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ABSTRACT 

Milk proteins are used in a wide variety of food and give structure to dairy foods like cheese and 

yogurt. As consumers increasingly demand high protein foods with minimal processing, high 

pressure processing (HPP) has received attention as a nonthermal alternative to pasteurization, 

but this process can also be used as a tool to structurally modify proteins. This research explores 

structural changes to the main classes of milk, the casein micelles and serum proteins, induced 

by HPP. Experiments were conducted on suspensions of milk protein concentrate (MPC) and 

micellar casein concentrate (MCC) at 2.5 and 10% casein (w/v), treated at 150 to 450 MPa for 15 

minutes at ambient temperatures. The samples were analyzed for particle size, mineral and 

protein distribution, and renneting kinetics using rheology and particle sizing. Scanning electron 

microscopy (SEM) was also used to provide direct imaging of milk protein structure before and 

after pressure treatment. Increasing pressures increased levels of serum calcium by up to a factor 

of 4 times as well as increased levels of soluble α-caseins. In 10% MCC, pressure treatment at 150 

or 450 MPa significantly increased the elastic modulus of rennet gels by up to 3 times while 

treatment at 250 or 350 MPa only resulted in two-fold increases and no reduction in the rennet 

coagulation time compared to controls. In 10% MPC, treatments led to a monotonic increase in 

elastic modulus and aggregation rates in rennet gels. Pressurization of 10% samples also led to 

the formation of weak gel structures. Scanning electron micrographs showed evidence of small 

spherical substructures, 15-20 nm in diameter, which were tightly networked in 10% samples 

treated at 450 MPa. These results present some evidence for substructure in the casein micelle 

and suggest that micelle formation upon pressure release may involve the formation of an 

intermediate. Interpretations of the data in this experiment and SEM images support the 
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existence of casein submicelles as the structural unit of the casein micelle. These results also 

suggest that casein dissociation and reformation with HPP may be a two-stage process involving 

the dissociation of micelles into submicelles followed by the disintegration of submicelles into 

individual casein proteins while reaggregation follows this process in reverse. Pressure induced 

dissociation of casein was found to be both concentration and pressure level dependent. This 

research illustrates some effects of HPP on dairy proteins which may enable new applications for 

these proteins in a variety of new dairy-based and protein-fortified foods. 
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1.0 INTRODUCTION 

1.1 Nutritional, functional, and economic value of dairy products 

Milk is an important product both commercially and nutritionally. In 2012, the United States 

produced over 200 billion pounds of milk for use in a wide variety of products (USDA, 2013). Milk 

and dairy products are a valuable source of fats, proteins, vitamins, and minerals—especially 

calcium and protein. 1 cup of skim milk provides 8 g of protein and 305 mg of calcium (USDA, 

2013b). Caseins represent the major component of the protein fraction of milk (80%), and are of 

particular interest for their high digestibility and complete amino acid profile. Serum proteins, 

which represent the other 20%, are known for their nutritional and positive bioactive effects, and 

have been also shown to improve satiety. Because of this, milk proteins have found a wide range 

of applications as a source of high quality protein for fortification, functional ingredients for 

gelling, foaming, and emulsification, and as sources of bioactive compounds in nutritional 

products tailored to all manners of human development (Moughan, 2009). Milk protein 

concentrate (MPC), a powder containing a mixture of casein and serum proteins, in their native 

ratio, and micellar casein concentrate (MCC), a powder containing up to 95% native casein 

proteins by weight, are two novel dairy ingredients produced by microfiltration and subsequent 

spray drying (Hurt and Barbano, 2010). These ingredients offer nutritional and functional benefits 

compared to other protein sources. Their utilization has great potential but is still largely limited 

to “traditional” uses, such as protein fortification of cheese- or yogurt-milk (Bong and Moraru, 

2014). Novel processing methods, such as High Pressure Processing (HPP) may enable novel 

utilizations for these proteins. Treatment at high pressure has been shown to affect the structure 

(Weber and Drickamer, 1983) and functionality of proteins (Baier, Schmitt, & Knorr, 2015b). This 
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research explores the effects of high pressure treatments between 150 and 450 MPa on the 

physicochemical properties of MCC and MPC, with consideration to the underlying structural 

changes. The findings of this research may enable new utilizations for MCC and MPC in a range 

of products, from sports nutrition beverages to soft gel desserts, thus creating new opportunities 

for both consumers and the dairy industry.  

1.2 Chemistry of milk and milk proteins 

Chemically, milk is a complex aqueous system of lipids, proteins, minerals, and carbohydrates. 

The protein fraction contains two major protein groups: caseins, which make up about 80% of 

the total protein content, and serum proteins, which account for the remaining 20%. The major 

serum proteins are β-lactoglobulin (β-LG) and α-lactalbumin (α-LA), which are globular proteins 

and susceptible to denaturation at temperatures above 70°C, and which can participate in intra- 

and intermolecular disulfide exchange reactions. By contrast, caseins are phosphorylated 

proteins with mostly random structure due to their high proline content (Fox, 2009). Caseins are 

represented by four proteins: αs1-, αs2-, β-, and κ-casein, which vary in their degree of 

phosphorylation and of which only αs2- and κ-casein contain cysteine residues and thus can 

participate in disulfide bonding (Patel, 2006). Because of their unique structure, caseins are very 

stable under a range of processing conditions. This enables milk to be subjected to thermal and 

mechanical treatments during processing without affecting the stability of the colloidal system. 

Many dairy products, particularly yogurt and cheese, also owe their texture to the structuring of 

caseins and serum proteins.   
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1.3 The casein micelle 

In their native state caseins are aggregated into colloidal, spherical micelles that range in 

diameter from 50 to 500 nm (Fox, 2009; Beliciu and Moraru, 2012). Several models have been 

proposed for the structure of the casein micelle. In 1958, Waugh proposed a coat-core model 

where αs-caseins, stabilized by calcium phosphate, form a coat around β- and κ-casein (Waugh, 

1958). Data provided by Scanning Electron Microscopy (SEM) and other research techniques has 

brought overwhelming evidence that κ-casein must be located on the surface of the micelle (de 

Kruif, 1999), where it provides steric stabilization to the micelle, as well as shields αs-caseins from 

precipitation from ionic calcium (Farrell, 1999). Currently, there are two generally accepted 

models for the casein micelle: the subunit model and the dual binding model. The subunit model 

considers the micelle as an ultrastructure built up from ‘submicelles’, which are small casein 

clusters that network together, stabilized by calcium phosphate distributed throughout the 

submicelles (Figure 1.1A). 

 

Figure 1.1: Casein micelle models (A) Submicelle model. The micelle is an ultrastructure built up 
from ‘submicelle’ subunits, with calcium phosphate distributed throughout submicelles, with a 
layer of κ-casein on the surface of the micelle (Walstra, 1999). (B) Dual binding model. 
Aggregation occurs through chain polymerization of hydrophobic regions of casein mers, 
terminating with κ-casein. Colloidal calcium phosphate (CCP) nanoclusters stabilize hydrophilic 
protein regions containing phosphoserine clusters. (Horne, 1998) 

A B 
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By contrast, the dual binding model (Figure 1.1B) considers micelles as being built up by 

polymerization of caseins through two mechanisms: 1) block polymerization through 

hydrophobic blocks; and 2) binding of colloidal calcium phosphate (CCP) nanoclusters to the 

phosphoserine residues at hydrophilic sites on caseins (Horne, 1988). One particular difference 

between these two models is the distribution of calcium phosphate either freely through the 

micelle (the submicelle model) or in localized nanoclusters that serve as polymerization sites (the 

dual binding model). Both models consider κ-casein to be distributed on the surface of the 

micelle, but since the dual binding model considers κ-casein to be a chain terminator in 

polymerization, it is not expected to be found within the micelle, only on the surface. 

Evidence for the submicelle structure has been found by visualization of casein micelles from raw 

milk (Kimura, Taneya, and Kanaya, 1979; McMahon and McManus, 1998) and from images of 

secretory cells which appear to show substructures formed in the Golgi vesicles aggregating into 

larger casein micelles (Farrell et al., 2003). However, SEM evidence of submicellar structure has 

been frequently criticized as potentially affected by artifacts of sample preparation (Walstra, 

1999). 

1.4 High pressure processing 

High pressure processing (HPP), also known as high hydrostatic pressure (HHP), is a non-thermal 

alternative to thermal pasteurization that is gaining popularity as consumers continue to demand 

foods with increased bioactive compounds and minimal processing. In addition to microbial 

inactivation, HPP offers functional benefits in processing high protein foods. This includes 

improved shucking yield in pressure treated shellfish (Cruz-Romero et al., 2004; Yi et al., 2013), 
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increased firmness and elasticity in gels prepared from HPP-treated fish (Murchie et al., 2005), 

increased solubility in soy protein isolate (Manassero et al., 2015), and possible reduction in 

allergenicity in HPP-treated allergen proteins (Huang et al., 2014). Therefore, HPP can be 

potentially used as a tool for structural modification of proteins, and to generate new textures. 

