

FLV60 
4.03 ± 

0.12 

3.83 ± 

0.06 

4.10 ± 

0.12 

3.87 ± 

0.18 

3.59 ± 

0.09 

3.67 ± 

0.08 

3.83 ± 

0.14 

3.57 ± 

0.04 

3.55 ± 

0.09 

FLV180 
3.77 ± 

0.15 

3.68 ± 

0.10 

3.28 ± 

0.05 

3.70 ± 

0.13 

3.57 ± 

0.13 

3.17 ± 

0.01 

3.61 ± 

0.09 

3.35 ± 

0.08 

2.90 ± 

0.02 

NEU30 
3.86 ± 

0.26 

3.87 ± 

0.08 

3.71 ± 

0.11 

3.76 ± 

0.12 

3.74 ± 

0.07 

3.33 ± 

0.05 

3.67 ± 

0.18 

3.36 ± 

0.05 

3.17 ± 

0.10 

NEU180 
3.49 ± 

0.17 

3.46 ± 

0.03 

3.60 ± 

0.05 

3.46 ± 

0.13 

3.27 ± 

0.07 

2.90 ± 

0.03 

3.44 ± 

0.14 

3.28 ± 

0.05 

2.79 ± 

0.02 

PRT30 
3.85 ± 

0.19 

3.71 ± 

0.05 

3.66 ± 

0.04 

3.75 ± 

0.20 

3.36 ± 

0.05 

3.60 ± 

0.03 

3.62 ± 

0.12 

3.35 ± 

0.09 

3.00 ± 

0.04 

PRT180 
3.71 ± 

0.19 

3.60 ± 

0.07 

3.10 ± 

0.06 

3.62 ± 

0.15 

3.29 ± 

0.06 

3.01 ± 

0.02 

3.53 ± 

0.16 

3.24 ± 

0.02 

2.75 ± 

0.03 

MPI control (CTRL0), MPI freeze-dried control (CTRL180), Flavourzyme™ 60 min hydrolysate 2278 

(FLV60) and 180 min hydrolysate (FLV180), Neutrase™ 30 min hydrolysate (NEU30) and 180 2279 

min hydrolysate (NEU180), Protamex™ 60 min hydrolysate (PRT30) and 180 min hydrolysate 2280 

(PRT180). Values represent mean ± standard deviation, n = 3. 2281 

Upon application of simulated HTST conditions, the viscosity of the controls and all hydrolysates 2282 

was between 20 – 25 mPa s at the first holding temperature (65C) for all pH values. The viscosity 2283 

range reduced to 18 – 23 mPa s upon heating and holding at 90C for all samples at all pH values 2284 
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(Figure 2.8A, B and C respectively). The hydrolysate samples, in general, displayed higher 2285 

viscosity development on cooling to 10C at all pH values in comparison with the controls. 2286 

Viscosity development decreased with increasing pH and increasing hydrolysis time. FLV60 2287 

displayed the highest viscosity development on cooling at pH 6.2 (50 mPa s), pH 6.8 (44 mPa s) 2288 

and pH 7.4 (36 mPa s). By comparison, the CTRL0 viscosity values on cooling were 30 mPa s 2289 

(pH 6.2), 29 mPa s (pH 6.8) and 28 mPa s (pH 7.4). CTRL180 had a comparable viscosity value 2290 

on cooling to CTRL0.  2291 

(A) 2292 

 2293 



 

123 

 

(B) 2294 

 2295 
(C) 2296 

2297 
Figure 2.8 Viscosity during simulated high temperature short time (HTST) heating and cooling of 2298 

5.5% (protein (w/w)) solutions of bovine milk protein isolate (MPI) control and hydrolysate 2299 

samples as a function of temperature at pH (A) 6.2, (B) 6.8 and (C) 7.4. MPI control (CTRL0) (—2300 

♦—), MPI freeze-dried control (CTRL180) (—◊—), Flavourzyme™ 60 min (FLV60) (—▲—) 2301 

and 180 min hydrolysate (FLV180) (˗ ˗Δ˗ ˗), Neutrase™ 30 min (NEU30) (—●—) and 180 min 2302 



 

124 

 

hydrolysate (NEU180) (˗ ˗○˗ ˗), Protamex™ 30 min (PRT30) (—■—) and 180 hydrolysate 2303 

(PRT180) (˗ ˗□˗ ˗), temperature ˗ ˗. Values represent mean, n = 3. 2304 

2.5 Conclusions 2305 

Hydrolysis of MPI with Flavourzyme™, Neutrase™ and Protamex™ resulted in enhanced 2306 

nitrogen solubility between pH 4.0 – 7.0. The generation of lower molecular mass components 2307 

with increased hydrophilicity in the hydrolysate samples is expected to have resulted in increased 2308 

solubility. The increased sodium content of the hydrolysates, due to NaOH addition during 2309 

hydrolysis, may have contributed to enhanced solubility through modification of the ionic 2310 

environment. The effect of hydrolysis on the casein micelle structure was expected to have resulted 2311 

in a reduction in the hydrolysate sample’s heat stability between pH 6.2 – 7.4 in comparison to the 2312 

intact MPI. While the heat stability of the hydrolysates was reduced compared to the control, 2313 

typical UHT dairy products are subjected to 140C for approximately 5 s. This duration is lower 2314 

than the HCT determined for the MPI hydrolysates, especially at higher pH values and longer 2315 

hydrolysis durations. Therefore, the increase in solubility of the MPI hydrolysate samples together 2316 

with a HCT up to 64 s at 140C would suggest that these ingredients could find applications in a 2317 

range of high temperature treated food products.  2318 
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3  Rehydration and water sorption behaviour of bovine milk protein isolate (MPI) and 2439 

its associated enzymatic hydrolysates  2440 

3.1 Abstract 2441 

The glass transition temperature (Tg), moisture sorption and rehydration properties of bovine milk 2442 

protein isolate (MPI) and MPI hydrolysates generated with FlavourzymeTM, NeutraseTM and 2443 

ProtamexTM (degree of hydrolysis (DH) ranging from 15.6-37.1%) were evaluated. MPI 2444 

hydrolysates displayed reduced water droplet contact angles (<50) compared to intact MPI 2445 

(~90), indicating increased wettability. The aqueous solubility of the hydrolysates was increased 2446 

(72-100%) compared to intact MPI (~30%) at 25C. Water sorption analysis demonstrated that the 2447 

hydrolysates had higher moisture contents (40-50%) than intact MPI (~27%) at water activity (ɑw) 2448 

values between 0.80-0.90. MPI hydrolysates displayed reduced Tg’s (48.5-63.0C) compared to 2449 

intact MPI (~121C), indicating reduced stability. Overall, enzymatic hydrolysis enhanced the 2450 

properties of MPI; this improvement was hydrolytic enzyme dependent and increased with 2451 

increasing DH. Manufacture of the hydrolysate ingredients with a controlled moisture content and 2452 

storage at controlled ambient temperatures is proposed to maintain the improved rehydration 2453 

properties.   2454 
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3.2 Introduction 2455 

High protein milk protein concentrates (MPC) and isolates (MPI), produced by ultrafiltration (UF) 2456 

and diafiltration (DF) of skim milk (followed by spray-drying), have demonstrated impaired 2457 

rehydration properties (Mimouni et al., 2009; Sikand et al., 2011) which can deteriorate over time 2458 

depending on the storage conditions (Anema et al., 2006). MPC solubility typically decreases with 2459 

increasing protein content (Khalesi & FitzGerald, 2021) whereby one or more of the rehydration 2460 

stages (wetting, swelling, sinking, dispersion and solubility) are negatively impacted (Cenini et 2461 

al., 2020). Havea (2006) reported that the insoluble material in MPC85 dispersions consisted of 2462 

casein micelles fused together by non-covalent hydrophobic protein-protein interactions consisting 2463 

primarily of - and -caseins. Mimouni et al. (2010) reported on the intermicellar linkages in 2464 

MPC85 dispersions and identified the gradual erosion of the intermicellar network at the powder 2465 

particle surface as the rate limiting factor during rehydration. This was subsequently supported by 2466 

several other studies (Crowley et al., 2015; Fan et al., 2018; Fang et al., 2011).  2467 

Several different approaches have been reported to improve the dispersion and rehydration 2468 

characteristics of high protein MPC and MPI ingredients. Increasing the ionic strength of high 2469 

protein MPC during manufacture and reconstitution has been shown to accelerate its rehydration 2470 

by contributing to restoration of the ionic equilibrium altered by the permeation of soluble minerals 2471 

during UF and DF (Crowley et al., 2015; Mao et al., 2012; Sikand et al., 2013). Including calcium 2472 

chelating agents such as sodium phosphate and trisodium citrate reduce the association of calcium 2473 

ions with casein molecules and the formation of calcium bridges, thereby limiting micellar cross-2474 

linking which is central to insolubility development (McCarthy et al., 2017). Increasing the 2475 

presence of non-micellar casein through the application of high-shear treatment during 2476 
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manufacture has been shown to improve the solubility of high protein MPC (Augustin et al., 2012). 2477 

The reduction of the spray-drying inlet temperature from 178 to 107C, while adjusting the outlet 2478 

temperature accordingly, has also improved the solubility of high protein MPC (Fang et al., 2012).   2479 

Controlled hydrolysis of whey proteins, caseins and sodium caseinate has been shown to improve 2480 

nitrogen solubility at the isoelectric point due to the generation of peptides with smaller molecular 2481 

mass and less secondary structure than intact protein (Chobert et al., 1988; Flanagan & FitzGerald, 2482 

2002; Foegeding et al., 2002; Rajarathnam et al., 2016). Banach et al. (2013) hydrolysed MPC80 2483 

with papain, chymotrypsin, trypsin and pepsin resulting in reduced hydrophobicity and increased 2484 

solubility compared to intact MPC80. 2485 

Controlled enzymatic hydrolysis of high protein ingredients can also result in modified water 2486 

sorption characteristics. Protein hydrolysis has been demonstrated to increase the hygroscopicity 2487 

and moisture sorption of whey protein and casein ingredients due to the increased number of 2488 

available water binding sites compared to the intact protein (Hogan & O’Callaghan, 2013; Netto 2489 

et al., 1998). However, the glass transition temperature (Tg) of proteins decreases with a decrease 2490 

in molecular mass (Netto et al., 1998) or with increasing DH (Zhou et al., 2014). This is indicative 2491 

of an increased susceptibility to powder stickiness, lumping and caking during storage at 2492 

temperatures in excess of the Tg compared to intact protein ingredients.  2493 

Limited information appears to exist in the literature on the role of enzymatic hydrolysis on the 2494 

rehydration and water sorption properties of MPI. Ryan et al. (2018) demonstrated that enzymatic 2495 

hydrolysis of MPI resulted in varying extents of nitrogen solubility enhancement depending on the 2496 

reconstitution pH, hydrolytic enzyme activity and DH. Therefore, the objective was to assess the 2497 

impact of hydrolysis with Flavourzyme™, Neutrase™ and Protamex™ and the DH on different 2498 
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stages of rehydration (specifically: wettability, dispersibility and solubility) of hydrolysed 2499 

compared to intact MPI along with assessing the impact of MPI hydrolysis on the Tg and the water 2500 

sorption properties of MPI. The hypothesis was that enzymatic hydrolysis would improve the 2501 

rehydration properties of MPI while also modifying the Tg and the water sorption properties of 2502 

MPI thereby indicating the potential contribution of hydrolysis to the reduced stability of the 2503 

hydrolysate powder compared to the intact MPI powder.  2504 

3.3 Materials and methods 2505 

3.3.1 Materials 2506 

Commercially spray dried bovine MPI (88.1% (w/w) protein, 1.40% (w/w) fat, 0.16% (w/w) 2507 

lactose, 6.40% (w/w) ash) was purchased from Kerry (Tralee Road, Listowel, Ireland) and is 2508 

referred to as CTRL0 throughout. All chemicals used were obtained from Sigma Aldrich (Dublin, 2509 

Ireland) and were of analytical grade unless stated otherwise. All analysis was performed in 2510 

triplicate unless stated otherwise.  2511 

3.3.2 Preparation of MPI hydrolysates  2512 

Hydrolysates were produced as previously described by Ryan et al. (2018) using Flavourzyme™ 2513 

500 L (FLV), Neutrase™ 0.8 L (NEU) and Protamex™ 1.5 L (PRT). Flavourzyme™ 500 L, 2514 

Neutrase™ 0.8 L and Protamex™ 1.5 L were obtained from Novozymes (Bagsvaerd, Denmark). 2515 

According to the manufacturer, Flavourzyme™ 500L is an Aspergillus-derived enzyme 2516 

preparation which contains endopeptidase and exopeptidase activities. Neutrase™ 0.8L and 2517 

Protomex™ 1.5L are preparations derived from Bacillus amyloliquefaciens and Bacillus spp., 2518 

respectively. They both contain endopeptidase activity. In summary, the enzyme preparations were 2519 
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added to MPI (10% (w/w) protein) at an enzyme to substrate ratio of 1:50 (on a protein basis). The 2520 

reaction was held at pH 7.0 using a pH stat (718 stat Titrino, Methrohm, Herisau, Switzerland) and 2521 

at 50C using a waterbath (Lauda E100, Lauda Brinkmann, Lauda-Königshofen, Germany) for a 2522 

total duration of 180 min. Hydrolysate samples were withdrawn at different time points and the 2523 

enzyme was heat inactivated at 90C for 20 min prior to freeze-drying (Free Zone 18 L, Labconco, 2524 

Kansas City, MO, USA). A rehydrated MPI control sample, without enzyme, was prepared under 2525 

the same pH, temperature, duration of incubation (180 min) and thermal inactivation conditions 2526 

(at 90C). This sample was also freeze-dried and is referred to as CTRL180 throughout the 2527 

remainder of the text. The purpose of the CTRL180 sample was to act as a comparator for the 2528 

freeze-dried hydrolysate samples. The freeze-dried powder was manually broken up and milled 2529 

into powder using a Cyclotec Mill (1 mm screen, FOSS Tecator AB, Sweden). The MPI 2530 

hydrolysates were identified by the enzyme used and the hydrolysis time in min, i.e., FLV60, 2531 

FLV180, NEU30, NEU180, PRT30 and PRT180. The DH of each hydrolysate was determined 2532 

using the 2,4,6-trinitrobenzenesulfonic acid (TNBS) method (Adler-Nissen, 1979). The FLV60 2533 

and FLV180 hydrolysates had DH values of 15.6 and 37.1% respectively. The NEU30 and 2534 

NEU180 hydrolysates had DH values of 15.6 and 22.9% respectively. The PRT30 and PRT180 2535 

had DH values of 17.8 and 21.6%, respectively. The molecular mass distribution of the intact and 2536 

hydrolysed MPI samples was determined by gel permeation high performance liquid 2537 

chromatography (GP-HPLC). The FLV60 and FLV180 had 37.6 and 64.3 %, respectively, of 2538 

peptides < 1 kDa. The NEU30 and NEU180 had 21.0 and 35.6 %, respectively, of peptides < 1 2539 

kDa. The PRT30 and PRT180 had 47.0 and 64.0 %, respectively, of peptides < 1 kDa (Ryan et al., 2540 
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2018). The FLV60 sample was taken after 60 min incubation to achieve a comparable DH with 2541 

the NEU30 and PRT30 samples.  2542 

3.3.3 Powder particle size distribution  2543 

The particle size distribution of MPI and MPI hydrolysate powder samples was measured by laser 2544 

diffraction using a Malvern Mastersizer 3000 (Malvern Instruments Ltd., Worcestershire, UK) 2545 

equipped with an Aero S dry dispersion unit. The optical parameters used were a particle refractive 2546 

index of 1.45 and an absorption index of 0.1. Compressed air at 1 bar was used to transport and 2547 

disperse powder through the optical cell. Powder particle size distributions were reported as d90 2548 

(cumulative volume diameter of 90%: particle size below which 90% of sample volume was 2549 

found) and volume weighted mean particle size (d43), where d43 was estimated using the following 2550 

formula: 2551 

𝑑43 =  
∑ 𝑛𝑖𝑑𝑖

4

∑ 𝑛𝑖𝑑𝑖
3   2552 

where ni is the number of particles with diameter di. 2553 

3.3.4 Powder morphology: scanning electron microscope 2554 

Surface morphology images of MPI and MPI hydrolysate powder samples were taken using a field 2555 

emission scanning electron microscope (FE-SEM) (Zeiss Supra Gemini, Darmstadt, Germany) at 2556 

an accelerating voltage of 2.00 kV. Powder samples were mounted using double-sided adhesive 2557 

carbon tape attached to SEM specimen stubs and coated with chromium in a sputter coater 2558 

(Emitech K550X, Ashford, UK). Images were taken at 1000x magnification.  2559 
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3.3.5 Powder wettability: optical tensiometry  2560 

The contact angles () of a water droplet with the surface of MPI and MPI hydrolysate powder 2561 

samples were measured using an optical tensiometer (Attension Theta, Biolin Scientific Ltd., 2562 

Finland) at 20C during 60 s using the Sessile drop technique and the dynamic measurement 2563 

option. MPI and MPI hydrolysate sample discs (diameter of 13 mm and thickness of approx. 2 2564 

mm) were prepared by compressing powder at a force of 1 T for 15 s using an Atlas Manual 15 T 2565 

Hydraulic Press (Specac, Kent, UK). The powder discs were placed on the Theta Optical 2566 

Tensiometer sample stage. A droplet of deionised water (approx. 10 L) was deposited onto each 2567 

powder disc using a needle. Dynamic live contact angle measurements were recorded using a high-2568 

resolution digital camera.  2569 

3.3.6 Dispersibility: dispersion particle size distribution  2570 

The particle size distribution of MPI and MPI hydrolysate dispersions was determined using a 2571 

laser light diffraction unit (Mastersizer 3000, Malvern Instruments Ltd., Worcestershire, UK) 2572 

equipped with a 300 RF lens. The dispersions (4.0%, w/w, protein) were prepared in distilled water 2573 

at 25C and adjusted to pH 6.8 using HCl or NaOH as required, followed by mixing using a 2574 

solubility index mixer (Funke Gerber, Berlin, Germany) for 90 s. The optical parameters used were 2575 

a particle refractive index of 1.57 (Mimouni et al., 2009), a dispersant (distilled water) refractive 2576 

index of 1.33 and an absorption index of 0.001. Dispersion particle size distributions were reported 2577 

as d43 and d90. Measurements were performed immediately after mixing. 2578 
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3.3.7 Solubility  2579 

Dispersions (4.0%, w/w, protein) of MPI and MPI hydrolysate samples were prepared in distilled 2580 

water at 25C and adjusted to pH 6.8 using HCl or NaOH as required, followed by mixing using a 2581 

solubility index mixer for 90 s. Aliquots (50 mL) of these solutions were centrifuged at 900 rpm 2582 

for 5 min at 25C. The total solids of the initial dispersion and the supernatant was measured using 2583 

a Turbo Smart 5 Microwave Moisture/Solids Analyser (CEM Corporation, USA). The solubility 2584 

of the samples was determined as the total solids content of the supernatant expressed as a 2585 

percentage of the total solids content of the initial dispersion.  2586 

3.3.8 Tg analysis: differential scanning calorimetry  2587 

The Tg’s of the MPI controls and associated hydrolysate powder samples were determined using 2588 

a differential scanning calorimeter (DSC 2500, TA instruments, Crawley, UK). The powders were 2589 

equilibrated to an ɑw of 0.20 using an AquaLab vapor sorption analyser (VSA, Decagon Devices 2590 

Inc., Pullman, WA, USA). Samples of the powder (~ 10 mg) were weighed into standard DSC 2591 

aluminium pans (Tzero aluminium hermetic pans, TA Instruments, Switzerland) and hermetically 2592 

sealed (Tzero hermetic lid, TA Instruments, Switzerland). All samples were scanned twice to 2593 

eliminate the thermal relaxation hysteresis effect associated with glass transition (Schuck et al., 2594 

2005). In the initial scan, the CTRL0 and CTRL180 samples were heated to 150°C at 5°C/min and 2595 

then cooled to 0°C at 10°C/min. In the second scan, these samples were heated to 150°C at 2596 

20°C/min. For samples FLV60, FLV180, NEU30, NEU180, PRT30 and PRT180, the samples 2597 

were heated to 100°C at 5°C/min in the first scan and then cooled to 0°C at 10°C/min followed by 2598 

heating to 100°C at 20°C/min in the second scan. The midpoint Tg was determined from the second 2599 
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heating step using the TA Universal Analysis software (TA instruments, DE, USA). An empty pan 2600 

was used as a reference.  2601 

3.3.9 Water sorption isotherms 2602 

The free water content of the MPI and MPI hydrolysate powders was measured using a halogen 2603 

rapid moisture analyser (HR-83 Halogen, Mettler Toledo, Switzerland). Water sorption isotherms 2604 

of MPI and MPI hydrolysates were obtained using an AquaLab vapor sorption analyser (VSA, 2605 

Decagon Devices Inc., Pullman, WA, USA) using the dynamic vapor sorption (DVS) method. 2606 

Powder samples (1.0g) were weighed into a metallic sample cup and loaded into the VSA chamber 2607 

at 25C. The powder was exposed to relative humidity’s (RH) ranging from 10 to 90%, increasing 2608 

in 10% increments by passing saturated wet air over the sample in the chamber, giving ɑw values 2609 

of 0.01 × RH (Kelly et al., 2015). The sample was equilibrated at each RH until a steady state 2610 

weight was achieved. The change in sample weight was recorded as a function of time to allow for 2611 

the adsorption kinetics to be determined at each RH stage. Analysis was carried out in duplicate.    2612 

The Guggenheim-Anderson-de Boer (GAB) equation (Van den Berg, 1984) was used to model the 2613 

water sorption isotherms and to determine the monolayer moisture value (mm) and the ɑw  where: 2614 

 𝑚 =  
𝑚𝑚𝐶𝐾𝑎𝑤 

(1−𝐾𝑎𝑤)(1−𝐾𝑎𝑤+𝐶𝐾𝑎𝑤) 
  (3.1) 2615 

where m is the moisture content (g/100g of dry solids), mm  is the monolayer moisture value, C 2616 

and K are constants, K having units inverse to ɑw and C being dimensionless.  2617 

Equation 3.1 can be transformed to a quadratic equation as per Equation 3.2 below (Bizot, 1983):  2618 

𝑎𝑤

𝑚
=  𝛼𝑎𝑤

2 +  𝛽𝑎𝑤 +  𝛾   (3.2) 2619 
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where parameters α, β and γ were determined by quadratic regression analysis of 
𝑎𝑤

𝑚
 as a function 2620 

of ɑw using the measured DVS data between the ɑw range of 0.00 to 0.90. The solution to Equations 2621 

1 and 2 give the values for mm , C and K as per Equations 3.3, 3.4 and 3.5:  2622 

𝑚𝑚 =  
1

√𝛽2−4𝛼𝛾
    (3.3) 2623 

𝐾 =  
𝛽−(

1

𝑚𝑚
)

−2𝛾
    (3.4) 2624 

𝐶 =  
1

𝑚𝑚𝐾𝛾
     (3.5) 2625 

3.3.10 Statistical analysis  2626 

Statistical analysis was performed using one-way analysis of variance (ANOVA) with post hoc 2627 

Tukey analysis. The level of significance was considered as P < 0.05. All statistical analysis was 2628 

carried out using Minitab 18 (Minitab Inc., Coventry, United Kingdom). 2629 

3.4 Results and discussion 2630 

3.4.1 Powder particle size distribution  2631 

The particle size distribution of the MPI controls and the hydrolysate powder samples are 2632 

presented in Table 3.1. The spray dried MPI control (CTRL0) had significantly lower (P < 0.05) 2633 

powder particle size (d90: 67.5 μm; d43: 36.7 μm) than the freeze-dried control (CTRL180) and the 2634 

freeze-dried hydrolysate samples (with d90 values ranging from 855 to 975 μm). The CTRL0 2635 

powder particle size was higher than the value reported by Crowley et al. (2014a) for spray dried 2636 

MPC90 (d90: 52.5 μm) but lower than the values reported for spray dried MPC 85 by McSweeney 2637 

et al. (2020) (d90: 127 μm; d43: 57.3 μm) and Fyfe et al. (2011) (d43: 126 μm).  2638 
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Table 3.1 Mean particle size (d43) and cumulative 90% volume diameter (d90) of bovine milk 2639 

protein isolate (MPI) and MPI hydrolysate powder samples and their aqueous (deionised water) 2640 

dispersions (4.0%, w/w, protein) freshly prepared at 25C and pH 6.8.  2641 

Sample 

Powder  Dispersion  

d43 d90 d43 d90 

μm 

CTRL0 38.0 ± 1.81f 68.5 ± 2.21d 57.7 ± 0.55a 105 ± 2.52a 

CTRL180 441 ± 4.24c 961 ± 6.36a 51.5 ± 1.25b 93.8 ± 1.88b 

FLV60 405 ± 4.73e 855 ± 5.66c 18.1 ± 1.48c 49.6 ± 3.25c 

FLV180 456 ± 2.83bc 916 ± 4.51b 8.04 ± 1.32d 16.3 ± 2.33f 

NEU30 413 ± 4.95de 858 ± 6.56c 17.2 ± 1.70c 37.3 ± 3.61d 

NEU180 482 ± 4.58a 975 ± 5.57a 10.0 ± 1.29d 21.9 ± 2.97ef 

PRT30 468 ± 6.36ab 928 ± 7.51b 11.5 ± 0.83d 26.0 ± 1.63e 

PRT180 421 ± 5.57d 914 ± 8.19b 8.26 ± 1.00d 15.5 ± 2.05f 

MPI spray-dried control (CTRL0), MPI freeze-dried control (CTRL180), MPI Flavourzyme™ 60 2642 

min (FLV60) and 180 min hydrolysate (FLV180), MPI Neutrase™ 30 min (NEU30) and 180 min 2643 

hydrolysate (NEU180), and MPI Protamex™ 30 min (PRT30) and 180 min hydrolysate (PRT180). 2644 

All MPI hydrolysate samples were freeze-dried. Values represent mean ± standard deviation from 2645 

triplicate analysis. Mean values with a common superscript letter within the same column are not 2646 

significantly different (P > 0.05). 2647 

The particle size distributions of the freeze-dried powders did not appear to be affected by enzyme 2648 

or DH as there was no trend in the hydrolysate powder samples having consistently smaller or 2649 

larger particle size distributions than the CTRL180 powder sample irrespective of the enzyme used 2650 

or the DH. The difference in the particle size distributions of the freeze-dried powder samples is 2651 

most likely caused by the inconsistency in the manual breakdown of the freeze-dried powders 2652 

followed by milling and sieving resulting in relatively irregularly sized powder particles.  2653 
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3.4.2 Powder morphology 2654 

The SEM micrographs of the spray dried MPI control (CTRL0) powder sample display spherical 2655 

particles with a smooth surface and large smooth dimples on their structure (Figure 3.1). The 2656 

smooth surface and large smooth dents has been attributed to the high protein content in MPI 2657 

whereas MPC 40 powder particles have been reported to display an almost collapsed structure 2658 

with wrinkled, concave surfaces due to the lower protein and higher lactose content (McSweeney 2659 

et al., 2020). The spray drying conditions used to produce the CTRL0 powder were not publicly 2660 

available. However, the shape and surface of the CTRL0 powder particles appear comparable to 2661 

the MPC90 SEM micrographs reported by Kelly et al. (2015) which were spray dried at inlet and 2662 

outlet air temperatures of between 185–190C and 85–90C respectively (Crowley et al., 2014b).  2663 

The surface morphology of the freeze-dried powder samples is distinctly different from that of the 2664 

spray dried CTRL0 powder sample (Figure 3.1). The freeze-dried control (CTRL180) and 2665 

hydrolysate powder samples all appear to have a glass shard like structure with a smooth surface, 2666 

which is similar to the appearance of freeze-dried MPC85 reported by Fyfe et al. (2011). This may 2667 

be attributed to the freeze-drying, manual breakdown and cone-milling processes used to produce 2668 

the powder.   2669 
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 2670 
 2671 

Figure 3.1 Scanning electron microscope images of bovine milk protein isolate (MPI) and MPI hydrolysate powder samples (1000x 2672 

magnification). MPI spray-dried control (CTRL0), MPI freeze-dried control (CTRL180), MPI Flavourzyme™ 60 min (FLV60) and 180 2673 

min hydrolysate (FLV180), MPI Neutrase™ 30 min (NEU30) and 180 min hydrolysate (NEU180), and MPI Protamex™ 30 min 2674 

(PRT30) and 180 min hydrolysate (PRT180). All MPI hydrolysate samples were freeze-dried.   2675 
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3.4.3 Powder wettability 2676 

The contact angle () of a water droplet, and the change in  as a function of time with the powder 2677 

disc surface, was used to assess the wetting behaviour of the MPI controls and the hydrolysate 2678 

powder samples. Powders with  values > 90 are considered to have poor wetting characteristics 2679 

(Crowley et al., 2015). The CTRL0 powder sample displayed average  values of 90 at t = 0 s 2680 

and 83 at t = 60 s suggesting poor initial wettability and limited imbibing of water during the 60s 2681 

measurement interval (Figure 3.2). The CTRL0 powder sample average   value (90 at t = 0 s) 2682 

was higher than the  value for spray dried MPC90 powder (~ 75 at t = 0 s) reported by Crowley 2683 

et al. (2015) but lower than the  value reported by Ji et al. (2016) for spray dried MPI powder (~ 2684 

160 and ~140 at t = 0 s and t = 60 s, respectively). The wettability of high protein MPC and MPI 2685 

is reduced compared to lower protein MPC, e.g., MPC40 due to the higher protein content and the 2686 

reduced availability of hygroscopic lactose resulting in reduced water diffusivity (Maidannyk et 2687 

al., 2020). High protein MPC and MPI have also been demonstrated to have hydrophobic protein-2688 

protein interactions at the powder surface, which in turn negatively affects wettability (Havea, 2689 

2006; Mimouni et al., 2010). The CTRL180 powder sample displayed a significantly lower (P < 2690 

0.05)  value compared to CTRL0 powder sample at t = 0 s, however, there was no significant 2691 

difference (P > 0.05) between the  values of the CTRL0 and CTRL180 powder samples at t = 2692 

60s. The lower  value of the CTRL180 powder sample at t = 0 s compared to the CTRL0 may 2693 

have been caused by the reduced surface hydrophobicity following freeze-drying, as demonstrated 2694 

by Banach et al. (2013).  2695 
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 2696 
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 2697 

disc of bovine milk protein isolate (MPI) and MPI hydrolysate powder samples. MPI spray-dried control (CTRL0), MPI freeze-dried 2698 

control (CTRL180), MPI Flavourzyme™ 60 min (FLV60) and 180 min hydrolysate (FLV180), MPI Neutrase™ 30 min (NEU30) and 2699 

180 min hydrolysate (NEU180), and MPI Protamex™ 30 min (PRT30) and 180 min hydrolysate (PRT180). All MPI hydrolysate 2700 

samples were freeze-dried.2701 
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The  values of the hydrolysate powder samples were < 50 and were significantly lower (P < 2702 

0.05) than that of the control powder samples in all cases suggesting that hydrolysis increased the 2703 

wettability of MPI (Figure 3.2). The  values significantly (P < 0.05) decreased with increasing 2704 

DH for each enzyme. The FlavourzymeTM hydrolysate powder samples displayed the largest 2705 

reduction in  value with increasing DH whereby the FLV60 powder sample (DH: 15.6%; 2706 

components < 1 kDa: 37.6%) average  values were 47 and 40 at t = 0 s and t = 60 s, respectively, 2707 

and the FLV180 powder sample (DH: 37.1%; components < 1 kDa: 64.3%) average  values were 2708 

21 and 16 at t = 0 s and t = 60 s, respectively. This was likely related to the large difference in 2709 

DH and components < 1 kDa between hydrolysate samples studied herein. The FlavourzymeTM 2710 

hydrolysate samples displayed a higher DH, a higher content of components < 1 kDa and a higher 2711 

content of free amino acids due to the presence of both endo- and exopeptidase activities within 2712 

the FlavourzymeTM enzyme preparation when compared with the Neutrase™ and Protamex™ 2713 

enzyme preparations which both contain endopeptidase activities (Ryan et al., 2018). The higher 2714 

level of lower molecular mass components with increased hydrophilicity contained within the 2715 

hydrolysate samples was expected to have facilitated increased water transfer and spreading 2716 

thereby resulting in reduced  values and increased wettability.  2717 

3.4.4 Dispersibility and solubility  2718 

The CTRL0 (d90: 105 μm; d43: 57.7 μm) and CTRL180 (d90: 93.8 μm; d43: 51.5 μm) dispersion 2719 

particle size distributions displayed the presence of poorly dispersed particles at 25C (Table 3.1). 2720 

The CTRL180 dispersion particle size (d43 and d90) was significantly lower (P < 0.05) than the 2721 

CTRL0 dispersion which may be due to the application of freeze-drying compared to spray-drying. 2722 
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Despite the improved dispersibility, the solubility of the CTRL180 sample (33.8%) was not 2723 

significantly increased (P > 0.05) compared to the CTRL0 sample (30.2%) (Figure 3.3). High 2724 

protein MPC and MPI powders typically display poor dispersibility due to the high protein content 2725 

and high extent of casein micelle protein-protein interactions on the surface of the particles which 2726 

can inhibit the wettability, the dispersibility and the dissolution of the powder (Crowley et al., 2727 

2015; Havea, 2006; Mimouni et al., 2010). Mimouni et al. (2009) reported that agitation of MPC85 2728 

over an extended reconstitution time (480 min) at 24C was sufficient to allow almost complete 2729 

dispersion of the micelles into the aqueous phase, suggesting that the micellar network is held 2730 

together by weak, reversible interactions such as hydrophobic or hydrogen bonds rather than 2731 

covalent bonds such as disulphide interactions. 2732 

All of the hydrolysate sample dispersions displayed significantly lower (P < 0.05) particle sizes 2733 

(d43: < 20 μm; d90: < 50 μm) than the CTRL180 dispersion showing that hydrolysis improved the 2734 

dispersibility of MPI (Table 3.1). The dispersion particle size distribution also reduced with 2735 

increasing DH for each enzyme. The PRT30, NEU180, FLV180 and PRT180 dispersions 2736 

displayed the lowest particle size distributions (d90: ≤ 26 μm; d43: ≤ 11.5 μm) and the highest 2737 

solubilities, i.e., > 98% (Figure 3.3). The FLV60 sample displayed the highest dispersed particle 2738 

size distribution (d90: 49.6 μm; d43: 18.1 μm) and the lowest solubility (71.9%) compared to the 2739 

other hydrolysate samples. This may be related to the higher proportion of high molecular mass 2740 

components in this sample compared to the other hydrolysate samples, i.e., 27.6% of components 2741 

> 10 kDa compared to NEU30 having 19.9% of components > 10 kDa and the other hydrolysate 2742 

samples ranging from 0.65 to 6.45% of components > 10 kDa (Ryan et al., 2018).   2743 
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 2744 
Figure 3.3 Solubility of bovine milk protein isolate (MPI) and MPI hydrolysate samples (4.0%, w/w, protein) prepared in deionised 2745 

water at 25C and pH 6.8. MPI spray-dried control (CTRL0), MPI freeze-dried control (CTRL180), MPI Flavourzyme™ 60 min 2746 

(FLV60) and 180 min hydrolysate (FLV180), MPI Neutrase™ 30 min (NEU30) and 180 min hydrolysate (NEU180), and MPI 2747 

Protamex™ 30 min (PRT30) and 180 min hydrolysate (PRT180). All MPI hydrolysate samples were freeze-dried. Values represent 2748 

mean ± standard deviation from triplicate analysis. Mean values with a common letter are not significantly different (P > 0.05).2749 
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The reduced dispersion particle size distribution and increased solubility of the hydrolysate 2750 

samples compared to the intact MPI control samples suggest improved dissolution due to the 2751 

accelerated release of material from the powder particles into the aqueous phase. These improved 2752 

rehydration properties were linked to hydrolysis which resulted in breakdown of the casein micelle 2753 

and the micellar network, and the increased presence of shorter peptide chains and free amino 2754 

acids with increased hydrophilicity. This increased solubility displays a similar trend to the 2755 

increased nitrogen solubility index of the MPI hydrolysates compared to intact MPI (1%, w/w, 2756 

protein) at 25C and pH 6.5-7.0 as reported by Ryan et al. (2018).  2757 

3.4.5 Glass transition temperature 2758 

Tg values are representative of the physical state transition temperatures of dairy ingredients and 2759 

are indicative of their stability to moisture and temperature induced changes such as flow, 2760 

stickiness, collapse and crystallization (Kelly et al., 2015; Zhou & Labuza, 2007). The Tg values 2761 

of the MPI control and hydrolysate powder samples was assessed following equilibration at an ɑw 2762 

of 0.20 (Table 3.2). The CTRL0 and CTRL180 powder samples both had Tg values of ~120C 2763 

which were not significantly different (P > 0.05). Schuck et al. (2005) reported the anhydrous Tg 2764 

of whey protein and casein as 127 and 132C respectively. The lower Tg of CTRL0 and CTRL180 2765 

compared to these reported values may be related to the presence of moisture which is known to 2766 

have a plasticising effect which results in reduced Tg values. All of the hydrolysate powder samples 2767 

displayed significantly lower (P < 0.05) Tg values (ranging from 48.5 – 67.3C) compared to the 2768 

control samples (Table 3.2). The FlavourzymeTM and ProtamexTM hydrolysates displayed 2769 

significantly lower (P < 0.05) Tg with increasing DH. The lowest Tg was displayed by the FLV180 2770 
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(48.5C) and PRT180 (48.7C) hydrolysate samples which were also the samples with the highest 2771 

proportion of components < 1 kDa.  2772 

Table 3.2 Moisture content and glass transition temperatures (Tg) of bovine milk protein isolate 2773 

(MPI) and MPI hydrolysate powder samples equilibrated at a water activity value of 0.20.  2774 