While HPP is considered a non-thermal processing technology, temperatures do rise and fall from 

adiabatic heat transfer due to compression/decompression. This effect is usually small and may 

be 1-2°C of temperature increase/decrease per 100 MPa of pressurization or depressurization 

(Anema, 2010). HPP vessels may be jacketed to allow true isothermal processing of foods, but 

treatments are generally conducted near room temperature, with adiabatic heating not 

controlled and generally insignificant. 

There are some limitations on foods that can be treated with HPP. To get the benefits of HPP 

treatment, foods must be packaged in flexible containers that allow the transmission of pressure 

and that can also withstand elevated pressures without rupturing. HPP treated foods should 

contain minimal amounts of air or dissolved gasses since these will be compressed during 

processing and increase the pressurization time, as well as cause irreversible and typically 

undesirable changes to the food structure. Considering these limitations, dairy foods are 

excellent candidates for HPP treatment; in fact, milk was the first recorded food to be treated by 

HPP (Hite, 1899). Since then, many researchers have investigated the implications of HPP on the 

safety and physicochemical properties of dairy foods.  

This review focuses on the use of HPP to modify the functionality of dairy proteins and does not 

consider the use of HPP for inactivation of microorganisms. A discussion of the effects of HPP on 
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dairy proteins and implications for the development of new dairy-based foods with unique 

physicochemical properties follows below.  

1.4.1 HPP equipment 

HPP treatment consists in the application of 

hydrostatic pressure inside a pressurized vessel. 

As shown in Figure 1.2, this is achieved by 

compressing a fixed volume of water or other 

pressure-transmitting fluid, with a piston, until 

the desired pressure level is reached. Water, 

while fairly incompressible, may be compressed 

by up to 15% at pressures of 680 MPa (Chawla, 

Patil, and Singh, 2011). The main processing 

parameters in HPP treatment include: pressure, 

pressurization and depressurization rates, and 

temperature. The pressure range for food 

application is typically between 300 and 600 MPa, although some industrial vessels are rated up 

to 1000 MPa (Longfield, J., Hiperbaric, pers. comm., Apr 2, 2015). Pressurization and 

depressurization rates may be controlled in some equipment, but in industrial applications these 

generally occur as rapidly as the equipment will allow.  

HPP is performed as a batch (Figure 1.2) or semicontinuous (Figure 1.3) process, with throughputs 

as high as 2821 kg/h possible in vessels like the Hiperbaric 525, which has a 525 L capacity 

(Hiperbaric, 2014).  

Figure 1.2: Schematic of HPP equipment. 
Packaged food is loaded into the pressure 
vessel which is then filled with water or 
other pressure transmitting fluid and water 
is pumped into the vessel via a HPP pump 
until the desired pressure is reached. 
(Chawla, Patil, and Singh, 2011) 
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Figure 1.3: Schematic of semicontinuous HPP operation. Multiple vessels are arranged in series 
to allow continuous loading and unloading of food. Pressurization is achieved by the action a 
piston which compresses the pressure transmitting fluid. (Chawla, Patil, and Singh, 2011) 

 

Another way of treating products with high pressures is high pressure homogenization (HPH), 

which will be only briefly discussed here. HPH is gaining attention in the dairy industry as it offers 

the benefit of a continuous operation, but it involves lower pressure levels, higher shear and 

viscous heating compared to hydrostatic pressure. HPH develops pressure by the impingement 

of a fluid against a homogenizing valve, leading to the development of dynamic pressure. As a 

result, increasing pressure generally comes at the expense of increasing temperature through 

viscous heating. Pressure levels for HPH typically go as high as 350-400 MPa. Temperature 

increases of as much as 14 to 21°C/100 MPa depending on the homogenizer design, initial 

product temperature, and product viscosity have been reported (Dumay et al., 2013). 
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1.5 Mechanism of protein unfolding under high pressure 

Research on high hydrostatic pressure effects on proteins is challenging because of the cost and 

complexity associated with in situ testing. Optical spectroscopy is frequently used to study 

proteins under pressure, but this method is limited to determining average properties of a 

sample. Other spectroscopic techniques including X-ray crystallography, fluorescence 

spectroscopy, small angle X-ray scattering, and nuclear magnetic resonance (NMR) spectroscopy 

offer potential for in situ observation of pressure induced structural changes to proteins, and 

have been widely used. Circular dichroism spectroscopy, while useful for assaying protein 

structure, is not applicable in situ because of birefringence caused by optical windows in HPP test 

cells. However, it is a useful technique for studying structural changes post HPP (Somkuti and 

Smeller, 2013).  

Pressure is an important thermodynamic state variable. Increasing pressure favors reactions 

associated with a reduction in volume, according with the van’t Hoff equation (Eq. 1-1): 

𝛿𝑙𝑛𝐾

𝛿𝑃
= −

𝛥𝑉∗

𝑅𝑇
         (Eq. 1-1) 

where K is the equilibrium constant and 𝛥𝑉∗ the reaction volume, defined as the 

difference in the volume of reactants and products.  

Among reactions relevant to foods, some that have a negative reaction volume include 

dissociation of hydronium/hydroxide ions, hydrophobic hydration, hydration of polar groups, 

protein denaturation, and protein dissociation (van Eldik, Asano, and Le Nobel, 1989). 

HPP can induce protein denaturation and dissociate protein aggregates by affecting noncovalent 

intra-protein and solvent-protein interactions (Hummer et al., 1998; Silva and Weber, 1993). In 
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accordance with Le Chatelier’s principle, high pressure induces an equilibrium shift between 

folded and unfolded protein conformations, favoring those conformations that are associated 

with a negative reaction volume and hence greater packing density (Balny and Masson, 1993; 

Gross and Jaenicke, 1993; Silva and Weber; 1993). As food proteins are nearly always in aqueous 

solutions, the structure of the protein hydration shell and its changes with increasing pressure 

are critical to understanding pressure denaturation. X-ray and neutron scattering data on the 

hydration of lysozyme, as well as molecular simulations and studies on the bovine pancreatic 

trypsin inhibitor have shown that water is more densely packed in the first hydration layer of 

proteins than in the bulk (Merzel and Smith, 2002; Smith et al, 2002). Protein unfolding or 

dissociation, while accompanied by an increase in protein volume, allows for denser packing of 

water by increasing the volume of the hydration shell, and is thus accompanied by a reduction in 

cumulative protein-solvent volume (Royer, 2002). 

Several mechanisms have been proposed to describe the dynamics of proteins under pressure, 

which include: i) altered solvent behavior 

leading to penetration of water into previously 

inaccessible cavities; ii) exposure of aliphatic and 

hydrophobic groups to water; and iii) altered 

hydrogen bond distances between amide 

protons and carbonyl oxygens (Ben-Naim, 2013; 

Hummer et al., 1998; Hvidt, 1975; Li, Yamada, 

and Akasaka, 1999). Harano, Yoshidome, and 

Kinoshita (2008) explored the pressure 

Figure 1.4: Separation between nearest 
neighbor water molecules with pressure. 
Separation distances are minimized at 2 
kbar/200 MPa. (Okhulkov, Demainets, and 
Gorbaty, 1994) 
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denaturation of proteins using angle-dependent integral equation theory combined with a 

multipole model for water. Their findings suggest that pressure denaturation of proteins is 

dominated by changes in the hydration properties of the protein as a result of changes to the 

protein solvent. The authors modeled pressure-induced denaturation as a multistep process 

involving: i) the swelling of proteins; and ii) penetration of water into the interior. This 

phenomenon is driven by changes in the properties of water due to extreme crowding under high 

pressure. This is supported by Okhulkov, Demainets, and Gorbaty (1994) who examined the 

pressure dependence of nearest neighbor separation in water molecules, and showed that 

separation reaches a minimum near 200 MPa. Their data, shown in Figure 1.4, illustrates the shift 

in water molecule interactions with pressure. This helps explain some differences between 

physicochemical properties of foods treated at pressures around 200-250 MPa and at pressures 

above 400 MPa. 

Because proteins are fairly incompressible, even at very high pressures, high pressure affects 

protein structure by changing the distance between reactive side groups and altering solvent-

protein interactions rather than affecting covalent bond distances (Silva and Weber, 1993). As 

such, solvent composition, temperature, and pressure all influence the level of protein 

denaturation or oligomeric dissociation, since they each affect the interactions between the 

pressurized solvent and protein (Akasaka et al., 2001). Research on deep-ocean fish supports the 

importance of solvent quality on protein unfolding. Deep ocean dwelling organisms, which are 

routinely subjected to large hydrostatic pressures, have levels of osmolytes like trimethylamine 

N-oxide (TMAO) in their tissues almost linearly increasing with increasing depth and pressure. 