Sample 

Moisture Tg  

g/100g C 

CTRL0 5.71 ± 0.31b 122 ± 1.04a 

CTRL180 6.00 ± 0.24a 121 ± 1.39a 

FLV60 4.42 ± 0.17ef 63.0 ± 0.43c 

FLV180 4.16 ± 0.17g 48.5 ± 0.78e 

NEU30 5.10 ± 0.15c 61.1 ± 1.72cd 

NEU180 4.66 ± 0.24d 58.5 ± 0.88d 

PRT30 4.56 ± 0.17de 67.3 ± 0.70b 

PRT180 4.31 ± 0.14fg 48.7 ± 0.40e 

MPI control (CTRL0), MPI freeze-dried control (CTRL180), MPI Flavourzyme™ 60 min 2775 

(FLV60) and 180 min hydrolysate (FLV180), MPI Neutrase™ 30 min (NEU30) and 180 min 2776 

hydrolysate (NEU180), and MPI Protamex™ 30 min (PRT30) and 180 min hydrolysate (PRT180). 2777 

All MPI hydrolysate samples were freeze-dried. Values represent mean ± standard deviation from 2778 

triplicate analysis. Mean values with a common superscript letter within the same column are not 2779 

significantly different (P > 0.05). 2780 

Protein hydrolysates are typically more hygroscopic and thermoplastic than intact proteins 2781 

whereby the low molecular mass peptides may be as influential as sugars in lowering the Tg of 2782 

powder samples (Hogan & O’Callaghan, 2013; Netto et al., 1998). The short peptide chains and 2783 

free amino acids in hydrolyzed samples have greater mobility compared to intact protein while 2784 

also being more sensitive to the plasticizing effect of moisture. Powder storage at temperatures at 2785 
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or above the Tg results in increased molecular mobility and decreased viscosity at the particle 2786 

surface leading to sticking and caking (Hogan & O’Callaghan, 2013). The reduction in the Tg 2787 

suggests the MPI hydrolysate samples would be more susceptible to powder stickiness, lumping 2788 

and caking than the control samples at elevated storage temperatures. No previous reports appear 2789 

to exist of the impact of enzymatic hydrolysis on the Tg of MPI. 2790 

3.4.6 Water sorption isotherms  2791 

Water sorption isotherms for the MPI controls and hydrolysate powder samples were obtained 2792 

during a dynamic vapour sorption cycle with an ɑw between 0.10 and 0.90 (Figure 3.4). The MPI 2793 

control and hydrolysate samples contain only residual levels of lactose, therefore, the intact and 2794 

hydrolysed protein fractions are primarily responsible for the water sorption characteristics. There 2795 

was no evidence of crystallization for any of the samples between an ɑw of 0.10 – 0.90 as the 2796 

samples continued to absorb water with increasing relative humidity due to the high protein and 2797 

low lactose content. All of the MPI control and hydrolysate samples displayed sigmoidal 2798 

absorption curves which is indicative of Type II isotherms according to the Brunauer classification 2799 

(Brunauer, Emmett, & Teller, 1938). The CTRL0 and CTRL180 samples displayed similar water 2800 

sorption isotherm trends to each other, however, the CTRL180 sample displayed numerically 2801 

higher moisture contents than the CTRL0 sample between ɑw values of 0.30 – 0.90, suggesting 2802 

that the application of incubation, heat treatment and freeze-drying to the CTRL180 sample may 2803 

have increased the water absorption properties of MPI in this ɑw range. Kelly et al. (2015) reported 2804 

a similar water sorption isotherm trend between ɑw values of 0.10 – 0.90 for MPC90 compared to 2805 

the CTRL0 and CTRL180 samples. The MPI hydrolysate samples displayed similar water sorption 2806 

isotherms to the CTRL180 sample between ɑw values from 0.10 – 0.60. There was a small increase 2807 
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in the moisture content of the PRT180 sample at an ɑw of 0.70 compared to the other samples. The 2808 

main difference between the controls and the hydrolysate samples was seen in the ɑw region 2809 

between 0.80 and 0.90 where the hydrolysates displayed higher moisture contents. The CTRL0 2810 

and CTRL180 samples achieved maximum moisture contents of 25.7 and 28.5%, respectively, at 2811 

ɑw 0.90 while for the hydrolysate samples this ranged from 40.3 – 49.6% at ɑw 0.90. The moisture 2812 

content of the hydrolysates increased with increasing DH for each enzyme between ɑw 0.80 – 0.90 2813 

likely due to the increase in low molecular mass components < 1 kDa. The water absorption 2814 

behavior of the protein was influenced by hydrolysis due to the generation of peptides and free 2815 

amino acids resulting in increased hydrophilicity and hygroscopicity compared to intact whey 2816 

protein and casein (Netto et al., 1998; Zhou & Labuza, 2007; Zhou et al., 2014). The FLV180 2817 

hydrolysate sample displayed the highest moisture content at ɑw 0.90 (49.6%); this may be linked 2818 

to the FLV180 hydrolysate sample having the highest DH, the highest content of components < 1 2819 

kDa and the highest content of components > 10 kDa compared to the other hydrolysate samples. 2820 

Netto et al. (1998) suggested that the difference in water absorption between intact and hydrolysed 2821 

protein was due to the difference in the molecular weight distribution because macromolecular 2822 

components such as protein dictate the water sorption pattern in the lower ɑw range but the smaller 2823 

molecular weight components become dominant in the higher ɑw region. This has been attributed 2824 

to the impact of their colligative properties in the higher ɑw range whereby the number of available 2825 

water-binding sites plays a more significant role than any steric hindrance effect (Hogan & 2826 

O’Callaghan, 2013). No previous reports appear to be available in the literature on the impact of 2827 

enzymatic hydrolysis on the water sorption properties of MPI or its hydrolysates.  2828 
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 2829 
Figure 3.4 Moisture sorption isotherms of bovine milk protein isolate (MPI) and MPI hydrolysate powder samples using a dynamic 2830 

vapor sorption cycle for water activity values between 0.10 and 0.90. MPI spray-dried control (CTRL0) (—♦—), MPI freeze-dried 2831 

control (CTRL180) (—◊—). MPI Flavourzyme™ 60 min (FLV60) (—▲—) and 180 min hydrolysate (FLV180) (˗ ˗Δ˗ ˗), MPI 2832 

Neutrase™ 30 min (NEU30) (—●—) and 180 min hydrolysate (NEU180) (˗ ˗○˗ ˗), MPI Protamex™ 30 min (PRT30) (—■—) and 180 2833 

min hydrolysate (PRT180) (˗ ˗□˗ ˗). All MPI hydrolysate samples were freeze-dried. Values represent the mean from duplicate analysis.2834 
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The Guggenheim-Anderson de Boer (GAB) sorption model, calculated based on the dynamic 2835 

vapor sorption cycle data from between ɑw of 0.10 to 0.90, demonstrated good agreement with the 2836 

experimental data (R2 ≥ 0.95) for all MPI control and hydrolysate samples (Table 3.3).  2837 

Table 3.3 Guggenheim-Anderson de Boer (GAB) isotherm constants C, K, and monolayer 2838 

moisture value (mm) of bovine milk protein isolate (MPI) and MPI hydrolysate samples.  2839 

Sample    K C mm R2 

CTRL0 - 0.13  0.14 0.01 0.86 17.2 6.23 0.96 

CTRL180 - 0.12 0.13 0.01 0.84 15.1 6.77 0.99 

FLV60 - 0.17 0.16 0.02 0.97 11.0 5.06 0.98 

FLV180 - 0.20 0.17 0.02 1.01 10.8 4.68 0.99 

NEU30 - 0.17 0.16 0.02 0.98 12.8 5.21 0.96 

NEU180 - 0.19 0.17 0.02 1.00 12.6 4.87 0.95 

PRT30 - 0.19 0.17 0.02 1.00 12.5 4.89 0.97 

PRT180 - 0.21 0.19 0.02 1.03 12.6 4.43 0.95 

MPI control (CTRL0), MPI freeze-dried control (CTRL180), MPI Flavourzyme™ 60 min 2840 

(FLV60) and 180 min hydrolysate (FLV180), MPI Neutrase™ 30 min (NEU30) and 180 min 2841 

hydrolysate (NEU180), and MPI Protamex™ 30 min (PRT30) and 180 min hydrolysate (PRT180). 2842 

All MPI hydrolysate samples were freeze-dried. The water activity (ɑw) range of powders was 0.10 2843 

to 0.90, n = 2. The terms C, K, and mm (g of water/100 g of dry weight) are derived from constants 2844 

  and . 2845 

The monolayer moisture values (mm) were higher for CTRL0 (6.23 g of water/100g of dry weight) 2846 

and CTRL180 (6.77 g of water/100g of dry weight) compared to the hydrolysate samples which 2847 

ranged from 4.43 – 5.21 g of water/100g of dry weight. Kelly et al. (2015) reported an mm value 2848 

of 7.78 g of water/100g of dry weight for MPC90, however, the calculation was modelled on 2849 

sorption data between ɑw of 0.10 to 0.40. The mm value of the hydrolysate samples decreased with 2850 
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increasing DH for each enzyme. Higher mm values typically correspond to higher molecular 2851 

weight components (Netto et al., 1998). The mm value is proposed to be the critical water content 2852 

below which dehydrated foods are stable to deteriorative changes (Jouppila & Roos, 1994). The 2853 

lower mm value suggests that the hydrolysate samples would need to be produced at a lower 2854 

moisture content than the control samples to offset the vulnerability to powder stickiness, lumping 2855 

and caking on storage. The mm value of MPI hydrolysates does not appear to have been previously 2856 

reported in the literature.  2857 

3.5 Conclusions 2858 

This study assessed the rehydration properties, the moisture sorption and the Tg of MPI and MPI 2859 

hydrolysates generated with FlavourzymeTM, NeutraseTM and ProtamexTM. The MPI control 2860 

samples displayed poor wettability, dispersibility and water solubility (~30%) at 25C. Hydrolysis 2861 

resulted in significantly improved performance at the different rehydration stages and increased 2862 

moisture sorption in the elevated ɑw region. The improved rehydration properties were linked with 2863 

the breakdown of the casein micelle and the micellar network, and the increased presence of lower 2864 

molecular mass components with increased hydrophilicity in the hydrolysate samples. The 2865 

improved rehydration properties were enhanced with increasing DH and increasing components < 2866 

1 kDa which was influenced by the enzyme preparation used and the corresponding incubation 2867 

time. On the other hand, the hydrolysate samples displayed a significantly reduced Tg and lower 2868 

mm value due to the low molecular mass peptides and free amino acids generated during 2869 

hydrolysis. This indicated that hydrolysates would have reduced storage stability resulting in an 2870 

increased risk of stickiness, lumping and caking compared to intact MPI. This in turn could 2871 

adversely affect the reconstitution properties of the hydrolysates during storage. However, based 2872 
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on the experimentally determined mm  and Tg results, the improved rehydration properties could 2873 

be maintained if the hydrolysate ingredients were manufactured with a controlled moisture content 2874 

(below the corresponding mm) and were subsequently stored at controlled ambient temperatures. 2875 

This study characterised the impact of enzymatic hydrolysis on the water interaction properties of 2876 

freeze-dried MPI hydrolysates, given the additional thermal treatments associated with the spray-2877 

drying process, further studies are warranted to determine the impact of hydrolysis on the aqueous 2878 

interaction properties of spray-dried MPI hydrolysates. 2879 
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4 Foaming and sensory properties of bovine milk protein isolate (MPI) and its associated 3009 

enzymatic hydrolysates  3010 

4.1 Abstract 3011 

The surface tension, foaming, bitterness and colour properties of bovine milk protein isolate (MPI) 3012 

and MPI hydrolysates generated with FlavourzymeTM, NeutraseTM and ProtamexTM were 3013 

evaluated. The surface tension of the hydrolysate samples (46.6-48.3mN/m), measured using 3014 

pendant drop shape analysis, was reduced compared to the intact protein samples (49.1-3015 

49.6mN/m). The foam half-life of the MPI hydrolysates (58.1-214s) at 25°C was significantly 3016 

reduced compared to the intact protein (783-850s). The L* value of the hydrolysates (69.9-77.4) 3017 

was significantly lower than the intact protein (84.3-86.0). The FlavourzymeTM hydrolysate (60 3018 

min incubation) demonstrated a comparable bitterness (mean bitterness score: 2.14) to the intact 3019 

protein (1.52-1.57). All other hydrolysates displayed increased bitterness where the NeutraseTM 3020 

and ProtamexTM hydrolysates had the highest mean bitterness scores (8.80-9.39). The hydrolysate 3021 

foaming and sensory properties were enzyme and DH dependent; bitterness development may be 3022 

minimised by using FlavourzymeTM as the hydrolytic enzyme due to the presence of exopeptidase 3023 

activities.   3024 
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4.2 Introduction 3025 

The functional attributes of high protein content milk protein concentrate (MPC) and isolate (MPI) 3026 

ingredients such as solubility, heat stability, emulsification and foaming properties vary depending 3027 

on several factors including manufacturing process, calcium content and distribution, native whey 3028 

protein content and powder storage conditions (Anema et al., 2006; Crowley et al., 2014; Euston 3029 

and Hirst, 2000; Khalesi and FitzGerald, 2021; Mimouni et al. 2010; Ye, 2011). De Castro-Morel 3030 

and Harper (2002) reported significant variability in the foaming properties of four commercial 3031 

MPC80 samples ranging in protein content from 82-86%. Xiong et al. (2020) demonstrated that a 3032 

mixture of MPC80 and whey protein concentrate (WPC80) at a whey protein to casein ratio of 60: 3033 

40 displayed increased foamability and lower foam stability compared to MPC80 alone. The 3034 

increased stability of the MPC80 foam was related to the adsorption and spreading of micellar 3035 

casein at the air-liquid interface to form a more rigid film and smaller air bubble size distributions 3036 

compared to samples with higher proportions of whey protein (Xiong et al., 2020; Zhang, 3037 

Dalgleish & Goff, 2004). 3038 

Controlled enzymatic hydrolysis of milk protein ingredients has been shown to modify their 3039 

functional properties compared to intact ingredients e.g., leading to increased solubility 3040 

(Foegeding et al., 2002; Rajarathnam et al., 2016) and altered heat stability, emulsifying and 3041 

foaming properties, depending on the degree of hydrolysis (DH) and enzyme preparation (Euston, 3042 

Finnegan & Hirst, 2001; Flanagan & FitzGerald, 2002). Slattery and FitzGerald (1998) prepared 3043 

sodium caseinate hydrolysates with ProtamexTM (DH: 0.5 and 1.0%) and observed hydrolysates 3044 

displaying increased foam expansion at pH 2.0, 5.0 and 10.0 and increased foam drainage at pH 3045 

2.0 but decreased drainage at pH 8.0 and 10.0 compared to intact sodium caseinate. Sinha et al. 3046 
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(2007) reported that WPC hydrolysis with both papain and a fungal protease resulted in increased 3047 

foam capacity and reduced foam stability with increasing DH. Banach et al. (2013) reported that 3048 

an MPC80 tryptic hydrolysate (DH: 14.8%) displayed significantly higher foaming capacity and 3049 

lower foam stability compared to intact MPC80. MPC80 hydrolysates generated with either of 3050 

chymotrypsin, pepsin and papain had comparable foaming capacity and significantly increased 3051 

foaming stability compared to intact MPC80 (Banach et al., 2013).  3052 

However, in addition to modifying functional properties, hydrolysis can also impact the sensory 3053 

characteristics of protein ingredients, which can limit the use of the resultant hydrolysate in 3054 

commercial applications. Hydrolysis of whey protein (Spellman, O’Cuinn and FitzGerald, 2009) 3055 

and casein (O’Sullivan, Nongonierma and FitzGerald, 2017) using enzyme preparations 3056 

containing only endopeptidase activity such as trypsin, Alcalase™ and Protamex™ resulted in 3057 

increased bitterness compared to the intact substrate. This has been attributed to the generation of 3058 

a high proportion of low molecular mass peptides containing hydrophobic amino acid residues. 3059 

Hydrolysis with enzyme preparations containing exopeptidase activities such as FlavorPro 3060 

Whey™ and Flavourzyme™ can limit hydrolysate bitterness development by, e.g., cleaving 3061 

hydrophobic amino acids from the N- and/or C-termini of peptides (FitzGerald and O’Cuinn, 2006; 3062 

O’Sullivan, Nongonierma and FitzGerald, 2017). Hydrolysis has also been demonstrated to 3063 

modify the colour of protein ingredients. Gruppi et al. (2022) reported decreased turbidity in WPC 3064 

and MPC hydrolysates and increased turbidity in sodium caseinate hydrolysates compared to the 3065 

intact substrate. Liang et al. (2021) demonstrated that hydrolysis of bovine milk with either of 3066 

Alcalase™, Protamex™ and Flavourzyme™ resulted in reduced whiteness (reduced L* value) and 3067 

increased yellowness (increased positive b* value).  3068 
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Limited information appears to exist in the literature on the role of enzymatic hydrolysis on the 3069 

foaming, bitterness and colour properties of MPI. In the present study, MPI hydrolysis was 3070 

performed using three different enzyme preparations: (i) Flavourzyme™, an Aspergillus-derived 3071 

enzyme preparation which contains endopeptidase and exopeptidase activities; (ii) Neutrase™ and 3072 

(iii) Protamex™ which are derived from Bacillus amyloliquefaciens and Bacillus spp., 3073 

respectively, which mainly contain endopeptidase activity. The objective of this study was to 3074 

evaluate the surface tension, foaming, colour and bitterness properties of the resultant hydrolysates 3075 

compared to intact MPI. The hypothesis being that the hydrolysis induced changes in MPI 3076 

hydrolysate foaming, bitterness and colour properties would be proteolytic enzyme preparation 3077 

and DH dependent. 3078 

4.3 Materials and methods 3079 

4.3.1 Materials 3080 

Bovine MPI (88.1% (w/w) protein, 1.40% (w/w) lipid, 0.16% (w/w) lactose, 6.40% (w/w) ash) 3081 

was purchased from Kerry Ingredients (Listowel, Ireland) and is referred to as CTRL0 throughout. 3082 

All chemicals used were obtained from Sigma Aldrich (Dublin, Ireland) and were of analytical 3083 

grade unless stated otherwise. All analyses were performed in triplicate unless stated otherwise.  3084 

4.3.2 Preparation of MPI hydrolysates  3085 

Hydrolysates were produced as previously described by Ryan et al. (2018) using Flavourzyme™ 3086 

500 L (FLV), Neutrase™ 0.8 L (NEU) and Protamex™ 1.5 L (PRT) which were obtained from 3087 

Novozymes (Bagsvaerd, Denmark). In summary, the enzyme preparations were added to MPI 3088 

(10% (w/w) protein) at an enzyme to substrate ratio of 1:50 (on a protein basis). The reaction was 3089 
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held at pH 7.0 using a pH stat (718 stat Titrino, Methrohm, Herisau, Switzerland) and at 50C 3090 

using a waterbath (Lauda E100, Lauda Brinkmann, Lauda-Königshofen, Germany) for a total 3091 

duration of 180 min. Hydrolysate samples were withdrawn at different time points and the enzyme 3092 

was heat inactivated at 90C for 20 min prior to freeze-drying (Free Zone 18 L, Labconco, Kansas 3093 

City, MO, USA). A rehydrated MPI control sample, without enzyme, was prepared under the same 3094 

pH, temperature, duration of incubation (180 min) and thermal inactivation conditions (at 90C). 3095 

This sample was also freeze-dried and is referred to as CTRL180 herein. The purpose of the 3096 

CTRL180 sample was to act as a comparator for the freeze-dried hydrolysate samples. The freeze-3097 

dried powder was manually broken up and then milled into a powder using a Cyclotec Mill (1 mm 3098 

screen, FOSS Tecator AB, Sweden). The MPI hydrolysates were labelled by the enzyme used and 3099 

the hydrolysis time in min, i.e., FLV60, FLV180, NEU30, NEU180, PRT30 and PRT180. The DH 3100 

of each hydrolysate was determined using the 2,4,6-trinitrobenzenesulfonic acid (TNBS) method 3101 

(Adler-Nissen, 1979). The molecular mass distribution of the intact and hydrolysed MPI samples 3102 

was determined by gel permeation high performance liquid chromatography (GP-HPLC).  3103 

4.3.3 Surface tension 3104 

The surface tension () of MPI and the MPI hydrolysates was determined using a Theta Optical 3105 

Tensiometer (Attension Theta, Biolin Scientific Ltd., Finland) by pendant drop shape analysis. 3106 

Aqueous dispersions (1.5% (w/w) protein in the case of intact protein or protein/protein equivalent 3107 

in the case of the hydrolysates) were adjusted to pH 6.8 using 0.1 M and 1.0 M HCl or NaOH, as 3108 

required. A droplet of the solution (approx. 10 L) was formed at the tip of the apparatus needle. 3109 

Live images of the droplet were recorded using the inbuilt Theta Optical Tensiometer high-3110 
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resolution digital camera at 25C for 300 s. Image analysis software (OneAttension, Biolin 3111 

Scientific Ltd.) was used to calculate the surface tension () by curve-fitting the droplet image to 3112 

the Young-Laplace equation. 3113 

4.3.4 Foaming properties 3114 

The foaming properties of the MPI and the MPI hydrolysate dispersions were determined using a 3115 

Dynamic Foam Analyzer DFA100 (Krüss GmbH, Hamburg, Germany). The dispersions (1.5% 3116 

(w/w) protein/protein equivalent) were prepared in distilled water at both 25 and 45C and adjusted 3117 

to pH 6.8 using 0.1 M and 1.0 M HCl or NaOH, as required. Sample solutions (50 mL) were 3118 

dispensed into the cylindrical glass column. Foams were prepared by sparging air at a flow rate of 3119 

500 mL min-1 through a porous glass filter plate (pore size 16-40 μm) at the bottom of the 3120 

cylindrical glass column into the dispersion until 105 mL of gas had been sparged. The foam height 3121 

and volume were continuously monitored by measuring infrared light transmission through the 3122 

glass column (Oetjen et al., 2014) throughout sparging and for an additional 20 min post sparging. 3123 

The maximum foam height and maximum foam volume was recorded after sparging was complete. 3124 

The time at which the maximum foam height was achieved has been identified as the foam tmax 3125 

time. Foam capacity (FC) was calculated as follows: 3126 

𝐹𝐶 =  
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑓𝑜𝑎𝑚

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑔𝑎𝑠 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑
   (1) 3127 

Foam stability was determined as the foam half-life (t1/2) i.e., the time (s) at which the foam volume 3128 

has reduced to 50% of its maximum foam volume.   3129 
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4.3.5 Bubble structure and size distribution  3130 

The bubble structure and mean bubble size distribution of the foams prepared with MPI and the 3131 

MPI hydrolysates at 25 and 45C were monitored using a Krüss Dynamic Foam Analyzer DFA100 3132 

Foam Structure Module. Dispersions (50 mL of 1.5% (w/w) protein/protein equivalent, pH 6.8) 3133 

were dispensed into the cylindrical glass column which has a prism incorporated over the full 3134 

length of the column (Oetjen et al., 2014). Compressed air was sparged at a flow rate of 500 mL 3135 

min-1 through a porous glass filter plate (pore size 16-40 μm) into the dispersion until 105 mL of 3136 

gas had been sparged. Images of the 2-dimensional foam structure were automatically captured at 3137 

a rate of one frame per second using a high-resolution digital camera positioned at 60 mm above 3138 

the glass filter plate for an additional 20 min post sparging. Simultaneously, changes in the mean 3139 

bubble size distribution were also recorded using the high-resolution digital camera. The mean 3140 

bubble radius was determined using Krüss Foam Analysis 1.5 software. 3141 

4.3.6 Colour measurement 3142 

The colour of the MPI and the MPI hydrolysate dispersions was determined using a pre-calibrated 3143 

Minolta CR-410 Chroma Meter (Minolta Ltd., Milton Keynes, UK). Aqueous dispersions (1.5%, 3144 

(w/w) protein/protein equivalent) were prepared at 25C and adjusted to pH 6.8 using 0.1 M and 3145 

1.0 M HCl or NaOH, as required. Aliquots of each dispersion were dispensed into a petri-dish and 3146 

covered with a white calibration tile during measurement. The results were expressed according 3147 

to the CIELAB model where the L* value measures brightness, with ranges from 0 (black) to 100 3148 

(white), the a* value measures degree of redness (positive values) or greenness (negative values), 3149 

and the b* value measures degree of yellowness (positive values) or blueness (negative values).   3150 
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4.3.7 Bitterness evaluation  3151 

The bitterness of the MPI control and hydrolysate dispersions was evaluated using a five-member 3152 

panel trained to detect bitterness as outlined by Slattery and FitzGerald (1998). Aqueous 3153 

dispersions (1.5% (w/w) protein/protein equivalent) were prepared at 25C. Blinded samples were 3154 

tasted in random order and in duplicate during two independent tasting sessions. Non-sparkling 3155 

mineral water was used as a “zero” bitterness sample and 0.05% (w/v) caffeine was used as a 3156 

bitterness calibration sample. The bitterness intensity of each sample was scored on a 0-10 point 3157 

scale where the 0.05% (w/v) caffeine sample was assigned a score of 5 for reference. Panellists 3158 

were provided with uncarbonated mineral water to cleanse their palates between samples.  3159 

4.3.8 Statistical analysis  3160 

Statistical analysis was performed using one-way analysis of variance (ANOVA) with post hoc 3161 

Tukey analysis. The level of significance was considered as P < 0.05. All statistical analysis was 3162 

carried out using Minitab 18 (Minitab Inc., Coventry, United Kingdom).            3163 

4.4 Results and discussion 3164 

4.4.1 Surface tension 3165 

The surface tension of water is ~ 72 mN/m at room temperature (Foegeding, Luck and Davis, 3166 

2006). The adsorption of protein at the air-liquid interface results in a reduction in surface tension. 3167 

The surface tension of the CTRL0 (49.1 mN/m) and CTRL180 (49.6 mN/m) sample dispersions 3168 

(Table 4.1) were reduced compared to water. The hydrolysate sample dispersions all displayed 3169 

reduced surface tension compared to CTRL0 and CTRL180. Increasing DH and peptide content < 3170 

1 kDa resulted in numerically lower but non-significant (P > 0.05) differences in the surface 3171 
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tension for the corresponding hydrolysates generated with the three different enzyme preparations. 3172 

Structural flexibility in proteins is an important factor in the reduction of surface tension (Van der 3173 

Ven et al., 2002). Enzymatic hydrolysis of proteins results in the generation of peptides with 3174 

reduced molecular mass in the hydrolysate dispersions which is associated with increased 3175 

flexibility which in turn facilitates accelerated migration to the air-liquid interface thereby 3176 

increasing the capacity to reduce surface tension compared to intact protein dispersions. The 3177 

surface tension of the FLV60 sample dispersion (48.3 mN/m) was lower but not significantly 3178 

different (P > 0.05) to the CTRL0 and CTRL180 samples. This could be related to the higher 3179 

proportion of peptides > 10 kDa (27.6%) in the FLV60 hydrolysate compared to the other 3180 

hydrolysate samples (Ryan et al., 2018). The FLV180 and PRT180 sample dispersions displayed 3181 

the lowest surface tension values; these samples contain the highest proportion of peptides < 1 kDa 3182 

(64.3 & 64.0%, respectively).  No previous reports appear to exist of the impact of enzymatic 3183 

hydrolysis on the surface tension of MPI.       3184 
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Table 4.1 Surface tension (), foam capacity (FC) and foam half-life time (t1/2) of bovine milk protein isolate (MPI) and MPI hydrolysate 3185 

aqueous dispersions (1.5% (w/w) protein/protein equivalent) at pH 6.8, at 25 and 45C.  3186 

Sample 

 25°C  45°C 

  FC t1/2  FC t1/2 

 mN/m % s  % s 

CTRL0  49.1 ± 0.29ab 156 ± 1.54a 850 ± 12.2a  163 ± 1.23ab 764 ± 14.5a 

CTRL180  49.6 ± 0.49a 155 ± 1.74ab 783 ± 11.0b  165 ± 1.02a 721 ± 12.8b 

FLV60  48.3 ± 0.84bc 153 ± 1.58abc 214 ± 6.10c  159 ± 1.34bc 186 ± 6.45c 

FLV180  47.0 ± 0.43cd 149 ± 1.42cd 79.0 ± 3.50e  154 ± 2.72cd 62.1 ± 5.64ef 

NEU30  47.9 ± 0.23c  152 ± 1.05abcd 108 ± 4.78d  157 ± 0.48cd 95.5 ± 1.51d 

NEU180  47.3 ± 0.30cd  150 ± 3.05cd 106 ± 5.56d  154 ± 1.60cd 90.5 ± 1.82d 

PRT30  47.1 ± 0.76cd 150 ± 2.85bcd 96.4 ± 4.19de  156 ± 3.15cd 84.7 ± 4.48de 

PRT180  46.6 ± 0.48d 147 ± 1.30d 58.1 ± 3.99f  152 ± 0.58d 51.6 ± 5.11f 

 3187 

MPI spray-dried control (CTRL0), MPI freeze-dried control (CTRL180), MPI Flavourzyme™ 60 min (FLV60) and 180 min hydrolysate 3188 

(FLV180), MPI Neutrase™ 30 min (NEU30) and 180 min hydrolysate (NEU180), and MPI Protamex™ 30 min (PRT30) and 180 min 3189 

hydrolysate (PRT180). The CTRL180 and MPI hydrolysate samples were all freeze-dried prior to resuspension. Values represent mean 3190 

± standard deviation from triplicate analysis. Mean values with a common superscript letter within the same column were not 3191 

significantly different (P > 0.05).  3192 
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4.4.2 Foaming properties and structure  3193 

Foam is a colloidal system of air bubbles dispersed in an aqueous continuous phase (Damodaran, 3194 

2005). Foam formation is determined by the ability of surface active components to absorb at the 3195 

air-liquid interface and to reduce surface tension while foam instability is caused by the parallel 3196 

processes of liquid drainage, Ostwald ripening (disproportionation), and coalescence (film rupture) 3197 

(Van der Ven et al., 2002). The hydrolysate sample dispersions had been expected to have 3198 

increased foam capacity (FC) compared to the intact protein sample dispersions due to the reduced 3199 

surface tension (Table 4.1) resulting in faster diffusion of peptides at the air-liquid interface. 3200 

However, the FC of the CTRL0 and CTRL180 (156 and 155%, respectively) was higher but not 3201 

significantly different (P > 0.05) to the FLV60 and NEU30 samples (153 and 152%, respectively). 3202 

At higher DH values, the FC at 25°C of all the hydrolysates generated with the enzymes utilised 3203 

herein was not significantly different (P > 0.05) (Table 4.1). Foam structure images of the MPI 3204 

control and hydrolysate dispersions at the time of maximum foam height (tmax) and foam half-life 3205 

(t1/2) are displayed in Figure 4.1. The CTRL0 and CTRL180 sample dispersions both demonstrated 3206 

a uniform, spherical bubble shape at tmax (Figure 4.1). The FLV60 and NEU30 sample dispersions 3207 

displayed the highest FC value of the hydrolysate samples. The FLV60 sample dispersion had a 3208 

similar spherical bubble shape to the CTRL0 and CTRL180 sample dispersions at tmax (Figure 4.1). 3209 

The NEU30 sample dispersion displayed some evidence of spherical bubble structure at tmax, but 3210 

to a much lesser extent than the FLV60 sample dispersion. The FLV180 and the PRT180 sample 3211 

dispersions displayed the lowest FC values (149 and 147%, respectively).   3212 
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 3214 
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(B) 3215 

 3216 
Figure 4.1 Foam structure images of bovine milk protein isolate (MPI) and MPI hydrolysate 3217 

aqueous dispersions (1.5% (w/w) protein/protein equivalent) at pH 6.8 and 25C at the time of 3218 

maximum foam height (tmax) and at the foam half-life time (t1/2) (scale bar: 2 mm). (A) MPI control 3219 

(CTRL0), MPI freeze-dried control (CTRL180), Flavourzyme™ 60 min hydrolysate (FLV60) and 3220 

180 min hydrolysate (FLV180), (B) Neutrase™ 30 min hydrolysate (NEU30) and 180 min 3221 

hydrolysate (NEU180), Protamex™ 30 min hydrolysate (PRT30) and 180 min hydrolysate 3222 

(PRT180). The CTRL180 and MPI hydrolysate samples were all freeze-dried prior to 3223 

resuspension.3224 
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The tmax bubble structures of the FLV180, NEU180, PRT30 and PRT180 hydrolysate sample 3225 

dispersions were irregular and did not appear to have been able to form a stable spherical structure 3226 

at the tmax (Figure 4.1). Lowering of surface tension is not sufficient to support foam formation or 3227 

stability (Morrison and Ross, 2002). The reduced FC of the hydrolysate sample dispersions may 3228 

be related to the formation of a less stable bubble structure resulting in poor gas retention compared 3229 

to the intact protein sample dispersions which have the ability to generate stable viscoelastic films 3230 

(Foegeding, Luck, & Davis, 2006).  3231 

Lowering of surface tension is not sufficient to support foam formation or stability (Morrison and 3232 

Ross, 2002). The reduced FC of the hydrolysate sample dispersions may be related to the formation 3233 

of a less stable bubble structure resulting in poor gas retention compared to the intact protein 3234 

sample dispersions which have the ability to generate stable viscoelastic films (Foegeding, Luck, 3235 

& Davis, 2006).  3236 

The CTRL0 and CTRL180 sample dispersions displayed greater foam t1/2 values at 25°C compared 3237 

to the hydrolysate samples (Table 4.1) which represents greater foam stability. The CTRL180 3238 

sample dispersion had a significantly lower (P < 0.05) foam t1/2 value (783 s) compared to the 3239 

CTRL0 sample dispersion (850 s) at 25°C. This may be related to partial dissociation of the casein 3240 

micelles induced during the heat treatment and freeze-drying process which was specifically 3241 

applied to the CTRL180 sample compared to the CTRL0 sample. The FLV60 had the highest foam 3242 

t1/2 of the hydrolysate samples (214 s) while the FLV180 and PRT180 (79.0 and 58.1 s, 3243 

respectively) samples had the lowest foam t1/2 values at 25°C. The evolution of the foam height 3244 

and the mean bubble radius of the MPI control and hydrolysate dispersions at 25°C are displayed 3245 

in Figure 4.2. The CTRL0 and CTRL180 sample dispersions maintained a stable foam height up 3246 
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to 628 s and 534 s of observation, respectively. During this time period, the CTRL0 and CTRL180 3247 

sample dispersions displayed mean bubble radius ranges of 69.0-86.0 μm and 65.0-85.0 μm, 3248 

respectively. Following the foam t1/2, the mean bubble radius value ranges were reduced to 40.0-3249 

77.0 μm for CTRL0 and 40.0-68.0 μm for CTRL180. The CTRL0 and CTRL180 sample 3250 

dispersions retained a uniform bubble spherical shape at the foam t1/2 compared to tmax (Figure 3251 

4.1). The FLV60 sample dispersion maintained a stable foam height up to 114 s with a 3252 

corresponding mean bubble radius value ranging from 57.0 to 61.0 μm. Following the foam t1/2, 3253 

the FLV60 mean bubble radius value range was reduced to 50.0-60.0 μm. The FLV180, NEU30, 3254 

NEU180, PRT30 and PRT180 sample dispersions did not form stable foams. All of the hydrolysate 3255 

sample dispersions displayed a lower mean bubble radius value compared to the intact MPI sample 3256 

dispersions. This indicates the hydrolysate samples were able to form smaller bubbles due to the 3257 

decreased surface tension values compared to the intact protein (Table 4.1).  However, the collapse 3258 

of the foam immediately after reaching tmax suggests the hydrolysate sample dispersions formed 3259 

weak interfacial films that did not provide sufficient structural integrity to support air bubble 3260 

stability. The observation that the FLV60 had the highest foam t1/2 of the hydrolysate samples may 3261 

be related to differences in the peptide size distributions whereby the FLV60 hydrolysate sample 3262 

contained the highest proportion of peptides > 10 kDa (27.6%; Ryan et al., 2018). On the other 3263 

hand, the lowest foam t1/2 values were associated with the FLV180 and PRT180 hydrolysates 3264 

which had the highest proportion of peptides < 1 kDa (Table 4.2). The foam t1/2 of the hydrolysates 3265 

significantly (P < 0.05) decreased with increasing DH, with the extent depending on the hydrolytic 3266 

enzyme used. This indicated that the molecular mass distribution of the peptides along with 3267 

differences in the peptide profile impacts the foam stability of MPI hydrolysates. The 3268 
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Flavourzyme™ hydrolysate samples displayed the largest reduction in foam t1/2 value on 3269 

increasing the duration of hydrolysis; this may be related to the large difference in DH and peptide 3270 

content < 1 kDa between the FLV60 and FLV180 hydrolysates. The Flavourzyme™ hydrolysate 3271 

samples displayed a higher content of peptides < 1 kDa and a higher content of free amino acids 3272 

which increased with increasing DH (Ryan et al., 2018). This may be attributed to the presence of 3273 

both endo- and exopeptidase activities in the Flavourzyme™ preparation when compared with the 3274 

Neutrase™ and Protamex™ preparations which predominantly contain endopeptidase activities. 3275 