TMAO can structure water far from the protein, mediating solvent structural changes under 
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pressure and stabilizing proteins against denaturation. Urea has the opposite effect, and 

promotes protein denaturation under pressure by maximizing favorable binding interactions 

(Yancey, 2005). 

Denaturation of proteins under pressure is associated with a reduction in total solvent-protein 

volume. However, protein denaturation has been found to involve an increase in the protein 

volume, accompanied by swelling under pressure (Rouget et al., 2011). Several researchers have 

discussed the swelling of proteins under pressure resulting from the penetration of water into 

hydrophobic cavities (Ben-Naim, 2013; Harano, Yoshidome, and Kinoshita, 2008; Hummer et al., 

1998; Hvidt, 1975; Silva and Weber, 1993). Penetration of water into the protein core reduces 

the restrictions on translational mobility of water far from the protein, increasing the hydration 

entropy and leading to spontaneous denaturation. While pressure denaturation increases 

protein volume, the effect on cumulative protein-solvent volume is negative; these changes were 

observed using spectroscopy at pressures of at least 50 to 150 MPa (Weber and Drickamer, 1983). 

Chalikian and Macgregor (2009) suggested that pressure denaturation also involves refolding of 

hydrophobic groups into a solvent-inaccessible core in the denatured state. The authors 

analogize pressure denaturation to micellization, with hydrophobic side chains excluding water 

in the denatured state. As pressure increases, transfer of peptide groups to water is increasingly 

favored, while transfer of hydrophobic groups to water becomes increasingly unfavorable. From 

this they suggest that barostability of globular proteins depends on the size and frequency of 

packing defects, which produce intra-globular cavities. Tightly packed globular proteins with 

smaller than average cavity volumes would exhibit higher pressure stability (Chalikian and 

Macgregor, 2009). This is consistent with experiments on barostability of β-LG isoforms A and B. 
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β-LG B differs from isoform A by the substitution of Val118 for a smaller alanine side chain, which 

creates a cavity at the protein core leading to reduced barostability compared to isoform A 

(Botelho et al., 2000). 

1.6 Effect of pressure on protein primary and secondary structure 

As covalent bonds are relatively incompressible, HPP has little effect on protein primary 

structure. HPP can induce changes in the secondary structure of proteins, though these changes 

are often reversible and tend to occur at pressures above those used in food processing. HPP 

alters hydrogen bond distances, which are important in stabilizing the α-helix and β-sheet 

structures in proteins, although the magnitude of these changes is small (Ledward, 2000). In 

studies on poly(L-lysine), pressurization up to nearly 2 GPa led to reversible increases in 

unordered and α-helical structure and a decrease in β-sheet structure. This is consistent with 

theoretical calculations that suggest that relative amounts of unordered (Vunordered), α- (Vα), and 

β-structures (Vβ) are altered leading to: Vunordered < Vα < Vβ (Carrier, Mantsch, and Wong, 1990). 

High pressure NMR applied to five amino acid residues at 500 MPa showed that pressure induced 

disruptions are more significant in the α-domain than in the β-domain of proteins, which is 

consistent with the incompressibility of β-sheets (Gross and Jaenicke, 1994). In general, the 

stability of a protein to pressure denaturation depends on its compactness. The presence of large 

voids and high flexibility reduces a protein’s barostability. Currently, high pressure vessels used 

in food processing are operated at pressures of up to 600 MPa (Longfield, J., Hiperbaric, pers. 

comm., Apr 2, 2015). Generally, it is considered that significant irreversible changes in proteins’ 

secondary structure do not occur at pressures typically used in food processing. However, some 
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changes in amount of α-helix, β-sheet, and random coil have been observed after pressurization 

between 200 and 900 MPa (Carrier, Mantsch, and Wong, 1990; Ledward, 2000). 

1.7 Effect of HPP on protein tertiary and quaternary structure 

Many irreversible HPP induced changes in protein structure occur at the tertiary and quaternary 

level. Pressure-induced denaturation may be reversible upon pressure release, however HPP 

induced conformational changes to monomeric units of protein aggregates, like casein micelles, 

can irreversibly alter the structure and functionality of aggregates formed after pressure release 

(Silva and Weber, 1993). King and Weber (1986) studied pressure inactivation of oligomeric 

bovine and porcine lactate dehydrogenases, and suggested that inactivation under pressure was 

a multistep process consisting of: i) dissociation of the protein aggregate into monomers; ii) 

conformational drift of the monomeric units; and iii) reaggregation upon pressure release, to 

produce a modified aggregate with reduced or altered enzymatic activity.  

The effect of high pressure on dissociation of casein micelles has been extensively studied by in 

situ spectroscopy (Huppertz and de Kruif, 2006; Huppertz and de Kruif, 2007; Huppertz and 

Smiddy, 2008), by determining the effects of HPP on free and micellar casein composition (Anema 

et al., 2005b; Anema, 2008; Baier, Schmitt, and Knorr, 2015a), and by examining rennet or acid 

coagulation properties of HPP treated casein micelles (Anema et al., 2005a; Huppertz et al., 2005; 

Needs et al., 2000a; Zobrist et al., 2005). Gebhardt and Kulozik (2011) demonstrated the effect 

of temperature and soluble calcium on dissociation of casein micelles under pressure, and found 

that increasing temperature from 20 to 80C and/or addition of 60 mM calcium reduced micellar 

dissociation up to pressures of 300 MPa. Overall, the interaction of factors like temperature, 
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pressure, and ionic strength make the study of HPP induced protein structural changes 

challenging. Nonetheless, research data that exists to date suggests that this technology could 

be a promising way to precisely modify protein structure and function. 

1.8 Effect of HPP on milk and dairy products 

Milk was the first food to be processed with high pressure (Hite, 1899) and extensive research on 

the HPP effects on milk and its components has been published since then. Some of the HPP 

induced changes in milk include: reduced turbidity (Orlein et al., 2006), reduced lightness 

(Gaucheron et al., 1997), reduced particle size (Anema, Lowe, and Stockmann, 2005b), increased 

viscosity in concentrated milks (Merel-Rausch, Duma, and Hinrichs, 2006), and reduced 

coagulation time and increased firmness in rennet and acid gels (Zobrist et al., 2005; Anema et 

al., 2005a). HPP is known to affect noncovalent bonds and can induce protein denaturation as 

well as aggregation and gelation (Ledward, 2000). Casein micelles, which are colloidal aggregates 

of αs1-, αs2-, β-, κ-casein and calcium phosphate, are dissociated by high pressure and reaggregate 

upon pressure release (Huppertz and de Kruif, 2006). Serum proteins may be denatured during 

high pressure processing and at high pressure levels can even associate with caseins (Patel et al., 

2006). The range of HPP induced changes on milk and dairy systems is vast and depends on a 

complex set of interacting factors beyond just pressure level, including: processing temperature 

(Gaucheron et al., 1997; Merel-Rausch, Duma, and Hinrichs, 2006; Pandey, Ramaswamy, and St-

Gelais, 2000), pressurization time (Huppertz and de Kruif, 2006; Pandy et al., 2000), 

depressurization rate (Fertsch, Müller, and Hinrichs, 2003; Merel-Rausch, Kulozik, and Hinrichs, 

2007), protein concentration (Anema, 2008; Huppertz and de Kruif, 2006; Merel-Rausch, Kulozik, 
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and Hinrichs, 2007), pH (Arias, López-Fandiño, and Olano, 2000; Considine et al., 2007), solvent 

quality (Keenan et al., 2001), and mineral concentration (Gebhardt and Kulozik, 2011). 

1.8.1 Effect of HPP on Casein Micelles  

Caseins are present in milk as micellar structures that can be dissociated, and then re-aggregated 

by HPP (Huppertz and de Kruif, 2006). Many HPP induced changes in dairy systems, including 

increased viscosity, gelation, and renneting behavior, are due to the reaggregation of casein 

proteins upon pressure release (Huppertz and de Kruif, 2006; Merel-Rausch, Kulozik, and 

Hinrichs, 2007). Temperature, pressure, hold time, and depressurization rate, which appear to 

be the most significant factors controlling the dissociation and re-aggregation of casein micelles, 

have been studied extensively (Huppertz and de Kruif, 2006; Merel-Rausch, Kulozik, and Hinrichs, 

2007; Needs et al., 2000a; Regnault et al., 2004). 

In general, HPP at low temperatures results in particle size reductions (Anema, 2008; Anema et 

al., 2005b; Gaucheron et al., 1997; Regnault et al., 2004). At pressures up to 250 MPa, 

temperature strongly influences micelle size: particle size increases were observed when HPP 

was performed at 40oC, no change occurred at 20oC, and significant reductions in size took place 

at 4oC. The effect of temperature was less pronounced as pressure increased and was no longer 

significant at pressures at or above 450 MPa (Gaucheron et al., 1997).  