Van der Ven et al. (2002) reported that the foam stability of whey protein and casein hydrolysates 3276 

was typically reduced compared to intact protein; however, casein hydrolysates with a high 3277 

proportion of peptides > 7 kDa were positively correlated with foam stability, i.e., comparable to 3278 

that observed in intact casein.  Ewert et al. (2016) observed decreased foaming properties of 3279 

sodium caseinate AlcalaseTM hydrolysates with DH > 3%; however, these authors did not report 3280 

on the molecular mass distribution of the peptides within the hydrolysate. The bubble images 3281 

captured at the foam t1/2 (Figure 4.1) suggest that liquid drainage, Ostwald ripening and gas 3282 

diffusion took place in parallel for the control and hydrolysate sample dispersions during foam 3283 

collapse due to the absence of polyhedral or honeycomb bubble structures which is characteristic 3284 

of liquid drainage driven foam instability (Huppertz, 2010). This suggests the intact protein and 3285 

hydrolysate sample dispersions had similar mechanisms of foam instability. However, foam 3286 

collapse took place at a slower rate for the CTRL0 and CTRL180 sample dispersions, presumably 3287 

due to the formation of a cohesive visco-elastic film which was more stable to thinning than the 3288 

hydrolysate sample foams.  3289 
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The FC of the CTRL0, CTRL180 and FLV60 samples was significantly (P < 0.05) increased when 3290 

assessed at 45 compared to when tested at 25°C. Huppertz (2010) suggested that foamability is 3291 

increased with increasing temperature due to decreased surface tension and viscosity facilitating 3292 

the more rapid diffusion of milk proteins to the air-liquid interface. However, the foam t1/2 was 3293 

significantly (P < 0.05) reduced at 45 compared to 25°C for the CTRL0, CTRL180 and FLV60 3294 

samples. Ewert et al. (2016) observed a reduced foam t1/2 for sodium caseinate and whey protein 3295 

isolate at 50 compared to 20°C due to accelerated liquid drainage. The intact protein and 3296 

hydrolysate sample dispersions displayed similar foam stability, bubble structure and mechanisms 3297 

of foam instability at 45 compared to 25°C but at an accelerated rate of foam collapse. The reduced 3298 

foam t1/2 of the intact protein and hydrolysate sample dispersions at 45 compared to 25°C was 3299 

likely related to the lower viscosity at the higher temperature which reduces resistance to liquid 3300 

drainage and interfacial film thinning.    3301 
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Figure 4.2 Foam height (mm) and mean bubble radius (—×—, mm) of bovine milk protein isolate (MPI) and MPI hydrolysate aqueous 3310 

dispersions (1.5% (w/w) protein/protein equivalent) at pH 6.8 as a function of time at 25C. (A) MPI spray-dried control (CTRL0) (—3311 

♦—), MPI freeze-dried control (CTRL180) (—◊—), (B) MPI Flavourzyme™ 60 min (FLV60) (—▲—) and 180 min hydrolysate 3312 

(FLV180) (—Δ—), (C) MPI Neutrase™ 30 min (NEU30) (—●—) and 180 min hydrolysate (NEU180) (—○—), (D) MPI Protamex™ 3313 

30 min (PRT30) (—■—) and 180 min hydrolysate (PRT180) (—□—). The tmax time denotes the time of maximum foam height and the 3314 

t1/2 time denotes the time of foam half-life. The CTRL180 and MPI hydrolysate samples were all freeze-dried prior to resuspension.  3315 
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4.4.3 Colour analysis  3316 

The white colour of milk at its natural pH is dictated by the light scattering properties of the casein 3317 

micelle (Sinaga, Bansal and Bhandari, 2017). A decrease in milk whiteness or turbidity is 3318 

indicative of the dissociation of micelles or the loss of micellar integrity (Broyard and Gaucheron, 3319 

2015). The L* value of the CTRL180 sample dispersion (84.6) was lower than the CTRL0 sample 3320 

dispersion (86.0) (Table 4.2) which may have been caused by partial dissociation of the casein 3321 

micelles during the heat treatment and freeze-drying process, as previously mentioned. Similarly, 3322 

Khalesi, & FitzGerald (2022) observed that the L* value of an MPC80 dispersion (5% w/v, 3323 

protein) was reduced following heat treatment. The hydrolysate sample dispersions displayed 3324 

significantly lower L* values than the CTRL180 dispersion (P < 0.05). The whiteness of the 3325 

hydrolysate sample dispersions was reduced with increasing DH for the different enzymes used. 3326 

The FLV60 sample dispersion, which contained the highest proportion of peptides > 10 kDa; 3327 

displayed the highest L* value (77.4) compared to the other hydrolysate samples. The FLV180, 3328 

NEU180 and PRT180 sample dispersions had comparable L* values ranging from 69.9 (PRT180) 3329 

to 70.4 (NEU180). The reduction in L* value is representative of decreased whiteness and 3330 

increased transparency of the hydrolysate dispersions compared to the intact control caused by the 3331 

hydrolysis induced breakdown of casein micelles. 3332 

The CTRL0 and CTRL180 sample dispersions displayed negative a* values and positive b* values 3333 

indicating greenness and yellowness, respectively. The CTRL0 and CTRL180 samples displayed 3334 

lower levels of yellowness than typically seen in cow’s milk (b* value: 7.5 ± 3; Milovanovic et 3335 

al., 2020) likely due to the low levels of lipid and lactose in MPI following skimming and 3336 

membrane processing. The greenness of the CTRL180 sample dispersion was decreased and the 3337 
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yellowness was increased compared to the CTRL0 sample. The application of heat treatment to 3338 

MPC80 was also demonstrated by Khalesi, & FitzGerald (2022) to result in decreased greenness 3339 

and increased yellowness.  3340 

Table 4.2 Colour analysis of bovine milk protein isolate (MPI) and MPI hydrolysate aqueous 3341 

dispersions (1.5%, w/w, protein/protein equivalent) at 25C and pH 6.8 where L* value indicates 3342 

brightness, a* value indicates degree of redness or greenness, and b* value indicates degree of 3343 

yellowness or blueness. Degree of hydrolysis (DH) and molecular mass distribution values (< 1 3344 

kDa) were taken from Ryan et al. (2018).  3345 

Sample L* a* b* DH (%)1  < 1 kDa (%)1  

CTRL0 86.0 ± 0.01a - 1.46 ± 0.01a 1.41 ± 0.01e N/A N/A 

CTRL180 84.3 ± 0.02b - 1.34 ± 0.01b 1.81 ± 0.01d N/A N/A 

FLV60 77.4 ± 0.02c - 1.29 ± 0.01c 2.28 ± 0.01c 15.6 ± 2.62c 37.6 ± 0.74c 

FLV180 70.2 ± 0.02g - 0.68 ± 0.01d 0.88 ± 0.02g 37.1 ± 2.23a 64.3 ± 1.87a 

NEU30 72.8 ± 0.02d - 0.36 ± 0.01e 3.61 ± 0.01a 15.6 ± 2.14c 21.0 ± 0.36d 

NEU180 70.4 ± 0.01f - 0.37 ± 0.02e 1.19 ± 0.02f 22.9 ± 1.30b 35.6 ± 0.74c 

PRT30 71.8 ± 0.03e - 0.29 ± 0.01f 3.37 ± 0.02b 17.8 ± 2.37bc 47.0 ± 0.41b 

PRT180 69.9 ± 0.02h - 0.21 ± 0.01g 0.60 ± 0.01h 22.9 ± 1.58b 64.0 ± 1.26a 

1Data taken from Ryan et al., (2018) 3346 

MPI spray-dried control (CTRL0), MPI freeze-dried control (CTRL180), MPI Flavourzyme™ 60 3347 

min (FLV60) and 180 min hydrolysate (FLV180), MPI Neutrase™ 30 min (NEU30) and 180 min 3348 

hydrolysate (NEU180), and MPI Protamex™ 30 min (PRT30) and 180 min hydrolysate (PRT180). 3349 

The CTRL180 and MPI hydrolysate samples were all freeze-dried prior to resuspension. Values 3350 

represent mean ± standard deviation from triplicate analysis. Mean values with a common 3351 

superscript letter within the same column were not significantly different (P > 0.05).  3352 

The a* value of each of the hydrolysate sample dispersions was negative and the greenness was 3353 

reduced compared to the CTRL180 sample dispersion. Greenness was reduced with increasing DH 3354 

for the FlavourzymeTM and ProtamexTM sample dispersions. However, there was no significant 3355 
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difference between the NEU30 and NEU180 a* values (P > 0.05). The FLV60, NEU30 and PRT30 3356 

sample dispersions displayed positive b* values that were increased compared to the control 3357 

samples indicating increased levels of yellowness. It is considered that the extent of Maillard 3358 

reactions would be limited due to the low residual lactose content in the hydrolysate samples. 3359 

However, the generation of lower molecular mass peptides during hydrolysis exposes a higher 3360 

number of amino groups available for interaction and reaction with other components during the 3361 

subsequent heat treatment which may have contributed to the development of increased 3362 

yellowness. However, the yellowness of the hydrolysate dispersion samples was reduced with 3363 

increasing DH for each enzyme. This suggests the increased content of molecular mass peptides < 3364 

1 kDa reduced the development of yellowness in the hydrolysate samples following more 3365 

extensive hydrolysis. 3366 

4.4.4 Bitterness evaluation 3367 

Intact proteins do not typically elicit a bitter response because their large molecular size limits 3368 

their interaction with bitterness receptors (FitzGerald and O’Cuinn, 2006). However, hydrolysis 3369 

of protein resulting in the generation of peptides with hydrophobicity values > 1400 cal per mole, 3370 

molecular masses < 6 kDa and with a high content of Leu, Pro, Phe, Tyr, Ile and Trp residues are 3371 

likely to be bitter (Ney, 1971). Additionally, the hydrophobic regions of intact casein which are 3372 

typically located within the interior of the casein micelle become exposed following hydrolysis 3373 

resulting in increased bitterness perception. However, the development of bitterness in protein 3374 

hydrolysates may be limited in the presence of exopeptidase activities. The results of the bitterness 3375 

evaluation of the MPI control and hydrolysate dispersions (1.5% protein (w/w)) are presented in 3376 

Figure 4.3. As expected, the intact MPI control samples displayed the lowest mean bitterness 3377 
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scores (CTRL0: 1.57; CTRL180: 1.52). The enzyme preparation influenced the bitterness of the 3378 

resultant hydrolysate compared to the intact MPI controls while the effect of hydrolysis duration 3379 

was also hydrolytic enzyme dependent. The mean bitterness score of the FLV60 sample (2.14) 3380 

was higher but not significantly different (P > 0.05) to the CTRL0 and CTRL180 samples despite 3381 

having a DH of 15.6%. Merz et al. (2015) reported that FlavourzymeTM, which is an Aspergillus-3382 

derived enzyme preparation, contains different enzyme activities including 2 aminopeptidases 3383 

(leucine aminopeptidase A; leucine aminopeptidase 2), 2 dipeptidyl peptidases (dipeptidyl 3384 

peptidase 4; dipeptidyl peptidase 5) and 3 endopeptidases (neutral protease 1; neutral protease 2; 3385 

alkaline protease 1). Leucine aminopeptidases display a broad hydrolytic preference for amino 3386 

terminal Leu and hydrophobic amino acid residues with the exception of Pro residues at the N-3387 

terminal of peptides (Raksakulthai and Haard, 2003). Hydrolysis of MPI with FlavourzymeTM 3388 

yielded the highest level of free amino acids with hydrophobic side chain residues such as Leu, 3389 

Ile, Trp, Tyr, and Phe compared with the other hydrolysate samples as previously reported by Ryan 3390 

et al. (2018). The bitterness of peptides is highest when both the α-carboxyl and α-amino groups 3391 

of a hydrophobic amino acid are involved in peptide linkages while bitterness is comparatively 3392 

weakest when the hydrophobic amino acid is in its free state (Raksakulthai and Haard, 2003). The 3393 

FLV180 mean bitterness score (4.56) was significantly higher (P < 0.05) than for FLV60 but 3394 

significantly lower (P < 0.05) than the other hydrolysates. The increase in bitterness of the 3395 

FlavourzymeTM hydrolysate with increasing DH % may be related to the increased content of 3396 

peptides < 6 kDa in the FLV180 sample compared to the FLV60 sample. The NeutraseTM and 3397 

ProtamexTM hydrolysates displayed mean bitterness scores ranging from 8.80 to 9.39 (Figure 4.3). 3398 

The mean bitterness scores appeared to increase with increasing DH % but there was no significant 3399 
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difference (P > 0.05) between the NeutraseTM and ProtamexTM hydrolysates based on enzyme 3400 

preparation or DH %. The increased bitterness of the NeutraseTM and ProtamexTM compared to the 3401 

FlavourzymeTM hydrolysates is most likely due to the fact that NeutraseTM (derived from Bacillus 3402 

amyloliquefaciens) and ProtamexTM (derived from Bacillus spp.) do not contain exopeptidase 3403 

activity. To the best of our knowledge, this is the first study demonstrating the impact of hydrolysis 3404 

on the bitterness perception of either of FlavourzymeTM, NeutraseTM and ProtamexTM derived MPI 3405 

hydrolysates.    3406 
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 3407 
Figure 4.3 Bitterness score (1-10) of bovine milk protein isolate (MPI) and MPI hydrolysate aqueous dispersions (1.5% (w/w) 3408 

protein/protein equivalent) at 25C and pH 6.8. MPI control (CTRL0), MPI freeze-dried control (CTRL180), Flavourzyme™ 60 min 3409 

hydrolysate (FLV60) and 180 min hydrolysate (FLV180), Neutrase™ 30 min hydrolysate (NEU30) and 180 min hydrolysate (NEU180), 3410 

Protamex™ 30 min hydrolysate (PRT30) and 180 min hydrolysate (PRT180). The CTRL180 and MPI hydrolysate samples were all 3411 

freeze-dried prior to resuspension. Values represent mean ± standard deviation from duplicate analysis during two independent tasting 3412 

sessions. Mean values with a common letter were not significantly different (P > 0.05).  3413 
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4.5 Conclusions 3414 

To date, a limited number of studies have reported on the role of enzymatic hydrolysis on the 3415 

technofunctional properties of bovine MPI hydrolysates. This study evaluated the bitterness, 3416 

colour, surface tension and foaming properties of MPI and MPI hydrolysates generated with 3417 

FlavourzymeTM, NeutraseTM and ProtamexTM. Hydrolysis resulted in reduced surface tension; 3418 

however, foam stability was also decreased due the presence of reduced molecular mass peptides 3419 

and the formation of weak interfacial films that did not provide stability to the air bubbles of the 3420 

hydrolysate samples compared to intact protein. The hydrolysates displayed reduced whiteness 3421 

indicating casein micelle dissociation. Hydrolysis also resulted in increased bitterness depending 3422 

on the enzyme preparation and the DH%. FlavourzymeTM displayed the lowest bitterness scores 3423 

of the hydrolsate samples, most likely due to the presence of exopeptidase activities. The 3424 

differences in foaming and sensory properties between the different hydrolysate samples is 3425 

ultimately related to DH, molecular mass distribution and individual peptide profiles obtained with 3426 

a given enzyme preparation. However, peptide sequence analysis of the different hydrolysates was 3427 

not within the scope of this study. Based on this evaluation, there may be applications for the use 3428 

of hydrolysate samples in products/processes where foam is undesirable e.g., during evaporation, 3429 

discharge from pumps or pipes or during the reconstitution of milk powders in the manufacture of 3430 

recombined milk or infant formula; whereas the hydrolysate samples would require foam 3431 

stabilising agents e.g., viscosity enhancement agents for use in applications where foam is 3432 

desirable e.g., for cappuccino-style beverages. The use of FlavourzymeTM to limit bitterness 3433 

development may be a deciding selection factor in the use of hydrolysate ingredients in specific 3434 

food and beverage applications.   3435 
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5 Emulsification properties of bovine milk protein isolate (MPI) and associated enzymatic 3556 

hydrolysates 3557 

5.1 Abstract 3558 

Oil-in-water (O/W) emulsions were prepared using bovine milk protein isolate (MPI) or MPI 3559 

hydrolysates containing 1.60 % (w/v) protein, 3.60 % (w/v) lipid blend and 7.00 % (w/v) lactose. 3560 

The role of enzymatic treatment of MPI with FlavourzymeTM, NeutraseTM and ProtamexTM at two 3561 

hydrolysis time points per enzyme (ranging in degree of hydrolysis (DH) from 15.6 to 37.1%) on 3562 

the emulsifying properties was determined. All emulsion samples had mean fat globule size (d43) 3563 

values < 1 μm after homogenisation. The hydrolysate containing emulsions displayed reduced 3564 

emulsion stability under accelerated storage conditions, i.e., following an applied centrifugal force, 3565 

and reduced heat stability at pH 7.0 compared with emulsions formed using intact MPI. The results 3566 

demonstrated that hydrolysis reduced emulsion stability in the model system studied. Emulsion 3567 

instability was hydrolytic enzyme dependent, increased with increasing DH and increasing content 3568 

of peptides < 1 kDa.  3569 
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5.2 Introduction 3570 

Many food systems, including infant formula, exist in the form of oil-in-water (O/W) emulsions. 3571 

During the manufacture of powder products, homogenisation is followed by concentration and 3572 

spray drying. In the case of ready-to-feed products, the emulsion is generally further thermally 3573 

processed at ultra-high temperature (UHT) before packaging (McSweeney, Mulvihill & 3574 

O’Callaghan, 2004).  3575 

Milk protein ingredients are widely used in nutritional products and have excellent emulsifying 3576 

ability as they lower the interfacial tension and rapidly adsorb at the oil-water interface of newly 3577 

formed oil droplets (Dickinson, 2001). Milk protein hydrolysates are also typically used in 3578 

specialised nutritional products because hydrolysed proteins are more easily digested and have 3579 

substantially reduced immunological reactivities (Singh & Ye, 2014). Relatively stable emulsions 3580 

can be formed with whey protein hydrolysates having a high proportion of peptides > 5 kDa 3581 

(Euston, Finnegan & Hirst, 2001) and casein hydrolysates with a high proportion of peptides > 2 3582 

kDa (Van der Ven, Gruppen, de Bont, & Voragen 2001) possibly due to the generation of more 3583 

flexible amphiphilic peptides (Flanagan & FitzGerald, 2002). Whereas, hydrolysis of whey protein 3584 

and casein ingredients leading to a high proportion of peptides < 2 kDa typically results in a highly 3585 

unstable emulsion with reduced emulsifying ability and heat stability because the short peptides 3586 

form adsorbed layers with low surface viscosity (Euston, Finnegan & Hirst, 2001; Chobert, 3587 

Bertrand-Harb & Nicolas 1988).  3588 

Hydrolysis of milk protein concentrate (MPC) with chymotrypsin (degree of hydrolysis (DH): 3589 

~24%) and trypsin (DH: ~15%) was reported to improve its emulsifying ability and stability 3590 

(Banach, Lin & Lamsal, 2013). However, Lim, Fenelon & McCarthy (2019) reported that MPC 3591 
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tryptic hydrolysate (DH: 10 & 15%) emulsions had reduced emulsion and heat stability compared 3592 

to intact MPC emulsions.  3593 

A previous study by Ryan, Nongonierma, O’Regan & FitzGerald (2018) demonstrated that 3594 

enzymatic hydrolysis of MPI with Flavourzyme™, Neutrase™ and Protamex™ (at two DH values 3595 

per enzyme) resulted in enhanced nitrogen solubility between pH 4.0 and 7.0 and a reduction in 3596 

heat stability at 140C between pH 6.2 and 7.4. Enzyme preparations from fungal 3597 

(Flavourzyme™) and bacterial (Neutrase™ and Protamex™) sources were chosen for MPI 3598 

hydrolysate generation due to their compliance with the growing demand for Halal food production 3599 

and processing (Ermis, 2017). FlavourzymeTM contains multiple enzyme activities including both 3600 

endopeptidase and exopeptidase activity (Merz et al. 2016). NeutraseTM and ProtamexTM both 3601 

contain endopeptidase activity but with different specificities (Madsen, Ahmt, Otte, Halkier & 3602 

Qvist, 1997; Groen, Meldal, & Breddam, 1992). While the use of these food-grade enzymes has 3603 

been previously described for the generation of different milk protein hydrolysates, e.g., casein 3604 

and whey protein hydrolysates, limited information appears to exist on the functional properties of 3605 