Anema et al. (2005b) studied the effect of HPP treatment on particle size and casein solubilization 

in skim milk with after treatment at various pressures (100–600 MPa), temperatures (10–40oC) 

and hold times (0–60 min). Their results confirm those of Gaucheron et al. (1997), and illustrate 

reductions in particle size following HPP treatment at all pressures except 200 MPa. As pressure 
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increases, temperature is less significant in determining final particle size. At lower temperatures 

and pressures between 300 and 600 MPa, longer hold times resulted in reduced particle size 

upon pressure release. Samples treated at 30 or 40°C required less time to reach their minimum 

particle size, which suggests that HPP induced transformations occur more rapidly at elevated 

temperatures (Anema et al., 2005b). The researchers also found no difference in micelle sizes in 

skim milk or serum protein free phosphocaseinate suspensions subjected to the same pressure, 

which suggested that serum proteins did not play a significant role in casein micelle size changes. 

This is in agreement with results from Gaucheron et al. (1997). Figure 1.5 summarizes and 

compares changes in casein micelle size as influenced by temperature and HPP over a pH range 

from 6.5 to 7.1. 

 

Figure 1.5: Particle size in (A) heat and (B) pressure treated skim milk for 30 minutes at pH: 6.5 ; 

(○) 6.7 (●); 6.9 (▼); 7.1 (▽) (Considine et al., 2007) 
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Figure 1.6: Barostability of casein micelles in reconstituted skim milk as affected by 
temperature and pH. Dissociation of casein micelles involves the combined disruption of 
hydrophobic bonds and solubilization of calcium phosphate. Acidification destabilizes micelles 
by dissolving CCP and disrupting electrostatic stabilizing forces. Alkylation stabilizes micelles by 
increasing micellar CCP (Orlien et al., 2010).  

 

The observed changes in particle size are the net result of casein dissociation under high pressure 

and subsequent reassociation upon pressure release. Orlien et al. (2010) studied in situ changes 

in turbidity in reconstituted skim milk as a function of pressure, temperature, and pH. Figure 1.6 

illustrates the barostability of casein micelles as affected by temperature and pH. 

Barostability was defined as a threshold pressure, Pt, was determined by fitting in situ turbidity 

measurements as a function of pressure level to a logistical model (Orlien et al., 2010). Pt 

represents the inflection point on these curves and represents the onset of complete micellar 

dissociation. The strong pH dependence of Pt demonstrates the importance of colloidal calcium 

phosphate (CCP) in micelle stability under pressure. At low pH, micelles are destabilized and 

dissociate as CCP is solubilized from the micelle by both the acidic and high pressure 
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environment. At high pH, micellar CCP is promoted and electrostatic repulsion between micelles 

is high, stabilizing the micelles against dissociation. Temperature affects the strength of 

hydrophobic bonds, which both stabilize micelles against pressure dissociation but also affect the 

solubilization of minerals. The in situ measurements performed by (Orlien et al. (2010) show that 

increasing temperatures lead to increased turbidity for all pH values assayed. However, as seen 

in Figure 1.6, threshold pressures were not uniformly increased by increasing the temperature 

up to 40oC. 

Casein micellar aggregates in HPP-treated milk have also been found to be irregularly shaped and 

more voluminous than untreated micelles (Huppertz, Fox, and Kelly, 2003). Such changes explain 

the observed viscosity increases in HPP-treated milk. Irregularly shaped micelles have a larger 

hydrodynamic volume and thus contribute to an increase in viscosity compared to untreated 

micelles (Walstra, 2003). Increased voluminosity also contributes to increased viscosity, based 

on Einstein’s viscosity equation (Einstein, 1906). Merel-Rausch, Duma, and Hinrichs (2006) 

observed temperature and depressurization rate dependent viscosity increases in pressurized 5% 

micellar casein dispersions. The viscosity increased by up to 40% after pressure treatment at 600 

MPa for 30 minutes and rapid depressurization (600 MPa/min) at temperatures below 40°C; 

however, pressurization at 50°C reduced viscosity compared to untreated controls and was 

independent of pressure release rate. The influence of depressurization rate and temperature 

suggests that hydrophobic bonds may also play an important role in casein re-aggregation upon 

pressure release. Hydrophobic bonds are stronger at elevated temperatures and pressurization 

at higher temperatures may reduce the levels of micellar dissociation while also facilitating the 

re-aggregation of caseins upon pressure release. 
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1.8.2 Effect of HPP on serum proteins 

Among serum proteins, β-lactoglobulin (β-LG) and bovine serum albumin (BSA) are pressure 

sensitive, while α-lactalbumin (α-LA) is pressure resistant (Considine et al., 2007; Hinrichs and 

Rademacher, 2005). Barostability of serum proteins is time, temperature, and pressure 

dependent. Patel et al. (2006) explored the role of disulfide bond interchange in skim milk 

proteins subjected to heat and pressure treatments using 2D polyacrylamide gel electrophoresis. 

The authors suggested that at 250 MPa casein micelles increase in size as they begin to swell and 

water penetrates their interior. At pressures between 200-300 MPa, denaturation of β-LG occurs 

and disulfide bond interchanges occur primarily between monomers of β-LG, with formation of 

dimers. Some β-LG - κ-casein complexes are also formed, although considerably fewer such 

complexes are formed than those formed in heat-treated milks (Smits and van Brouwershaven, 

1980).  
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α-LA is considerably more barostable than β-LG and does not denature at pressures below 500 

MPa at ambient temperatures (Hinrichs and Rademacher, 2005). Therefore, milk protein 

aggregates formed at pressures 

greater than 500 MPa have a different 

structure, as they include α-LA 

complexes. Casein micelle 

dissociation at such high pressures 

also enables dimerization of 

αs2-casein as well as complexation of 

αs2-casein with β-LG through disulfide 

bond interchange, which was not 

observed in heated milks (Considine 

et al., 2007). A schematic depiction of 

the different milk protein complexes 

formed under high pressure is shown 

in Figure 1.7. 

Irreversible serum protein denaturation under high pressure is particularly dependent on 

disulfide bond exchange. The increased barostability of α-LA compared to β-LG is in part due to 

the greater number of disulfide bonds in α-LA (4) vs. β-LG (2), and a free sulfhydryl group in β-LG 

(López-Fandiño, Carrascosa, and Olano, 1996). In the presence of sulfhydryl blocking agents like 

N-ethylmaleimide (NEM), denaturation of both α-LA and β-LG was almost entirely inhibited after 

pressurization at up to 800 MPa. These proteins may in fact unfold under pressure, but their 

Figure 1.7: Effect of HPP-treatment on disulfide bond 
exchange in skim milk proteins (Patel et al., 2006) 
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inability to form pressure-induced aggregates through disulfide bond exchange may allow them 

to refold to their native states upon pressure release. Formation of disulfide bonds was also used 

to explain different denaturation kinetics of α-LA and β-LG in HPP-treated milk or whey. β-LG 

denaturation was more extensive in milk than whey because of the increased availability of 

reactive thiol groups from κ- and αs2-casein for disulfide bond exchange (López-Fandiño, 

Carrascosa, and Olano, 1996). Serum calcium was also found to influence the denaturation of α-

LA and β-LG, particularly at pressures greater than 200 MPa. Denaturation was more extensive 

in milk than in CCP free milk, since calcium may enhance irreversible denaturation by reducing 

intermolecular electrostatic repulsion and promoting protein-protein aggregation, which inhibits 

renaturation upon pressure release (Huppertz, Fox, and Kelly, 2004b). 

As pressure is released, milk proteins aggregate into new, pressure induced aggregates. For 

instance, casein aggregates formed upon pressure release contained complexed β-LG, which 

explains increased yield and moisture retention in cheeses made from HPP-treated milks (López-

Fandiño, Carrascosa, and Olano, 1996; Needs et al., 2000a). Anema et al. (2005b) also observed 

an increase in non-sedimentable casein with pressure treatment above 100 MPa. The authors 

suggested that these increases were a result of dissociation and rearrangement of casein micelles 

upon pressure release. Serum protein denaturation and complexation may explain the 

plateauing of particle size with increasing pressure. Increased pressures reduce the casein micelle 

size, but also lead to serum protein denaturation and complexation, which cause an increase in 

the size of protein aggregates formed upon pressure release.  
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Serum protein denaturation has also been 

found to be pH dependent. At pH 6.4, 

irreversible, pressure induced denaturation 

of β-LG and α-LA is inhibited, while it is 

promoted at more alkaline pH (Anema, 

2010). Considering the pH dependence of 

thiol-disulfide bond exchange, these results 

suggest that the formation of such bonds 

inhibits the renaturing of β-LG and α-LA upon 

pressure release at more alkaline pH values 

(Figure 1.8). 