MPI hydrolysates generated with these enzyme activities. 3606 

The hypothesis of the present work was that enzymatic treatment would modify both the emulsion 3607 

and the heat stabilities of emulsions manufactured with the MPI hydrolysates. Therefore, model 3608 

O/W emulsions were prepared using intact and hydrolysed MPI along with lactose and a lipid 3609 

blend. The overall objective being to investigate the contribution of enzymatic hydrolysis to both 3610 

the emulsion and the thermal stabilities of the model O/W emulsions. 3611 
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5.3 Materials and methods 3612 

5.3.1 Materials 3613 

Bovine MPI (88.1% (w/w) protein, 1.40% (w/w) fat, 0.16% (w/w) lactose & 6.40% (w/w) ash) 3614 

was purchased from Kerry Ingredients (Listowel, Ireland) and is referred to as CTRL0 throughout. 3615 

Lactose was purchased from Kerry Ingredients (Listowel, Ireland) and a lipid blend (containing a 3616 

mixture of approximately 35% (w/w) palm oil, 25% (w/w) soybean oil, 20% (w/w) coconut oil 3617 

and 20% (w/w) sunflower oil) was obtained from a commercial supplier. All chemicals used were 3618 

obtained from Sigma Aldrich (Dublin, Ireland) and were of analytical grade unless stated 3619 

otherwise. All analysis was performed in triplicate unless stated otherwise.  3620 

5.3.2 Preparation of MPI hydrolysates  3621 

Hydrolysates were produced as previously described by Ryan, Nongonierma, O’Regan & 3622 

FitzGerald (2018) using Flavourzyme™ (FLV), Neutrase™ (NEU) and Protamex™ (PRT). In 3623 

brief, the enzyme preparations were added to MPI (10% (w/w) protein) at an enzyme to substrate 3624 

ratio of 1:50 (on a protein basis). The reaction was held at pH 7.0 using a pH stat (718 stat Titrino, 3625 

Methrohm, Herisau, Switzerland) and at 50C using a waterbath (Lauda E100, Lauda Brinkmann, 3626 

Lauda-Königshofen, Germany) for a total duration of 180 min. Hydrolysate samples were 3627 

withdrawn at different time points and were heat inactivated at 90C for 20 min prior to freeze-3628 

drying (Free Zone 18 L, Labconco, Kansas City, MO, USA). An MPI control sample, without 3629 

enzyme, was prepared under the same pH, temperature and thermal inactivation at 90C during a 3630 

180 min incubation period. This sample was also freeze-dried and is referred to as CTRL180 3631 

throughout. The MPI hydrolysates were identified by the enzyme used and the hydrolysis time in 3632 
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min, i.e., FLV60, FLV180, NEU30, NEU180, PRT30 and PRT180. The DH of each hydrolysate 3633 

was determined using the 2,4,6-trinitrobenzenesulfonic acid (TNBS) method (Adler-Nissen, 3634 

1979). The FLV60 and FLV180 hydrolysates had DH values of 15.6 and 37.1% respectively. The 3635 

NEU30 and NEU180 hydrolysates had DH values of 15.6 and 22.9% respectively. The PRT30 and 3636 

PRT180 had DH values of 17.8 and 21.6%, respectively (Ryan, Nongonierma, O’Regan & 3637 

FitzGerald, 2018). These hydrolysis timepoints were chosen because the DH reached a plateau 3638 

after the 180 min incubation with each of the enzymes. The FLV60, NEU30 and PRT30 3639 

hydrolysates have similar DH values and therefore these samples provide an intermediate DH 3640 

between that of the controls and the 180 min hydrolysates.  3641 

5.3.3 Preparation of model oil-in-water emulsions 3642 

MPI control (CTRL0 and CTRL180) and MPI hydrolysate (FLV60, FLV180, NEU30, NEU180, 3643 

PRT30, PRT180) powders and lactose were reconstituted in distilled water under constant 3644 

agitation at 60C for 2 h and were adjusted to pH 7.0 with HCl and NaOH as required. Sodium 3645 

azide (0.02% w/v) was added to prevent microbial growth. A lipid blend (as outlined in Section 3646 

5.3.1) was added to the aqueous phase, resulting in a mixture containing 1.60 % (w/v) 3647 

protein/protein equivalent (in the case of hydrolysates), 3.60 % (w/v) lipid blend and 7.00 % (w/v) 3648 

lactose. The composition of the emulsions was based on a commercially available casein dominant 3649 

infant formula and was designed to comply with EU (EU Commission Delegated Regulation 3650 

2016/127) and Codex (Codex Stan 72-1981 Revision 2007) infant formula regulations for protein, 3651 

fat and carbohydrate as per Table 5.1. Following lipid blend addition, a coarse emulsion was 3652 

formed by mixing the solution using an Ultra Turrax T25 high-performance disperser (IKA ® 3653 

Werke GmbH & Co. KG, Staufen, Germany) at 16,000 rpm for 30 s. The coarse emulsion was 3654 
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immediately homogenised using a two-stage laboratory-scale homogeniser (APV Products, 3655 

Albertslund, Denmark) for 3 passes at 50C and a total pressure of 200 bar (second stage pressure 3656 

20 bar). All emulsions were prepared in duplicate.  3657 

Table 5.1 Composition of model oil-in-water emulsions obtained using bovine milk protein isolate 3658 

(MPI) and hydrolysate samples compared to EU (EU Commission Delegated Regulation 3659 

2016/127) and Codex (Codex Standard 72-1981 Revision 2007) Regulations.  3660 

Nutrient Emulsion 

(% w/v) 

Emulsion 

(per 100 Kcal) 

EU 

(per 100 Kcal) 

Codex 

(per 100 Kcal) 

Protein (g) 1.60 2.40 1.80-2.50 1.80-3.00 

Fat (g) 3.60 5.39 4.40-6.00 4.40-6.00 

Carbohydrate (g) 7.00 10.5 9.00-14.00 9.00-14.00 

 3661 

5.3.4 Measurement of fat globule size distribution 3662 

The fat globule size distribution and mean fat globule size of each emulsion was determined within 3663 

2 h of homogenisation using a laser light diffraction unit (Mastersizer 3000, Malvern Instruments 3664 

Ltd., Worcestershire, UK) equipped with a 300 RF lens. The optical parameters used were a 3665 

particle refractive index of 1.46, a dispersant (distilled water) refractive index of 1.33 and an 3666 

absorption index of 0.01. Fat globule size distributions were reported as d90 (cumulative volume 3667 

diameter of 90%: particle size below which 90% of sample volume was found) and volume 3668 

weighted mean fat globule size (d43): 3669 

𝑑43 =  
∑ 𝑛𝑖𝑑𝑖

4

∑ 𝑛𝑖𝑑𝑖
3   3670 

where ni is the number of particles with diameter di. 3671 
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5.3.5 Ionic calcium concentration 3672 

Ionic Ca2+ was determined using a Ca2+ selective probe (Metrohm, Evenwood, UK). The probe 3673 

was calibrated using 1.0, 5.0 and 10.0 mM calcium solutions (prepared using CaCl2 and KCl). The 3674 

calibrated probe was immersed in freshly prepared emulsion samples held at 25C and 3675 

magnetically stirred for 10 min. The results were expressed as millimoles Ca2+ L-1. 3676 

5.3.6 Zeta potential 3677 

The zeta () potential of the freshly prepared emulsions (diluted 1:100 in distilled water) was 3678 

measured using a Malvern Zetasizer Nano ZS system (Malvern Instruments Ltd., Worcestershire, 3679 

UK) at 25C and an applied voltage of 75 V.  3680 

5.3.7 Accelerated emulsion stability  3681 

Accelerated emulsion stability was measured in freshly prepared emulsion samples (within 2 h of 3682 

homogenisation) using a LUMiSizer 6112 (L.U.M. GmbH, Berlin, Germany), an analytical 3683 

centrifuge which applies a specified centrifugal force while measuring the intensity of near infrared 3684 

(NIR) light transmitted across the length of a sample as a function of centrifugation time. Aliquots 3685 

(400 L) of the emulsions were transferred into polycarbonate measurement cells (2 mm light 3686 

path). These were then loaded into the LUMiSizer and centrifuged at 4,000 rpm (2325 x g) for 100 3687 

min. NIR transmission measurements were taken at 10 s intervals across the length of the tube. 3688 

The data was captured and processed using SepView 6.0 software (L.U.M. GmbH, Berlin, 3689 

Germany). The software was also used to calculate an emulsion instability index, as described by 3690 

Detloff, Sobisch and Lerche (2013). The instability index was calculated based on emulsion 3691 

clarification due to phase separation and divided by the maximum transmission possible under the 3692 
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applied centrifugal force. The instability index was expressed as a dimensionless number between 3693 

0 and 1, where 0 indicates no change in NIR transmission and 1 indicates complete phase 3694 

separation (Yerramilli and Ghosh, 2017). 3695 

5.3.8 Heat stability  3696 

The heat coagulation times (HCT) of freshly prepared emulsion samples were determined in an oil 3697 

bath (Elbanton BV, Kerkdriel, The Netherlands). Aliquots (2 mL) of the emulsions were 3698 

transferred into glass tubes (10 mm x 120 mm, AGB Scientific, Dublin, Ireland) and sealed with 3699 

rubber stoppers. The tubes were placed in a metal rack and immersed in the oil bath (with 3700 

continuous oscillation) at 90, 100, 120 and 140C.  The HCT of each emulsion was determined as 3701 

the time required to induce visual coagulation/flocculation of the sample (Flanagan & FitzGerald, 3702 

2003).  3703 

5.3.9 Measurement of apparent viscosity  3704 

The apparent viscosity of the emulsions was determined at 45 and 90C using a DHR-1 Rheometer 3705 

(TA Instruments Ltd., Crawley, UK) fitted with a standard sized concentric cylinder geometry (TA 3706 

Instruments Ltd.). A shear rate increasing from 0.01 to 300 s-1 was applied to the freshly prepared 3707 

emulsion samples over 120 s followed by holding at a constant shear of 300 s-1 for a further 120 s. 3708 

The apparent viscosity of the freshly prepared emulsion samples was also determined under 3709 

simulated pasteurisation, i.e., high temperature, short time (HTST) heating and cooling conditions 3710 

using a DHR-1 Rheometer fitted with a starch pasting cell geometry (TA Instruments Ltd.). A 3711 

fixed shear rate of 16.8 s-1 was applied throughout. The samples were held at 65C for 80 s and 3712 

the temperature was then increased from 65C to 85C at a heating rate of 15C min-1. The samples 3713 
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were then held at 85C for 60 s and cooled to 10C at a cooling rate of 15C min-1 and then held 3714 

for a further 420 s at 10C. 3715 

5.3.10 Statistical analysis  3716 

Statistical analysis was performed using one-way analysis of variance (ANOVA) with post hoc 3717 

Tukey analysis. The level of significance was considered as P < 0.05. All statistical analysis was 3718 

carried out using Minitab 18 (Minitab Inc., Coventry, United Kingdom). 3719 

5.4 Results and discussion 3720 

5.4.1 Fat globule size distribution 3721 

The fat globule sizes of the emulsions are presented in Table 5.2. The emulsions prepared with the 3722 

MPI controls (CTRL0 & CTRL180) had significantly lower (P < 0.05) mean fat globule sizes 3723 

following analysis within 2 h of preparation (d90: 0.761 & 0.769 μm; d43: 0.479 & 0.487 μm, 3724 

respectively) compared to the hydrolysate generated emulsions. The PRT180 emulsion had a 3725 

significantly larger (P < 0.05) mean fat globule size compared with the other hydrolysate 3726 

emulsions following analysis within 2 h of preparation (d90: 1.43 μm; d43: 0.842 μm). The fat 3727 

globule sizes of the emulsions did not significantly increase (P > 0.05) with increasing DH for the 3728 

hydrolysates generated with any of the enzymes used for hydrolysis. All of the emulsions displayed 3729 

a monomodal fat globule size distribution within 2 h of preparation as per Figure 5.1. However, in 3730 

addition to a single peak at ~ 1 μm, all of the emulsions formed with hydrolysates also displayed 3731 

a shoulder at ~ 10 μm, except for the emulsion generated with NEU30. It is desirable that the 3732 

emulsion droplets formed are uniformly small (below ~ 1 μm) in the case of ready-to-feed infant 3733 

formula products. Emulsions having fat globules > 1 μm are considered to be susceptible to 3734 



 

208 

 

destabilisation during downstream processing (e.g., pasteurisation) and to subsequent creaming 3735 

during storage (Dickinson, 1997). Therefore, the emulsions generated with FLV180 and PRT180 3736 

were at greater risk of emulsion destabilisation than the other emulsions as they both displayed d90 3737 

values > 1 μm (1.28 & 1.43 μm, respectively). 3738 

Table 5.2 Mean fat globule size (d43), cumulative volume diameter of 90% (d90) and -potential 3739 

(mV) of freshly prepared emulsions formed using bovine milk protein isolate (MPI) and MPI 3740 

hydrolysate samples.  3741 

Sample 

d90  

(μm) 

d43 -potential 

(μm) (mV) 

CTRL0 0.761 ± 0.03a 0.479 ± 0.09a -29.6 ± 0.55a 

CTRL180 0.769 ± 0.02a 0.487 ± 0.01a -29.4 ± 0.99a 

FLV60 0.931 ± 0.13ab 0.646 ± 0.15ab -30.8 ± 1.01ab 

FLV180 1.280 ± 0.41ab 0.690 ± 0.18ab -33.1 ± 1.32cd 

NEU30 0.873 ± 0.24ab 0.527 ± 0.13ab -30.1 ± 0.98ab 

NEU180 0.951 ± 0.29ab 0.630 ± 0.06ab -32.1 ± 0.89bcd 

PRT30 0.977 ± 0.26ab 0.697 ± 0.07ab -33.5 ± 0.31d 

PRT180 1.430 ± 0.31b 0.842 ± 0.14b -33.7 ± 0.86d 

MPI control emulsion (CTRL0), MPI freeze-dried control emulsion (CTRL180), Flavourzyme™ 3742 

60 min hydrolysate emulsion (FLV60) and 180 min hydrolysate emulsion (FLV180), Neutrase™ 3743 

30 min hydrolysate emulsion (NEU30) and 180 min hydrolysate emulsion (NEU180), Protamex™ 3744 

60 min hydrolysate emulsion (PRT30) and 180 min hydrolysate emulsion (PRT180). Values 3745 

represent mean ± standard deviation from triplicate analysis. Mean values with a common 3746 

superscript letter within the same column are not significantly different (P > 0.05).  3747 
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 3748 
Figure 5.1 Fat globule size distribution profiles of freshly prepared emulsions formed using bovine milk protein isolate (MPI) and MPI 3749 

hydrolysate samples. (A) MPI control emulsion (CTRL0), (B) freeze-dried MPI control emulsion (CTRL180), (C) Flavourzyme™ 60 3750 

min hydrolysate emulsion (FLV60) and (D) 180 min hydrolysate emulsion (FLV180), (E) Neutrase™ 30 min hydrolysate emulsion 3751 

(NEU30) and (F) 180 min hydrolysate emulsion (NEU180), (G) Protamex™ 30 min hydrolysate emulsion (PRT30) and (H) 180 min 3752 

hydrolysate emulsion (PRT180).   3753 
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5.4.2 Zeta potential and ionic calcium concentration  3754 

All of the emulsions formed with the hydrolysates displayed significantly higher (P < 0.05) 3755 

negative -potential than the CTRL0 and CTRL180 emulsions (-29.6 & -29.4 mV respectively) at 3756 

pH 7.0 (Table 5.2) except for the FLV60 and NEU30 emulsions (-30.8 & -30.1 mV respectively). 3757 

Only the emulsions generated with the FlavourzymeTM hydrolysates displayed a significant 3758 

increase in -potential negative charge with increasing DH with a mean increase of 2.3 mV for the 3759 

FLV60 emulsion (-30.8 mV) to the FLV180 emulsion (-33.1 mV). The FlavourzymeTM 3760 

hydrolysates also had the largest DH increase between hydrolysis points, i.e., from FLV60 (15.6%) 3761 

to FLV180 (37.1%) (Ryan, Nongonierma, O’Regan & FitzGerald, 2018) which was expected to 3762 

have contributed to the increase in emulsion -potential negative charge. It has been reported that 3763 

the -potential negative charge of hydrolysed whey protein (Schröder, Bertin-Carabin, Venema, 3764 

& Cornacchia, 2017) and casein (Mahmoud, Malone and Cordle, 1992) increased with increasing 3765 

DH% due to the greater number of charged amino acids and peptides liberated during the cleavage 3766 

of peptide bonds.  3767 

All of the emulsions formed with the hydrolysates had significantly higher (P < 0.05) ionic Ca2+ 3768 

concentrations compared to the CTRL0 and CTRL180 emulsions (Table 5.3). The higher ionic 3769 

Ca2+ concentrations in the hydrolysate emulsions was related to the release of calcium from the 3770 

casein micelle during the hydrolysis process. However, the ionic Ca2+ concentrations of the 3771 

emulsions did not significantly increase (P > 0.05) with increasing DH for any of the enzymes. 3772 

The addition of calcium chloride to whey protein hydrolysate (Ramkumar, Singh, Munro & Singh, 3773 

2000) and casein hydrolysate (Agboola & Dalgleish, 1996) stabilized O/W emulsions, at levels of 3774 

20 mM and 13 mM ionic Ca2+ respectively, has been shown to reduce emulsion stability. It has 3775 
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been reported that peptides adsorbed at the oil/water interface may be bound to each other via ionic 3776 

Ca2+, leading to a reduction in charge density and electrostatic repulsion, thereby increasing the 3777 

probability of droplet flocculation (Singh & Ye, 2014).  In the present work, though at much lower 3778 

levels than described in the literature, it is suggested that the increased ionic Ca2+ in the MPI 3779 

hydrolysates compared to the intact MPI may have led to binding of calcium by the adsorbed 3780 

peptides, thereby reducing the -potential and electrostatic stability of the MPI hydrolysate 3781 

emulsions.    3782 

Table 5.3 Heat coagulation time (HCT) at 90, 100, 120 and 140C and calcium ion concentration 3783 

(mM) at 25C of freshly prepared emulsions formed using bovine milk protein isolate (MPI) and 3784 

MPI hydrolysate samples.  3785 

Sample 

Ca2+ ion 

(mM) 

Heat coagulation time (sec) 

90C 100C 120C 140C 

CTRL0 1.27 ± 0.04a >1800a >1800a 684 ± 2.52a 231 ± 4.36a 

CTRL180 1.13 ± 0.03a >1800a >1800a 699 ± 3.61b 204 ± 4.04b 

FLV60 1.93 ± 0.16b 231 ± 2.31g 53.6 ± 2.08g <5.00g <5.00d 

FLV180 2.25 ± 0.09bc 336 ± 2.08e 97.7 ± 2.00f 14.0 ± 1.73f <5.00d 

NEU30 2.46 ± 0.08cd 633 ± 5.03b 287 ± 2.56b 48.2 ± 3.06c 11.4 ± 1.22c 

NEU180 2.68 ± 0.09d 512 ± 3.51c 261 ± 3.79c 37.1 ± 1.40d <5.00d 

PRT30 2.54 ± 0.22cd 388 ± 3.21d 195 ± 3.21d 23.9 ± 2.29e <5.00d 

PRT180 2.74 ± 0.14d 290 ± 2.65f 121 ± 2.08e 19.4 ± 1.87ef <5.00d 

MPI control emulsion (CTRL0), MPI freeze-dried control emulsion (CTRL180), Flavourzyme™ 3786 