Minor serum proteins such as lactoferrin, 

lactoperoxidase, and immunoglobulin G (IgG) 

are of interest to product developers 

because of they may offer health benefits 

and have use as antimicrobials (Michaelidou and Steijns, 2006). Since these proteins are typically 

denatured by thermal pasteurization, HPP offers the potential for microbial inactivation without 

destroying bioactivity of these proteins. For instance, HPP has been used by Fonterra to treat 

colostrum ingredients for human consumption as an alternative to thermal pasteurization 

because of their high levels of heat-coagulable proteins (Zhang et al., 2011). 

Lactoperoxidase is remarkably barostable, resisting denaturation at pressures up to 700 MPa 

(Mazri et al., 2012). By contrast, lactoferrin is relatively pressure-sensitive, exhibiting time-

α-LA 

β-LG 

Figure 1.8: Denaturation of serum proteins in 
skim milk after pressure treatment for 30 
min/20°C at: 200 MPa (●); 300 MPa (■); 400 
MPa (▲); 600 MPa (▼) (Anema, 2010). 
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dependent denaturation around 450 MPa, with levels of denaturation depending on the media: 

phosphate buffer < milk < whey (Mazri et al., 2012). Franco et al. (2013) reported that 

immunoreactivity of lactoferrin was preserved in milk, whey, and buffer after 15 minute of 

treatment at 400 MPa/20°C. Iron-saturated lactoferrin exhibited slightly higher barostability at 

500 MPa compared to iron depleted and native forms, however this effect reversed or was not 

significant after treatment at 650 MPa (Franco et al., 2013). Iron binding may help stabilize 

lactoferrin against denaturation at mid-range pressures, but this mechanism may be disrupted 

at higher pressures. IgG is fairly heat labile above 60°C (Gosch et al., 2014), but HPP-treatment at 

400 MPa for up to 1 h preserved more than 90% of its activity in buffer or colostrum; however, 

pressure treatments at 600 MPa reduced activity by nearly half within 5 min (Indyk, Williams, and 

Patel, 2008). While HPP-treatment can maintain the activity of some bioactive serum proteins, 

care should be taken to select a pressure level that maintains sufficient activity in the desired 

medium. Pressurization at 400 MPa appears to be useful to maintain the function of lactoferrin, 

lactoperoxidase, and IgG. 

As HPP treatment can irreversibly alter the structure of serum proteins, it can subsequently alter 

functional properties like foaming, emulsification, and gelling. Pressurization of β-LG has been 

shown to induce denaturation and increase surface hydrophobicity, leading to increased protein-

protein interactions and reduced surface activity (Pittia et al., 1996). This, along with the reduced 

solubility of β-LG following HPP-treatment, contributed to impaired foaming and emulsifying in 

HPP-treated β-LG. İbanoğlu and Karataş (2001) studied the effects of HPP on the foaming 

behavior of whey protein isolate (WPI). Their results affirm previous studies and illustrate a loss 

of foaming function in WPI treated with HPP, particularly at protein concentrations above 2% 
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(w/v). These changes were pH sensitive, with foamability increasing slightly after pressurization 

at pH 5.0. Functional changes were also dependent on treatment duration, though this was less 

significant than the effect of pH or pressure level. Increasing treatment time tended to reduce 

foam stability at pH 5.0 and increase foam stability at pH 7.0 for a given pressure level. The 

authors attributed the loss in functionality to altered protein structure following pressure 

treatment with an increase in surface hydrophobicity which favors protein-protein interaction 

while reducing surface activity. Baier, Schmitt, and Knorr (2015b) observed increased foam 

stability in WPI solutions subjected to 20 min pressure treatments at 500 MPa. HPP treatment 

under these conditions lead to significant increases in foam stability and foam density compared 

to untreated samples. However, when mixed dispersions of micellar casein and WPI were 

pressure treated, no change or a decrease in foam stability was observed. 

Changes in surface hydrophobicity following HPP-treatment also affects flavor and ligand binding 

by serum proteins. Yang et al. (2003) examined flavor binding interactions in HPP-treated β-LG 

and reported that HPP altered the ligand binding function and inhibited binding of select 

hydrophobic, aromatic flavor compounds. These pressure induced changes in functionality may 

present opportunities to utilize HPP-altered β-LG for encapsulation and targeted delivery of 

bioactive ingredients or to enhance sensory attributes of flavored, dairy based foods. 

As with heat-treatment, HPP can induce gelation of serum proteins through disulfide bond 

formation (Patel et al., 2006). HPP-induced serum protein gels have different properties 

compared to heat-induced gels, and are particularly characterized by comparatively lower 

elasticity and a more porous, weaker network (López-Fandiño, 2006). According to Van Camp et 

al. (1997), pressure-induced WPI gels do not form at pH below 4-5 without the addition of sodium 
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chloride. At low pH, gel structure was built up from electrostatic interactions and hydrogen 

bonding and hence, addition of sodium chloride increased firmness and, in the case of very acidic 

gels, enabled their formation. In contrast, pressure induced gels formed at alkaline pH exhibited 

higher firmness, suggesting that disulfide bonds were important in structuring the protein 

networks. Addition of salt to alkaline gels reduced firmness by interrupting disulfide linkages (Van 

Camp et al., 1997). 

Some research data suggests that HPP may also be useful in reducing the allergenicity of serum 

proteins. β-LG is considered the most important dairy allergen and is sensitive to denaturation 

under pressure (Wal, 2004). The antigenicity of β-LG is maintained even when the protein is 

denatured by pressure or heat (Kleber, Maier, and Hinrichs, 2007), but it may be reduced by 

enzymatic hydrolysis. Hydrolysis of β-LG by proteases reduces its antigenicity by destroying the 

epitope, the section of the protein to which immunoglobulins bind, causing an allergic reaction. 

Enzymatic hydrolysis is accelerated under pressure, and thus HPP-treatment prior to or during 

enzyme treatment can also enhance the extent of hydrolysis (Peñas et al., 2006). The optimum 

pressure level for this reaction varies depending on the type of hydrolytic enzyme used, but Peñas 

et al. (2006) found that treatment at 300 MPa for 15 min at 40°C or 50°C significantly increased 

the extent of hydrolysis by four different commercial proteases. Chicón et al. (2008) 

demonstrated that under pressures up to 400 MPa, hydrolysis of β-LG by trypsin and 

chymotrypsin rapidly yielded peptides which differed from those produced at atmospheric 

pressure. However, these peptides retained some IgE-binding properties and were still allergenic. 

While the authors were unable to eliminate allergenicity in β-LG, their work suggests further 



26 
 

research in this area might identify appropriate enzymes and conditions that could yield more 

hypoallergenic hydrolysates than treatments at atmospheric pressure. 

1.8.3 Effect of HPP on milk minerals and mineral equilibria 

HPP is also known to cause a redistribution of the mineral equilibrium in milk, specifically an 

increase in mineral concentration in the serum phase due to solubilization of minerals from the 

casein micelle. Mineral concentrations in serum after pressurization up to 400 MPa for 30 

minutes are presented in Table 1-1. Pressurization leads to increases in serum calcium up to 300 

MPa but Ca2+ concentrations are mostly unchanged by pressure treatment. Mineral equilibria 

changes are often reversible upon storage at 20°C for 4 hours but stable in storage at 4°C (Zobrist 

et al., 2005). 

Table 1-1: Mineral concentrations in bovine raw milk serum obtained by ultracentrifugation 
before and after pressure treatment. Concentration values are mg/L, means of three 
independent experiments (López-Fandiño et al., 1998) 

Pressure (MPa) Ca P Mg Ca2+ 

0 383 464 78 92 
100 452 517 82 100 
200 560 562 84 103 
300 587 601 86 109 
400 557 542 84 102 

 

These changes have implications on the stability of casein micelles. One mechanism leading to 

dissociation of casein micelles under high pressure is solubilization of CCP nanoclusters, which 

bind to caseins via phosphoserine residues (Horne, 1998). The combined disruption of 

hydrophobic bonds and solubilization of calcium during high pressure processing leads to micellar 

dissociation, the degree of which is dependent on pressure, temperature, and serum calcium 



27 
 

concentration (Hummer et al., 1998; Silva and Weber, 1993). Increasing temperature is known 

to increase the strength of hydrophobic bonds (Ledward, 2000), and as such reduces the degree 

of micellar dissociation. At low temperatures and high pressures, hydrophobic bonds are 

weakened and CCP plays an important role in stabilizing the micelle against dissociation. Addition 

of calcium to the system reduces the micelle-serum calcium concentration gradient, limiting 

calcium solubilization and increasing the stability of casein micelles against pressure induced 

dissociation (Gebhardt and Kulozik, 2011). Increased serum calcium has been observed in 

pressure-treated milks (Huppertz and de Kruif, 2007). This may increase the firmness of rennet 

gels obtained from HPP treated milks, since serum calcium stabilizes interactions of renneted 

casein micelles in the secondary stage of coagulation (Huppertz, 2013). This will be discussed in 

detail in the next section. 