60 min hydrolysate emulsion (FLV60) and 180 min hydrolysate emulsion (FLV180), Neutrase™ 3787 

30 min hydrolysate emulsion (NEU30) and 180 min hydrolysate emulsion (NEU180), Protamex™ 3788 

60 min hydrolysate emulsion (PRT30) and 180 min hydrolysate emulsion (PRT180). Values 3789 

represent mean ± standard deviation from triplicate analysis. Mean values with a common 3790 

superscript letter within the same column are not significantly different (P > 0.05). 3791 
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5.4.3 Accelerated emulsion stability  3792 

The NIR transmission profiles obtained during accelerated emulsion stability analysis are 3793 

presented in Figure 5.2. The analysis is shown between the top of the cell (104 mm) and the bottom 3794 

of the cell (129 mm). All samples displayed changes in light transmission through the cell 3795 

indicating migration of fat globules under the applied centrifugal force. NIR transmission ranged 3796 

from ~30% at the top of the cell to ~50% at the bottom of the cell for the emulsions formed with 3797 

the control MPI samples. These results indicate that the samples were not homogenous under the 3798 

applied centrifugal force and that phase separation was more prevalent toward the top of the cell 3799 

(indicative of creaming) compared to the bottom of the cell (indicative of sedimentation). The 3800 

CTRL0 and CTRL180 emulsions were more stable against gravitational separation than the 3801 

emulsions prepared with the MPI hydrolysates in all cases. The emulsions formed with the 3802 

hydrolysate samples demonstrated the same trend as the controls in that light transmission was 3803 

higher at the bottom of the cell than the top. This indicates migration of the fat globules to the top 3804 

of the cell and the occurrence of creaming. The spacing between the transmission profile bands 3805 

was further apart for the emulsions formed with the hydrolysate samples compared to the control 3806 

emulsions suggesting a more rapid phase separation rate. This correlates with the calculated 3807 

emulsion instability index values (Figure 5.3) whereby the CTRL0 and CTRL180 emulsions had 3808 

the lowest (P < 0.05) mean instability index values (0.415 and 0.413, respectively) indicating the 3809 

highest emulsion stability under the applied centrifugal force. The NEU30 emulsion had the lowest 3810 

(P < 0.05) mean instability index value (0.634) of the hydrolysate emulsions while the PRT180 3811 

emulsion had the highest (P < 0.05) mean instability index (0.827). The instability index of the 3812 

emulsions increased significantly (P < 0.05) with increasing DH for all enzymes. This increase in 3813 
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instability index and the increase in spacing between the NIR transmission profile bands is 3814 

indicative of a reduction in emulsion stability under the applied centrifugal force with increasing 3815 

DH.  3816 

 3817 
Figure 5.2 LUMiSizer phase separation near infrared (NIR) transmission profiles of freshly 3818 

prepared emulsions formed using bovine milk protein isolate (MPI) and MPI hydrolysate samples. 3819 

(A) MPI control emulsion (CTRL0), (B) freeze-dried MPI control emulsion (CTRL180), (C) 3820 

Flavourzyme™ 60 min hydrolysate emulsion (FLV60) and (D) 180 min hydrolysate emulsion 3821 

(FLV180), (E) Neutrase™ 30 min hydrolysate emulsion (NEU30) and (F) 180 min hydrolysate 3822 

emulsion (NEU180), (G) Protamex™ 30 min hydrolysate emulsion (PRT30) and (H) 180 min 3823 

hydrolysate emulsion (PRT180). 3824 
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The nature of the protein film surrounding the oil droplets dictates emulsion formation and stability 3825 

(Britten & Giroux, 1991). Intact proteins are reported to form a more viscous and charged adsorbed 3826 

layer, in comparison to hydrolysed protein, which can stabilise emulsions through both steric and 3827 

electrostatic mechanisms (Dalgleish, 2006). The CTRL0 and CTRL180 emulsions displayed the 3828 

smallest mean fat globule size and were more stable against an applied centrifugal force compared 3829 

to the emulsions prepared with the MPI hydrolysates. The greater instability of the emulsions 3830 

generated with the hydrolysed MPI compared to intact MPI may be related to the presence of high 3831 

levels of low molecular mass peptides which form low viscosity adsorbed layers making the 3832 

emulsion less stable (Euston, Finnegan & Hirst, 2001). The molecular mass of the peptides in the 3833 

MPI hydrolysates decreased with increasing DH (Ryan, Nongonierma, O’Regan & FitzGerald, 3834 

2018). The MPI hydrolysates produced with FlavourzymeTM, i.e., FLV60 and FLV180 had 37.6 3835 

and 64.3 %, respectively, of their peptides < 1 kDa. The MPI hydrolysates produced with 3836 

NeutraseTM i.e., NEU30 and NEU180 had 21.0 and 35.6 %, respectively, of their peptides < 1 kDa. 3837 

The MPI hydrolysates produced with ProtamexTM, i.e., PRT30 and PRT180 had 47.0 and 64.0 %, 3838 

respectively, of their peptides < 1 kDa. The FLV180 and PRT180 hydrolysates had the highest 3839 

levels of peptides < 1 kDa compared to the other MPI hydrolysate samples. The FLV180 and 3840 

PRT180 emulsions both had d90 values greater than 1 μm and displayed the lowest emulsion 3841 

stabilities following the accelerated stability analysis. The NEU30 hydrolysate displayed the 3842 

lowest level of peptides < 1 kDa compared to the other MPI hydrolysate samples and subsequently 3843 

the NEU30 emulsion had the lowest mean fat globule size post-homogenisation of the hydrolysate 3844 

samples and displayed less phase separation compared with the other hydrolysate emulsions. 3845 

Despite the hydrolysed emulsions having a negative -potential, which was slightly higher than 3846 
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the control samples (Table 5.2), it is presumed that the electrostatic repulsion in the hydrolysed 3847 

emulsions was not sufficient to maintain emulsion stability under the applied centrifugal force.  3848 

 3849 

Figure 5.3 Instability index of freshly prepared emulsions formed using bovine milk protein 3850 

isolate (MPI) and MPI hydrolysate samples. MPI control emulsion (CTRL0), freeze-dried MPI 3851 

control emulsion (CTRL180), Flavourzyme™ 60 min hydrolysate emulsion (FLV60) and 180 min 3852 

hydrolysate emulsion (FLV180), Neutrase™ 30 min hydrolysate emulsion (NEU30) and 180 min 3853 

hydrolysate emulsion (NEU180), Protamex™ 60 min hydrolysate emulsion (PRT30) and 180 min 3854 

hydrolysate emulsion (PRT180). Values represent mean ± standard deviation from triplicate 3855 

analysis. Mean values with a common letter are not significantly different (P > 0.05). 3856 

5.4.4 Emulsion heat stability 3857 

A large reduction in the heat stability of MPI stabilised emulsions was observed following 3858 

enzymatic treatment (Table 5.3). The CTRL0 and CTRL180 emulsions did not coagulate at pH 3859 

7.0 following heating at 90 and 100 C for 30 min. Coagulation occurred in the control samples 3860 
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(CTRL0 and CTRL180) at 120 C (684 and 699 s, respectively) and 140 C (231 and 204 s, 3861 

respectively). The heat stability in the hydrolysate emulsions was significantly lower (P < 0.05) 3862 

compared to the CTRL0 and CTRL180 emulsions at all heating temperatures. The FLV60 3863 

emulsion had the lowest (P < 0.05) heat stability of all of the hydrolysate samples at all heating 3864 

temperatures. This is in agreement with the low heat stability of the FLV60 hydrolysate ingredient 3865 

on heating at 140 C, as previously reported (Ryan, Nongonierma, O’Regan & FitzGerald, 2018). 3866 

The FLV180 emulsion had a significantly higher (P < 0.05) heat stability compared to the FLV60 3867 

emulsion on heating at 90, 100 and 120 C at all heating temperatures. NeutraseTM and ProtamexTM 3868 

hydrolysate emulsions displayed significantly lower (P < 0.05) heat stability with increasing DH 3869 

at 90, 100 and 120  C. All of the hydrolysate emulsions coagulated in less than 5 s on heating at 3870 

140 C, except for the NEU30 emulsion which coagulated after 11 s. The heat stability of the 3871 

emulsions formed with the hydrolysates may have been reduced because of the effect of hydrolysis 3872 

on casein micelle structure, which is important for casein heat stability (Ryan, Nongonierma, 3873 

O’Regan & FitzGerald, 2018) coupled with the higher Ca2+ concentrations (Table 5.3). The 3874 

hydrolysate emulsions contain a large proportion of peptides < 1 kDa at the interfacial adsorbed 3875 

layer which would be expected to not have sufficient steric or electrostatic stabilisation to prevent 3876 

heat induced coalescence (Ye & Singh 2006). 3877 

5.4.5 Apparent viscosity  3878 

The mean apparent viscosity at both 45 and 90 C of the emulsions formed with CTRL0 (3.61 & 3879 

3.20 mPa s, respectively) and CTRL180 (3.60 & 3.19 mPa s, respectively) at a shear rate of 300 s-3880 

1 was significantly higher (P < 0.05) than for the hydrolysate emulsion samples (Figure 5.4A and 3881 
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B). The CTRL0 and CTRL180 emulsions were expected to be more viscous due to being formed 3882 

using intact protein. The NEU30 emulsion had a significantly higher (P < 0.05) mean apparent 3883 

viscosity at a shear rate of 300 s-1 at 45 C and 90 C (3.12 & 3.02 mPa s, respectively) compared 3884 

to the other hydrolysate emulsion samples. The NEU30 hydrolysate had the lowest proportion of 3885 

peptides less than 1 kDa compared to the other hydrolysate samples which would be expected to 3886 

lead to more viscous emulsions. The higher viscosity of the CTRL0 and CTRL180 emulsions was 3887 

expected to have resulted in these emulsions being more stable to creaming compared to the 3888 

hydrolysate emulsions. Increasing the viscosity of the emulsion reduces the probability of 3889 

collisions between oil droplets and subsequent coalescence (Spasic, 2018).  3890 

(A) 3891 

 3892 
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(B) 3893 

 3894 
Figure 5.4 Apparent viscosity of freshly prepared emulsions formed using bovine milk protein 3895 

isolate (MPI) and MPI hydrolysate samples at a shear rate of 300 s-1 assessed at (A) 45 and (B) 3896 

90C. MPI control (CTRL0) (—♦—), freeze-dried MPI control (CTRL180) (—◊—). 3897 

Flavourzyme™ 60 min (FLV60) (—▲—) and 180 min hydrolysate (FLV180) (˗ ˗Δ˗ ˗), 3898 

Neutrase™ 30 min (NEU30) (—●—) and 180 min hydrolysate (NEU180) (˗ ˗○˗ ˗), Protamex™ 3899 

30 min (PRT30) (—■—) and 180 min hydrolysate (PRT180) (˗ ˗□˗ ˗). Values represent the mean 3900 

from triplicate analysis. 3901 

Upon application of simulated HTST conditions and rapid cool-down to 10 C, the CTRL0 and 3902 

CTRL180 emulsions displayed a small increase in viscosity at pH 7.0 (Figure 5.5). The hydrolysate 3903 

emulsions displayed similar viscosities to the control samples during the heating stage. However, 3904 

all of the hydrolysate emulsions displayed significantly higher (P < 0.05) mean viscosities on 3905 

cooling to 10 C compared to the CTRL0 and CTRL180 emulsions (15.4 & 16.1 mPa s, 3906 

respectively), which is indicative of aggregate formation. The highest mean viscosity on cooling 3907 
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to 10 C was observed in the FLV60 emulsion (25.7 mPa s) (P < 0.05); which also showed the 3908 

lowest HCT at all temperatures tested. The NEU30 emulsion exhibited significantly lower (P < 3909 

0.05) mean viscosity on cooling to 10 C (17.7 mPa s) compared to the other hydrolysate emulsions 3910 

which also correlates with the respective HCT values for this emulsion at all temperatures tested.  3911 

 3912 
Figure 5.5 Evolution of viscosity during simulated high temperature short time (HTST) heating 3913 

and cooling of emulsions formed using bovine milk protein isolate (MPI) and MPI hydrolysate 3914 

samples as a function of temperature. MPI control (CTRL0) (—♦—), freeze-dried MPI control 3915 

(CTRL180) (—◊—), Flavourzyme™ 60 min (FLV60) (—▲—) and 180 min hydrolysate 3916 

(FLV180) (˗ ˗Δ˗ ˗), Neutrase™ 30 min (NEU30) (—●—) and 180 min hydrolysate (NEU180) (˗ 3917 

˗○˗ ˗), Protamex™ 30 min (PRT30) (—■—) and 180 hydrolysate (PRT180) (˗ ˗□˗ ˗), temperature 3918 

˗ ˗. Values represent the mean of triplicate analysis. 3919 

5.5 Conclusions 3920 

O/W emulsions were generated with intact MPI and MPI hydrolysates generated with 3921 

FlavourzymeTM, NeutraseTM and ProtamexTM. The emulsions formed with the hydrolysate 3922 

ingredients displayed reduced emulsion stability during accelerated stability analysis and reduced 3923 

heat stability compared to the intact MPI emulsions. Emulsion instability was hydrolytic enzyme 3924 
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preparation dependent and increased with increasing DH% for a given enzyme. While hydrolysis 3925 

led to emulsions with a small increase in net charge, which may have been offset by the increased 3926 

ionic Ca2+, this change was not sufficient to maintain stability in the emulsions generated with 3927 

hydrolysed MPI. The lower viscosity of the hydrolysate emulsions was attributed to the presence 3928 

of high levels of peptides less than 1 kDa at the interfacial layer resulting in emulsions with reduced 3929 

stability. While emulsion stability and heat stability was reduced compared to the MPI emulsions, 3930 

some of the hydrolysate emulsions displayed good stability at 120 (e.g. NEU180, PRT30 3931 

emulsions) and at 140 C (e.g. NEU30 emulsion). The differences in functionality between the 3932 

different hydrolysate samples is ultimately related to the degree of hydrolysis, molecular mass 3933 

distribution and individual peptide profiles obtained with a given enzyme. However, peptide 3934 

sequence analysis was not within the scope of this study.  Overall, the results indicate that the MPI 3935 

hydrolysate ingredients generated herein may find application in specific food and beverage 3936 

applications. However, exploitation of the benefits of hydrolysis (e.g., enhanced digestibility and 3937 

solubility) may require modification of the formulation (e.g., incorporation of viscosity 3938 

enhancement agents) in order to achieve improved emulsion stability.  3939 
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6 General conclusions and future perspectives 4019 

6.1 Conclusions 4020 

As outlined in Chapter 1, high protein MPC and MPI are well documented to have impaired 4021 

rehydration properties. However, there is limited information in the literature on the impact of 4022 

enzymatic hydrolysis on the solubility and functional properties MPC and MPI ingredients. The 4023 

studies described in this thesis focused on the enhancement of the solubility and rehydration 4024 

properties of MPI through controlled enzymatic hydrolysis and on the comparative functional 4025 

characteristics of intact and enzymatically hydrolysed MPI. Figure 6.1 provides a schematic 4026 

overview of the different experimental chapters in this thesis.  4027 

The specific objectives of Chapter 2 were to generate MPI hydrolysates under controlled 4028 

conditions such that the impact of hydrolysis on the physicochemical (DH, molecular mass 4029 

distribution, peptide profile, amino acid profile, ionic calcium) and functional (nitrogen solubility, 4030 

heat stability, viscosity) properties of the hydrolysates could be compared to intact MPI. The 4031 

hydrolysates were also compared based on the enzyme preparation used to generate them and their 4032 

extent of hydrolysis (DH).   4033 

As outlined in Chapter 2, MPI hydrolysates were generated with either of Flavourzyme™, 4034 

Neutrase™ and Protamex™ at two hydrolysis time points per enzyme (DHs ranging from 15.6 to 4035 

37.1%). Enzyme preparations from fungal (Flavourzyme™) and bacterial (Neutrase™ and 4036 

Protamex™) sources were chosen for MPI hydrolysate generation due to their compliance with 4037 

the growing demand for Halal and Kosher food products (Ermis, 2017).  Flavourzyme™ contains 4038 

multiple enzyme activities, including both endopeptidase and exopeptidase activity (Merz et al., 4039 

2016).  Neutrase™ and Protamex™ both contain endopeptidase activity but with different 4040 
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 4041 
Figure 6.1 Schematic representation of the different experimental phases of the thesis.  4042 
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specificities (Groen, Meldal, & Breddam, 1992; Madsen, Ahmt, Otte, Halkier, & Qvist, 1997).  4043 

Hydrolysis of MPI resulted in enhanced nitrogen solubility between pH 4.0 and 7.0 compared to 4044 

the MPI controls for all hydrolysate samples and it increased with increasing DH for each enzyme. 4045 

The MPI controls displayed low solubility (< 10%) at the isoelectric point of caseins (pH 4.6) and 4046 

< 50.0% solubility at pH 7.0 (41.0 and 47.0% for CTRL0 and CTRL180, respectively). The 4047 

hydrolysates displayed solubilities ranging from 57.0 to 96.0% and 63.0 to 100% at pH 4.6 and 4048 

7.0, respectively. This increase is solubility may be attributed to the reduced molecular mass and 4049 

the release of hydrophilic peptides in the hydrolysate samples. The molecular mass of the peptides 4050 

in the hydrolysates decreased with increasing hydrolysis time. Flavourzyme™ yielded MPI 4051 

hydrolysates having the highest levels of free amino acids compared with the other hydrolysate 4052 

samples, which increased with the extent of hydrolysis and was linked to the exopeptidase 4053 

activities within Flavourzyme™. The hydrolysate samples demonstrated RP-UPLC peptide peaks 4054 

eluting at lower retention times with increasing DH which is indicative of increasing hydrophilicity 4055 

of the peptides therein. 4056 

Hydrolysis of MPI resulted in reduced heat stability for all hydrolysate samples. The HCT at 140°C 4057 

increased with increasing pH to 27 and 32 min for CTRL180 and CTRL0, respectively, at pH 7.4. 4058 

All hydrolysate samples coagulated between 8 (FLV60 at pH 6.2) and 64 s (NEU180 at pH 7.4) 4059 

across all pH values evaluated. Upon the application of simulated HTST conditions, the 4060 

hydrolysate samples displayed higher viscosity development following heat treatment and cooling 4061 

which is indicative of reduced heat stability compared to the intact MPI control samples. 4062 

Hydrolysis leading to disruption of casein micelle structure, which is essential to casein/milk heat 4063 

stability, may be the cause of the observed reduction in heat stability. The FLV60 sample displayed 4064 
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the lowest HCT and the highest viscosity development (following heat treatment and cooling) 4065 

compared to the other samples at each pH value. The heat stability of the FLV60 sample may have 4066 

been reduced compared to the other hydrolysates due to the presence of larger molecular mass 4067 

peptides. This suggests that the enzyme preparation used, the extent of DH and peptide molecular 4068 

mass impacts the heat stability of the MPI hydrolysates. The hydrolysate samples displayed 4069 

increased levels of ionic calcium, due to the breakdown of the casein micelle, which may also have 4070 

contributed to the reduction in heat stability of the hydrolysates compared to intact MPI.  4071 