1.9 Effect of HPP on gelation of milk proteins 

1.9.1. Pressure induced gelation 

At high protein concentrations or in the presence of high concentrations of co-solutes like 

sucrose, HPP can induce gelation in dairy systems. This was first shown by Kumeno et al. (1993), 

who demonstrated that freeze concentrated milk at 25% concentration could be gelled by 

pressurization and depressurization at 300 MPa. Gelation was inhibited in the presence of urea 

or EDTA, which disrupt micelle structure by preventing aggregation of caseins. On the other hand, 

pressure treated sodium caseinate solutions, in which caseins are no longer in their native, 

micellar form, did not gel regardless of whether the solutions contained lactose, sucrose, and/or 

whey protein concentrate (Keenan et al., 2001). Keenan et al., (2001) also investigated the role 

of β-LG and α-LA in pressure induced gelation of milk and found that these proteins, while altered 
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by high pressure treatment, were not involved in pressure-induced gelation suggesting the 

phenomenon was casein driven. 

A mechanism for pressure induced gelation of 

casein micelles as proposed by Keenan et al (2001) 

is illustrated in Figure 1.9. Pressurization of milk 

dissociates casein micelles by solubilizing the 

colloidal calcium phosphate from the micelle and 

simultaneously disrupting hydrophobic 

interactions between caseins. Release of pressure 

at high casein concentrations or in the presence of 

a poor solvent like sucrose solutions leads to 

networking of caseins, in contrast to the micelle-

like aggregation observed in skim milk at natural 

concentration. Similar results were reported for 

isolated casein micelles that were redispersed in 

simulated lactose-free milk ultrafiltrate and 

supplemented with 5 or 10% lactose (Wang et al., 

2005).  

Pressure release rate is an important parameter in controlling structure formation by caseins, 

since it is a key parameter in the kinetics of casein re-aggregation. After pressure treatments at 

600 MPa/30 min/30 °C and a release rate around 20 MPa/min, casein aggregates of a similar size 

Figure 1.9: Proposed mechanism of 
pressure induced gelation of micellar 
casein. Pressurization solubilizes colloidal 
calcium phosphate dissociating the micelle 
into ‘submicelles’. Pressure release 
induces partially irreversible, solvent-
mediated aggregation leading to network 
formation and gelation in poor solvents 
(Keenan et al., 2001) 
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as untreated micelles were found and gelling was only observed at casein concentrations above 

12%. Increasing the pressure release rate to 600 MPa/min reduced the critical gelation casein 

concentration to about 8% (Merel-Rausch, Kulozik, and Hinrichs, 2007).  

Because they differ in gelation mechanisms, pressure release affects serum and casein protein 

gelation differently. Serum protein gelation is due to intermolecular disulfide bonding (Keim and 

Hinrichs, 2004) while casein gels are largely a result of hydrophobic bonding between casein 

aggregates, stabilized by Ca2+ (Merel-Rausch, Kulozik, and Hinrichs, 2007). With increasing 

holding time at pressure, more serum proteins unfold, enabling crosslinking and network 

formation in situ. The covalent disulfide bonds formed under pressure are stable upon pressure 

release and thus, serum protein gels are insensitive to pressure release rates. In contrast, high 

pressure dissociates caseins from their native, micellar structure, but they re-aggregate upon 

pressure release. Rapid depressurization results in firmer casein gels, with more homogenous 

microstructures. Slow pressure release allows casein aggregates to be incorporated into the 

network, inhibiting gelation or forming a weak gel with a rough, heterogeneous microstructure 

(Fertsch, Müller, and Hinrichs, 2003; Merel-Rausch, Kulozik, and Hinrichs, 2007). Casein gels are 

insensitive to pressure hold time but require sufficient time and pressure to ensure that micelles 

are completely dissociated for caseins to gel upon pressure release (Fertsch, Müller, and Hinrichs, 

2003). 

1.9.2. Effect of HPP on rennet coagulation 

The use of rennet to coagulate milk is an essential step in the production of most cheeses. 

Chymosin, the active enzyme in rennet, destabilizes casein micelles by hydrolyzing the 
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Phe105-Met106 peptide bond on κ-casein, thus reducing the steric repulsion between micelles and 

inducing aggregation and gelation (Huppertz, 2013). Considering that HPP treatment modifies 

casein aggregates from their natural composition, it is expected that rennet coagulation behavior 

and kinetics are altered by HPP. Some notable effects of HPP on rennet coagulation include: 

increased firmness in rennet gels and reduced rennet coagulation time (Huppertz et al., 2005; 

Needs et al., 2000a; Zobrist et al., 2005) as well as increased cheese yield from serum protein 

recovery in curds (López-Fandiño, Carrascosa, and Olano, 1996; Needs et al., 2000a). 

Rennet coagulation is a two stage process, consisting of: 1) cleavage of κ-casein to produce 

micellar para-κ-casein and the release of glycomacropeptide (GMP) into the serum phase; and 2) 

aggregation of destabilized casein micelles to form a gel (Huppertz, 2013). The primary stage is 

mainly affected by enzyme and substrate concentration, substrate accessibility, pH, and 

temperature, while the secondary stage depends on micellar structure, particularly the surface 

properties of destabilized micelles (Waungana, Singh, and Bennett, 1997). Since HPP alters the 

composition and structure of casein micelles, the secondary stage of renneting is more affected 

by HPP than the primary stage (López-Fandiño, Mercedes, and Agustıin, 1997; Needs et al., 

2000a). In pressurized raw milk, it was found that disulfide bond exchange led to complexes of 

β-LG and κ-casein similar to those found in heated milks, which notably impaired the action of 

chymosin on κ-casein by reducing substrate accessibility (Zobrist et al., 2005). López-Fandiño, 

Mercedes, and Agustıin (1997) monitored the release of GMP from raw milk, suspensions of κ-

casein, and suspensions of both β-LG and κ-casein, by reverse phase HPLC. In raw milk samples 

treated at 200 MPa for 30 min GMP release was slightly reduced, while pressurization at 400 MPa 

resulted in significant reductions in both GMP release rate and total hydrolysis after 60 min. 
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κ-casein was unaffected by pressure treatment at 400 MPa, while mixtures of κ-casein and β-LG 

led to similar results as those for 400 MPa pressure treated raw milk, which illustrates the role of 

pressure induced β-LG complexes on renneting (López-Fandiño, Mercedes, and Agustıin, 1997). 

Casein micelle size reductions following HPP also affect the renneting process. Niki et al (1994) 

studied the effect of micelle size on GMP release and rheological properties of rennet gels. They 

found that renneting smaller micelles (125-171 nm) resulted in faster release of GMP, which 

reached higher saturation levels as compared to release of GMP from large micelles (408-487 

nm). The time to reach GMP saturation was unaffected by micelle size. The reduced particle size 

of micelles after HPP treatment may also affect the secondary stage of renneting. Smaller 

micelles have more surface area available for crosslinking, leading to firmer gels, with finer 

microstructure (Niki et al., 1994). However, Dalgleish, Brinkhuis, and Payens (1981) suggested 

that this effect may not be significant or may depend on the type of rennet used. Besides reduced 

micelle size, increased levels of serum calcium following HPP treatment also promote the 

development of finely structured microstructures and firmer gels, since calcium stabilizes 

micelle-micelle interactions in para-casein micelles (Needs et al., 2000a; Huppertz, 2013). The 

effect of calcium may be temporary and overall negligible though, as ionic calcium levels have 

been found to be reversible upon storage at temperatures above 20°C. Zobrist et al. (2005) 

reported that 15 min storage at 30°C restored serum calcium levels to their unpressurized levels, 

and hence may not contribute to gel firmness unless renneting occurs immediately after 

pressurization. They also observed a reversibility of HPP-induced changes in milk pH, which 

therefore were deemed unlikely to affect renneting kinetics. 
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Pressure treatment of casein micelles can also lead to reductions or increases in the rennet 

coagulation time (RCT), depending on the treatment conditions. Zobrist et al., (2005) examined 

the effect of pressure level, cycling, pH, storage, and whey protein interactions on RCT in raw 

skim milk. They found that RCT was reduced by 20-40% after pressure treatment (30 min, 20°C) 

of up to 250 MPa, and increased by 15-35% with pressurization above 400 MPa. The reduction in 

RCT following some pressure treatments is due to destabilization of casein micelles and increased 

levels of serum calcium, as discussed above. In serum protein free milks or raw skim milk 

containing the sulfhydryl oxidizing agent KIO3, pressurization reduced RCT after treatment at 150 

to 600 MPa (Zobrist et al., 2005). The authors attributed the differences to serum protein 

interactions. At pressures below 400 MPa and shorter durations, some denaturation of β-LG and 

fewer serum-casein interactions, which would inhibit the activity of chymosin, occur. 

Denaturation of serum proteins is far more extensive and rapid at higher pressures (Patel et al., 

2006), and the subsequent complexation of κ-casein and β-LG through disulfide bonds can inhibit 

the action of chymosin, similar to heated milks (Huppertz et al., 2005; López-Fandiño, 1997). The 

adsorption of serum proteins onto the surface of casein micelles with pressurization can increase 

cheese yield, often at the expense of increased RCT, as these proteins may be incorporated into 

the casein network (López-Fandiño, Carrascosa, and Olano, 1996; Needs et al., 2000a).  

1.9.3. Effect of HPP on acid coagulation 

Heat treatment is commonly used prior in the production of yogurt to denature serum proteins 

and increase yield, water retention, and body in yogurts. HPP may also be used to improve 

functional properties of yogurt milk by altering protein structure. This has been explored by 

several authors, who have reported increased firmness (Harte et al., 2003; Desobry-Banon, 
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Richard, and Hardy, 1994; Needs et al., 2000b), faster acidification (Desobry-Banon, Richard, and 

Hardy, 1994; Needs et al., 2000b), reduced syneresis (Harte et al., 2003; Penna, Subbarao-

Gurram, and Barbosa-Cánovas, 2007), increased water holding capacity (Harte et al., 2002), and 

altered microstructure (Harte et al., 2002; Needs et al., 2000b; Penna, Subbarao-Gurram, and 

Barbosa-Cánovas, 2007) when HPP was applied either alone or in combination with thermal 

treatment. At pressures below 200 MPa and for short durations, limited denaturation of serum 

proteins and micellar dissociation occurs and yogurts made from HPP milk barely differ from non-

pressure treated milks (Harte et al., 2002). Udabage et al. (2010) also found no difference 

between yogurts produced from heat-treated milks and those subjected to combined thermal 

and HPP treatment up to 400 MPa, regardless of the order of treatments. However, combined 

thermal and pressure treatments at pressures around 600 MPa have been shown to produce 

yogurts with increased firmness (Needs et al., 2000b; Penna, Subbarao-Gurram, and Barbosa-

Cánovas, 2007) and slightly shorter fermentation times (Desobry-Banon, Richard, and Hardy, 

1994; Needs et al., 2000b). Some slight differences in color have also been reported with yogurts 

made from HPP-treated milks exhibiting slightly higher lightness (Needs et al., 2000b). 
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Figure 1.10 shows scanning electron microscopy (SEM) images of yogurts made from heated (a, 

b) and HPP-treated (c, d) milks, obtained by Needs et al. (2000b). In heat treated milks, denatured 

β-LG complexes with κ-casein on the micelle surface. While HPP-treatment can denature β-LG 

and induce disulfide bonded 

complexes with κ-casein, pressure-

denatured β-LG does not uniformly 

associate with surface κ-casein. In 

HPP-treated milks at 4°C, β-LG was 

distributed among micellar 

fragments. However, upon 

warming HPP-treated milk to 43°C, 

β-LG was more evenly distributed 

on the surface of the casein 

micelles, but was also distributed 

within micelles (Needs et al., 

2000b). 

Anema (2010), investigated the 

effect of milk pH before pressure 

treatment on the kinetics and 

rheology of acid set gels. As shown 

in Figures 1.5 & 1.6, initial milk pH 

can significantly affect the 

Figure 1.10: Scanning electron micrographs of WPC 
fortified skim milk (a, c) and yogurt made therefrom (b, 
d) immunolabelled with anti-bovine β-LG. (a, c) milk 
heat treated at 85°C /20 min and cooled to 43°C; (b,d) 
milk HPP treated at 600 MPa/20°C/15 min and warmed 
from 4 to 43°C. Arrows indicate (a, c) filamentous 
projections from micelle surfaces (b, d) serum protein 
clumps associated with micelles (Needs et al., 2000b)  
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barostability of casein micelles and serum proteins. Initial milk pH was a key factor in the level of 

irreversible denaturation of β-LG at pressures between 200 and 600 MPa, and denaturation of α-

LA at 600 MPa. Higher levels of denatured β-LG were strongly correlated with increased firmness 

in resultant acid gels (Anema, 2010). This effect was only observed when the levels of denatured 

β-LG were greater than about 50% the initial amount, suggesting that a critical amount of β-LG 

must be denatured before it participates in network formation during acidification. This is 

consistent with the SEM observations by Needs et al. (2000b), as shown in Figure 1.10. 

Dissociation of casein micelles under pressure may allow β-LG to associate with both κ- and αs2-

caseins, forming disulfide-linked complexes that are incorporated into the micellar aggregates 

upon pressure release (Patel et al., 2006), leading to the functional benefits described above. 

Some current commercial yogurt producers use HPP-treatment on prepared yogurts to increase 

their shelf life by destroying lactic cultures and stopping the fermentation process. However, this 

treatment can also modify some of the quality attributes of the treated yogurts. Pressure 

treatment of yogurts can prevent over-acidification during storage and has been found to 

improve smell and flavor in yogurts treated at 250 MPa/15 min/18°C (Jankowska et al., 2012). In 

another study, HPP-treatment between 200-300 MPa was found to increase viscosity and reduce 

syneresis in prepared yogurts; however, treatment at 400 MPa reduced the organoleptic quality 

of yogurt by reducing flavor and increasing syneresis, though this level of pressure did increase 

yogurt viscosity (de Ancos, Pilar Cano, and Gómez, 2000).  

1.9.4. Effect of HPP on gelation by transglutaminase treatment 

Microbial transglutaminase (TGase) has some dairy applications because of its ability to catalyze 

the formation of covalent crosslinks via ε-(γ-glutamyl) lysine bonds, leading to improved 
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functionality in dairy products (de Góes-Favoni and Bueno, 2014). For instance, TGase has been 

shown to increase viscosity and improve body in low fat yogurts (Jaros and Rohm, 2011). These 

effects are caused by TGase induced crosslinking of milk proteins.  

Because they lack tertiary structure, caseins are excellent substrates for TGase. Comparatively, 

at atmospheric pressures, TGase is less effective in cross-linking serum proteins due to their 

globular structure and the inaccessibility of glutamic acid and lysine residues (Lauber et al., 2003). 

This may be overcome by denaturing serum proteins either through heat or high pressure 

treatment. TGase is relatively heat sensitive, most active at 50°C and is inactivated within minutes 

at temperatures above 70°C, but it retains some activity near freezing temperatures. It is active 

within a pH range from ~4-9 and most active between 6 and 7, making it well suited for dairy 

applications (Jaros and Rohm, 2011). Microbial TGase has a remarkably high barostability, 

retaining 60% of its activity after pressurization at 600 MPa for 60 min (Lee and Park, 2002). 

Moreover, under pressure TGase is able to crosslink otherwise unavailable sites. Partschefeld et 

al. (2007) showed that pressurization of TGase treated β-LG at 400 MPa for 1 h enabled the 

enzyme’s access to glutamine residues at positions 5, 3, 35, and 59, which was not observed at 

atmospheric pressure. Lauber et al. (2003) also showed that pressurization at 400 MPa and 40°C 

for 90 min enabled TGase catalyzed crosslinking of β-CN and β-LG. By contrast, enhancement of 

TGase induced crosslinking of serum proteins by heat treatment alone is generally not possible, 

due to inactivation of the enzyme at temperatures required to obtain denaturation of the major 

serum proteins (around 70°C). Therefore, the combined action of TGase and HPP offers 

opportunities for developing novel dairy based products. 
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Several researchers reported significantly increased acid gel strength in TGase treated milks. 

Addition of TGase after heat treatment or HPP has resulted in increased elastic modulus and 

shear thickening behavior of acid gels prepared with glucono-δ-lactone (GDL) (Ercili-Cura et al., 

2013). Anema et al. (2005) showed that acid gels prepared by GDL hydrolysis with milks subjected 

to HPP after incubation with TGase formed significantly firmer gels. At 400 MPa, milk samples 

that were pressurized and immediately depressurized resulted in acid gels with nearly double the 

final elastic modulus compared to unpressurized samples. Moreover, gel firmness was not 

strongly dependent on the duration of the pressure treatment. A pressurization time of 1 h only 

slightly increased gel strength compared to a zero hold time at pressure, suggesting that TGase 

activity under pressure is rapid and most crosslinking occurs during pressurization and 

depressurization. Acidification rate was not significantly affected by the pressure treatment 

(Anema et al., 2005). 