The main findings in Chapter 2 were as follows: 4072 

i. Enzyme preparation and hydrolysis time resulted in differences in DH, molecular mass 4073 

distribution, and in peptide and amino acid profiles of the hydrolysate samples.  4074 

ii. Hydrolysis of MPI resulted in enhanced nitrogen solubility and reduced heat stability for 4075 

all hydrolysate samples which was hydrolytic enzyme dependent. It also appeared to be 4076 

hydrolysate molecular mass distribution dependent.  4077 

In conclusion, while the heat stability of the hydrolysates was reduced compared with the control, 4078 

the HCT determined for each of the hydrolysates exceeded the typical UHT treatment conditions 4079 

(140°C for 5 s) of dairy products. Therefore, the increase in solubility of the MPI hydrolysate 4080 

samples together with the observed acceptable HCT values suggests that these novel MPI 4081 

hydrolysate ingredients could find application in a range of high-temperature treated food 4082 

products.   4083 

The specific objectives of Chapter 3 were to assess the rehydration (wettability, dispersibility, 4084 

solubility) and water sorption (Tg, water sorption isotherms) properties of the MPI hydrolysates 4085 
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compared to intact MPI. Comparisons were also made on the basis of differences in the enzyme 4086 

preparation used and the DH achieved. The physicochemical (powder particle size distribution, 4087 

powder morphology) characteristics of the spray-dried powders were compared to the freeze-dried 4088 

powders to determine their relationship, if any, with their rehydration and water sorption 4089 

properties.  4090 

Scanning electron microscope images showed that the particle shape and surface characteristics 4091 

differed considerably depending on how the powder sample was prepared: the spray-dried MPI 4092 

control sample displayed spherical particles with a smooth surface. As expected, the freeze-dried 4093 

MPI control and hydrolysate samples displayed a glass shard like structure with a smooth surface. 4094 

The similarity of the freeze-dried powders for the CTRL180 and hydrolysate samples suggests that 4095 

hydrolysis did not significantly impact the powder structure or surface morphology. Therefore, 4096 

powder morphology may not have contributed to differences in the rehydration properties of the 4097 

freeze-dried hydrolysate samples compared to the freeze-dried control sample. The contact angle 4098 

of a water droplet with the surface of the MPI and hydrolysate powder sample discs were measured 4099 

using an optical tensiometer Sessile drop technique. The MPI hydrolysates displayed reduced 4100 

water droplet contact angles (<50°) compared with intact MPI (~90°), indicating increased 4101 

wettability. MPI hydrolysates displayed improved dispersibility compared with intact MPI. The 4102 

MPI control dispersions displayed the presence of poorly dispersed particles at 25°C. The 4103 

hydrolysate sample dispersions displayed significantly lower particle sizes compared to the 4104 

controls suggesting that hydrolysis improved the dispersibility of MPI. Finally, the aqueous 4105 

solubility index of the hydrolysates was increased (72-100%) compared with intact MPI (~30%) 4106 

at pH 6.8 and 25°C. The enhanced wettability, dispersibility and solubility of the hydrolysate 4107 
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compared to the control samples was enzyme dependent and increased with increasing DH. These 4108 

improved rehydration properties were attributed to hydrolysis which resulted in breakdown of the 4109 

casein micelle and the micellar network, and the increased presence of shorter peptide chains and 4110 

free amino acids with increased hydrophilicity.  4111 

In addition to modifying the rehydration properties, hydrolysis also impacted the Tg and water 4112 

sorption properties of MPI. The hydrolysates had higher overall moisture contents (40-50%) 4113 

compared to intact MPI (~27%) at ɑw values between 0.80 and 0.90. MPI hydrolysates displayed 4114 

reduced mm (4.43-5.21) and Tg (48.5-67.3°C) values when compared with intact MPI (mm: 6.23-4115 

6.77; Tg: ~121°C). This indicates an increased risk of stickiness, lumping and caking of the 4116 

hydrolysates compared with intact MPI during storage. The increased moisture content (at ɑw 4117 

values 0.80-0.90) and the reduced mm and Tg values for the hydrolysates were linked to the 4118 

increasing proportion of molecular mass components < 1 kDa which have greater mobility 4119 

compared with intact protein while also being more sensitive to the plasticizing effect of moisture.  4120 

The main findings in Chapter 3 were as follows: 4121 

i. Hydrolysis of MPI resulted in enhanced rehydration properties for all hydrolysate samples 4122 

which was hydrolytic enzyme and molecular mass distribution dependent.  4123 

ii. The MPI hydrolysates displayed reduced Tg and mm values which is indicative of reduced 4124 

powder storage stability compared to intact MPI. This in turn could adversely affect the 4125 

reconstitution properties following storage. 4126 

In conclusion, the improved rehydration properties could be maintained if the hydrolysate 4127 

ingredients were manufactured with a controlled moisture content (below the corresponding mm) 4128 

and were subsequently stored at controlled ambient temperatures. No previous reports appear to 4129 
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be available in the literature on the impact of enzymatic hydrolysis on the Tg and water sorption 4130 

properties of MPI or its hydrolysates.  4131 

Chapter 4 studied the impact of hydrolysis on the foaming and sensory properties of MPI. The 4132 

specific objectives of Chapter 4 were to assess the foam capacity, foam stability, bitterness 4133 

development and colour of the MPI hydrolysates compared to intact MPI. This assessment was 4134 

also carried out in consideration of the hydrolytic enzyme used and the physicochemical (extent 4135 

of DH, molecular mass distribution, surface tension) properties of the resultant hydrolysates.  4136 

The foaming properties of the MPI and the MPI hydrolysate dispersions were determined using a 4137 

Krüss Dynamic Foam Analyzer DFA100 at 25 and 45°C. The hydrolysate samples displayed 4138 

reduced foam capacity and reduced foam half-life (58.1-214s) at 25°C compared to the intact 4139 

protein (783-850s) despite displaying reduced surface tension. The intact MPI control foams 4140 

displayed a uniform bubble spherical shape while the hydrolysate sample foams displayed 4141 

irregular bubble structures with limited evidence of spherical bubble structure formation. The 4142 

foaming properties and bubble structure displayed similar trends at 45 compared to 25°C, however, 4143 

the foam half-life was reduced for all samples at 45°C. Lowering of surface tension was previously 4144 

shown to be insufficient to support foam formation or stability (Morrison and Ross, 2002). The 4145 

reduced foam capacity and stability observed suggests the hydrolysate sample dispersions formed 4146 

weak interfacial films that did not possess sufficient structural integrity to support air bubble 4147 

stability. This was likely a result of the reduction in peptide size in the hydrolysate samples 4148 

whereby foam instability increased with increasing proportions of components < 1 kDa. The foam 4149 

t1/2 of the hydrolysates also significantly decreased with increasing DH. This depended on the 4150 
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hydrolytic enzyme used suggesting that the molecular mass distribution and differences in the 4151 

specific peptide profile impacts the foam stability of MPI hydrolysates. 4152 

In addition to modifying the foaming properties, hydrolysis also impacted the sensory properties 4153 

of MPI. The hydrolysate samples displayed a reduction in the L* value which is representative of 4154 

decreased whiteness and increased transparency of the hydrolysate dispersions compared to the 4155 

intact control caused by the hydrolysis induced breakdown of casein micelles. The hydrolysate 4156 

samples also displayed altered levels of greenness and yellowness compared to the intact control 4157 

samples. The FlavourzymeTM hydrolysate (60 min incubation) demonstrated a comparable 4158 

bitterness (mean bitterness score: 2.14) to the intact protein (1.52-1.57). All other hydrolysates 4159 

displayed increased bitterness where the NeutraseTM and ProtamexTM hydrolysates had the highest 4160 

mean bitterness scores (8.80-9.39). The increased bitterness of the NeutraseTM and ProtamexTM 4161 

compared to the FlavourzymeTM hydrolysates is most likely due to the fact that NeutraseTM 4162 

(derived from Bacillus amyloliquefaciens) and ProtamexTM (derived from Bacillus spp.) do not 4163 

contain exopeptidase activity while FlavourzymeTM (Aspergillus-derived enzyme preparation) 4164 

contains both endopeptidase and exopeptidase activity.  4165 

The main findings in Chapter 4 were as follows: 4166 

i. Hydrolysis of MPI resulted in reduced foam capacity and stability despite reduced surface 4167 

tension for all hydrolysate samples which was hydrolytic enzyme and peptide molecular 4168 

mass dependent.  4169 

ii. The MPI hydrolysates displayed reduced whiteness compared to the intact MPI control 4170 

samples which is indicative of hydrolysis induced breakdown of casein micelles.  4171 
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iii. The FlavourzymeTM generated MPI hydrolysate (60 min incubation) demonstrated a 4172 

comparable bitterness (p > 0.05) to the intact protein while all other hydrolysates displayed 4173 

increased bitterness.  4174 

In conclusion, the novel approach of controlled enzymatic hydrolysis of MPI using FlavourzymeTM 4175 

to limit bitterness development may be a deciding selection factor in the use of hydrolysate 4176 

ingredients in specific food and beverage applications.  4177 

In Chapter 5, a model ready-to-feed infant formula consisting of an O/W emulsion was developed 4178 

with either of intact MPI or MPI hydrolysates.  The specific objectives of Chapter 5 were to assess 4179 

the impact of hydrolysis, hydrolytic enzyme used and the physicochemical (DH, molecular mass 4180 

distribution) properties on the functional (emulsion formation and stability, heat stability, 4181 

viscosity) characteristics of the emulsions formed with the hydrolysates compared with those 4182 

formed with intact MPI.  4183 

The O/W emulsions were prepared using MPI or MPI hydrolysates containing 1.60% (w/v) 4184 

protein, 3.60% (w/v) lipid blend and 7.00% (w/v) lactose. The composition of the emulsions was 4185 

chosen based on a commercially available casein dominant infant formula and was designed to 4186 

comply with EU (EU Commission Delegated Regulation 2016/127; EU, 2016) and Codex (Codex 4187 

Stan 72-1981 Revision 2007; Codex Alimentarius Commission, 1981) infant formula regulations 4188 

for protein, fat and carbohydrate. All of the emulsions formed with hydrolysates had a significantly 4189 

higher mean fat globule size than the emulsions formed with the intact MPI. All of the emulsions 4190 

displayed a monomodal fat globule size distribution with a peak at ~1μm, however, the emulsions 4191 

formed with hydrolysates also displayed a shoulder at ~10 μm with the exception of the emulsion 4192 

formed with NEU30. Accelerated emulsion stability was measured using an analytical centrifuge 4193 
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(LUMiSizer). All of the emulsions demonstrated migration of fat globules toward the top of the 4194 

cell under the applied centrifugal force which is indicative of creaming. The emulsions formed 4195 

with the hydrolysate samples displayed a more rapid phase separation rate and a significantly 4196 

increased mean instability index compared to the emulsions formed with the intact MPI which is 4197 

indicative of a reduction in emulsion stability under the applied centrifugal force. The greater 4198 

instability of the emulsions generated with the hydrolysed compared with intact MPI may be 4199 

related to the presence of high levels of low molecular mass peptides which form a low viscosity 4200 

adsorbed layer making the emulsions less stable (Euston et al., 2001). The emulsions formed with 4201 

the hydrolysates containing the highest proportion of peptides < 1 kDa displayed the largest mean 4202 

fat globule size, the lowest apparent viscosity and the lowest emulsion stability i.e., the greatest 4203 

phase separation rate and instability index under the applied centrifugal force.  4204 

The heat stability of the emulsions was assessed by measuring HCT at 90, 100, 120 and 140°C. A 4205 

large reduction in the heat stability of the MPI stabilised emulsions was observed following 4206 

enzymatic treatment at all heating temperatures. Upon the application of simulated HTST 4207 

conditions, the hydrolysate stabilised emulsions displayed higher viscosity development following 4208 

heat treatment and cooling which is indicative of reduced heat stability compared to the emulsions 4209 

stabilised with intact MPI. The heat stability of the emulsions formed with the hydrolysates may 4210 

have been reduced because of the impact of hydrolysis on casein micelle structure, which is 4211 

important for casein heat stability, and the increased levels of ionic calcium compared to the 4212 

emulsions formed with intact MPI. The hydrolysate emulsions contain a large proportion of 4213 

peptides < 1 kDa at the interfacial adsorbed layer which would not be expected to provide sufficient 4214 

steric or electrostatic stabilization to prevent heat induced coalescence despite the hydrolysed 4215 
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emulsions having a higher (negative) zeta-potential than the intact MPI stabilised emulsions (Ye 4216 

& Singh, 2006).  4217 

The main findings in Chapter 5 were as follows: 4218 

i. The O/W emulsions prepared using the MPI hydrolysates displayed reduced emulsion 4219 

stability under accelerated storage conditions and reduced heat stability compared to the 4220 

O/W emulsions containing intact MPI.  4221 

ii. The impact of hydrolysis on the emulsification properties of MPI was hydrolytic enzyme, 4222 

DH and peptide molecular mass dependent.  4223 

In conclusion, while the emulsion stability and heat stability of the hydrolysate stabilised 4224 

emulsions was reduced compared with the control, the HCT values obtained for each of the 4225 

hydrolysate stabilised emulsions exceeded the typical HTST treatment conditions (72-75°C for 4226 

15-20 s) of dairy products. The NEU30 stabilised emulsion HCT exceeded the typical UHT 4227 

treatment conditions (140°C for 5 s) of dairy products. Therefore, the O/W emulsions containing 4228 

the hydrolysate ingredients could find application in a range of specific food and beverage 4229 

applications (e.g., infant and adult nutritional products). However, exploitation of the benefits of 4230 

hydrolysis (e.g., solubility) may require modification of the formulation (e.g., incorporation of 4231 

viscosity enhancement agents) to achieve improved emulsion stability. There are limited reports 4232 

on the impact of enzymatic hydrolysis on the emulsification properties of high protein MPC or 4233 

MPI available in the literature. Furthermore, no previous reports appear to exist on emulsions 4234 

stabilised with MPI Flavourzyme™, Neutrase™ and Protamex™ hydrolysates. The findings of 4235 

this study demonstrate a potential novel application of MPI hydrolysates in O/W emulsion based 4236 

food and beverage products.  4237 
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To date, studies on modifying the functional properties of MPI have mainly focused on the 4238 

application of interventions such as mineral profile (calcium depletion and chelation), 4239 

manufacturing (membrane filtration, high shear treatment and spray-drying conditions) and 4240 

reconstitution (dispersion in permeate, ultrasonication) adjustments. A limited number of studies 4241 

have reported on the functional properties of bovine MPI hydrolysates. Overall, this thesis has 4242 

demonstrated that a novel approach, i.e., controlled enzymatic hydrolysis, enhances the solubility 4243 

and rehydration properties of MPI to varying extents depending on the hydrolytic enzyme used 4244 

and the associated DH. This thesis also characterised other functional (heat stability, viscosity, 4245 

water sorption, foaming, bitterness and colour) properties of MPI hydrolysates compared to intact 4246 

MPI, which, to the best of our knowledge, had not been previously reported. The performance of 4247 

these functional characterisations may play a deciding role in the selection of hydrolysate 4248 

ingredients for applications in complex food matrices. The preparation of MPI hydrolysate 4249 

stabilised emulsions further demonstrated the potential viability of the application of MPI 4250 

hydrolysate ingredients with enhanced solubility in food and beverage products such as 4251 

conventional and specialised (e.g., low lactose, hypoallergenic) infant and adult nutritional 4252 

products.   4253 
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6.2 Suggestions for future research 4254 

Follow-up studies that would be complementary to the work presented in this thesis include: 4255 

❖ Enhancement of the stability of O/W emulsions containing MPI hydrolysates: The 4256 

model ready-to-feed infant formula O/W emulsions containing the MPI hydrolysates 4257 

displayed reduced emulsion stability compared to the O/W emulsions stabilised with intact 4258 

MPI. A further study would be required on the introduction of emulsifiers, viscosity 4259 

enhancement and calcium chelating agents to assess the potential improvement of emulsion 4260 

stability. Alternatively, further studies regarding the generation of MPI hydrolysates with 4261 

other enzyme preparations and/or combinations may be warranted. This could involve the 4262 

use of design of experiment (DOE) approaches in elucidating the optimum conditions for 4263 

MPI hydrolysate generation that not only have enhanced aqueous solubility but that are 4264 

also capable of forming interfacial layers strong enough to stabilise oil droplets/ gas 4265 

bubbles during accelerated storage and heat treatment.  4266 

❖ Preparation of spray-dried MPI hydrolysates: This thesis characterised the impact of 4267 

enzymatic hydrolysis on the functional properties of freeze-dried MPI hydrolysates. Given 4268 

the additional thermal treatments associated with the spray-drying process, further studies 4269 

are warranted to determine the impact of hydrolysis on the functional properties of spray-4270 

dried MPI hydrolysates. Additionally, DOE could be utilised to identify the optimum 4271 

spray-drying parameters (e.g., inlet and outlet temperatures) to produce hydrolysate 4272 

powders that retain the enhanced aqueous solubility observed in the freeze-dried 4273 

hydrolysates. The impact of spray-drying on selected physicochemical, functional and 4274 

sensory properties would also need to be assessed.    4275 
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❖ Assessment of the functional properties of MPI hydrolysate fractions: To further 4276 

understand the impact of hydrolysis on MPI, the hydrolysates could be fractionated by, 4277 

e.g., UF and possibly NF, to generate fractions having different molecular masses. The 4278 

functional properties could be assessed to determine if any of the fractions retain the 4279 

enhanced solubility while also displaying improved heat/emulsion/foam stability and to 4280 

assess the level of bitterness development compared to the corresponding MPI hydrolysate. 4281 

This approach could be used to develop MPI hydrolysate ingredient fractions with 4282 

improved functional properties compared to the MPI hydrolysates.  4283 

❖ Bioactivity assessment: Future work is required to assess the biofunctional properties of 4284 

the MPI hydrolysates before and after being subjected to enzymatic digestion under 4285 

simulated gastro-intestinal conditions. This assessment could be completed using both 4286 

model solutions/beverages and emulsions containing the MPI hydrolysates. The bioactivity 4287 

assessment could involve a range of in vitro assays including angiotensin converting 4288 

enzyme (ACE) and dipeptidyl peptidase IV (DPP-IV) inhibitory activity, ferric reducing 4289 

antioxidant power (FRAP) and oxygen radical absorbance capacity (ORAC) assays. Such 4290 

studies may provide some indication of the potential health benefits of the different MPI 4291 

hydrolysate ingredients.  4292 

❖ Peptidomic analysis of MPI hydrolysates and correlation to functional and bioactive 4293 

properties: Peptidomic analysis of MPI hydrolysates using liquid chromatography-tandem 4294 

mass spectrometry techniques could be employed to determine the peptide sequences 4295 

within the hydrolysates. This could be coupled with a bioinformatics approach to 4296 

potentially correlate peptide composition to the observed functional and sensory properties 4297 
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of the MPI hydrolysates. Peptide sequence analysis could also identify specific peptide 4298 

sequences within the MPI hydrolysates with biofunctional potential.  4299 
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