1.10 Effects of pressure cycling 

Most studies on HPP of dairy systems have investigated single treatments at constant pressure 

levels and temperatures, for set durations. A few studies have also investigated the effect of 

pressure cycling on milk and milk proteins. Huppertz, Fox, and Kelly (2004a) examined the effect 

of single, 30 min pressure treatments and equivalent duration treatments broken into 2-6 cycles, 

applied immediately in sequence or with 4 h delays. They found that cycled pressure treatment 

(2 cycles of 15 min; 3 cycles of 10 min; 6 cycles of 5 min) at 250 MPa lead to greater increases in 

micelle size compared to single treatment for 30 min. However, the effect of cycling on micelle 

size was insignificant at 400 MPa. Denaturation of β-LG was affected by pressure cycling, as were 

levels of sedimentable β-LG. Cycling 250 MPa treatments had little effect on β-LG denaturation, 
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but reduced the levels of sedimentable β-LG by almost half compared to a single 30 min 

treatment. At 400 MPa, cycling had little effect on β-LG denaturation and sedimentability. Zobrist 

et al. (2005) also found no effect of pressure cycling on RCT compared to single pressure 

treatment, for the same cumulative treatment duration. These results suggest that at 250 MPa, 

HPP-induced particle size increases are due to the formation of large casein aggregates and not 

interactions with β-LG, while at 400 MPa micellar aggregates are stable after pressure treatment 

and hence are unaffected by subsequent treatments. 

1.11 Scalability of HPP effects 

One possible concern with applying laboratory and pilot scale research findings to industrial 

processes is the inconsistency of small scale results with industrial scale equipment. Bravo et al. 

(2013) examined the effect of equipment size on casein and serum protein solubility. They found 

significantly different soluble protein distributions in milks treated with pilot and industrial scale 

equipment, suggesting that treatments may not scale exactly. Larger scale equipment may take 

more time to equilibrate pressure and temperature within the vessel, and thus may lead to longer 

treatments than small scale trials. Another important consideration is the effect of 

depressurization rate on structural changes of milk proteins. While Bravo et al. (2013) observed 

differences in industrial and pilot scale equipment even at controlled depressurization rate, 

larger vessels still have larger pressure gradients within the vessel upon pressurization and 

depressurization. This can affect the homogeneity of the treatment and the overall effects on the 

treated product. Therefore, development of commercial applications based on published 

research should consider the effect of vessel size and allow for testing to ensure similar results 

when processes are scaled. 
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1.12 High pressure homogenization 

High pressure homogenization (HPH) is an alternative pressure treatment to HPP, and involves 

the impingement of fluid against a homogenizing valve to develop dynamic pressure. In HPH, the 

effects of heating and shear are coupled with pressure effects, which can limit the level of 

pressure achieved – currently HPH can achieve maximum pressures of around 350 MPa. 

Pressurization times are typically much shorter in HPH than HPP, typically on the order of 

seconds. Multiple passes may be used to achieve a larger cumulative pressure dose, depending 

on the desired application. Viscous dissipation during HPH treatment can cause temperature 

increases of as much as 20°C/100 MPa (Dumay et al., 2013), which are much higher than in HPP. 

Therefore, functional changes in HPH treated products (and proteins) are the result of both 

temperature and pressure effects. Compared to HPP, HPH offers the benefit of continuous 

operation, with the potential for higher throughput, and does not require loading and unloading 

of food. However, HPH is limited to applications in non-particulate, liquid foods that are stable 

under a range of thermal and shear conditions.  

Similar physicochemical changes in dairy systems have been reported in milks treated with HPH 

as compared to HPP. Viscosity of HPH-treated milks has been shown to increase slightly with 

treatment around 300 MPa, likely due to extensive serum protein denaturation (Pedras, Tribst, 

and Cristianini, 2014). After HPH-treatment at 300 MPa, milk temperatures may rise by around 

60°C which, depending on the initial temperature, could result in temperatures high enough to 

denature β-LG and α-LA. Datta et al. (2005) investigated the effect of HPH on serum protein 

denaturation and found that HPH treatment lead to more extensive denaturation of β-LG than 

heat treatment alone at equivalent temperatures, suggesting that pressure and temperature 
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have synergistic denaturation effects on serum proteins. HPH has also been shown to increase 

hydrophobicity of serum proteins and caseins, suggesting that protein structure is modified by 

the treatment (Pedras, Tribst, and Cristianini, 2014). As with HPP, casein micelles may be partly 

dissociated and serum proteins denatured by HPH, exposing hydrophobic side groups. These 

changes may also lead to modified functionality in HPH-treated serum proteins. Bouaouina et al. 

(2006) reported improved foam stability, increased elasticity, and reduced foaming time in HPH-

treated whey protein isolate solutions after pressurization up to 300 MPa. Overall, HPH offers 

some potential benefits for the dairy industry, although temperature increases may limit its 

application when low temperature treatments are preferred to protect heat-sensitive 

components. 

1.13 Conclusions 

HPP offers novel opportunities for food science and product development both by destroying 

pathogenic microorganisms and by altering the physicochemical properties of food matrices. 

Application of HPP alone, or in combination with chemical and thermal treatments, presents 

opportunities to precisely structure foods and develop unique and yet unknown textures. The 

macroscopic effect of HPP treatment on foods in general, and dairy foods in particular, varies 

considerably with the food composition and structure, solvent quality, pressure level, 

pressurization and depressurization rates, pH, temperature, and duration of treatment. The 

effect of HPP on food components, particularly on proteins, can be explained thermodynamically 

by the fact that increasing pressure favors reactions associated with a reduction in volume. 

Depending on their native structure, pressure level, temperature, pH, or mineral composition of 

the environment, proteins can be denatured, dissociated, or re-associated via hydrophobic, ionic 
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or even disulfide bonds. The release of pressure can drive protein aggregation, new 

conformational changes, or a return to the native protein state—any of which may be desirable 

or undesirable depending on the situation. Although there is considerable research on the effect 

of HPP on milk proteins and their consequences on product structure and quality, further 

research that considers not only the effect of pressure but also the effect of depressurization 

conditions is necessary. This will facilitate the application of HPP in the design of new products 

with potentially novel textures, enhanced nutritional properties, or reduced allergenicity. 
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2.0 RESEARCH OBJECTIVE AND JUSTIFICATION  

The main objective of this work was to conduct a systematic investigation of the structural 

changes in milk protein concentrates induced by high pressure processing.  

The results of this research are expected to:  

a) Help create a better understanding of pressure induced changes of milk proteins;  

b) Provide the basis for new or improved applications of milk protein concentrates, particularly 

the creation of milk protein based products with novel structures and textures, which will benefit 

both consumers and the dairy industry.  
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3.0 EFFECT OF HIGH HYDROSTATIC PRESSURE ON THE STRUCTURE 

AND FUNCTIONALITY OF MILK PROTEIN CONCENTRATES 

Abstract 

Reconstituted micellar casein concentrates (MCC) and milk protein concentrates (MPC) of 2.5 

and 10% (w/v) casein were subjected to 15 min pressure treatments at pressures from 150 to 

450 MPa at low temperatures (10-25°C). Structural changes to milk proteins induced by HPP were 

investigating using both physical methods (dynamic light scattering, rheology, electron 

microscopy) and chemical methods (soluble mineral and protein composition). Pressurization up 

to 350 MPa increased levels of soluble calcium and phosphorous, in all samples and 

concentrations, while treatment at 450 MPa resulted in a decrease in soluble Ca and P to levels 

close to those of untreated samples. Levels of soluble αs1- and αs2-casein increased after all 

pressure treatments. The renneting behavior of casein micelles after HPP was also used to gain 

an understanding of structural changes in the casein micelles. In 10% MCC, pressurization up to 

450 MPa significantly increased the strength of rennet gels and decreased renneting time. Similar 

changes were observed for 10% MPC, with some differences compared to MPC, which were 

attributed to serum proteins and calcium levels. Treatment at 450 MPa of 10% MCC and MPC 

samples resulted in weak gel structures, composed of uniformly distributed, spherical 

substructures 15-20 nm in diameter. Overall, this data clearly indicates pressure induced changes 

of casein micelles, as well as denaturation of serum proteins. The soft gel structures formed at 

high pressure levels can be the basis for the development of novel milk protein based products.  
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3.1 Introduction 

Besides being important nutritional ingredients, milk proteins represent the structural basis of 

dairy foods like cheese and yogurt, which owe their textural and sensory attributes largely to the 

formation of protein structures by heat, pH, and/or enzymatic modification (Farrell, 1999). In 

recent years, high pressure processing (HPP) has also been explored as a nonthermal processing 

technique able to alter the structure and functionality of milk proteins and dairy products. Many 

aspects of pressure-induced structural changes to milk proteins have been explored in the past 

two decades. High pressures were found to induce a range of physicochemical changes to dairy 

systems including reduced turbidity (Orlein et al., 2006), reduced lightness (Gaucheron et al., 

1997), reduced particle size (Anema, 2005b), increased viscosity in concentrated milks (Merel-

Rausch, Duma, and Hinrichs, 2006), and altered rennet and acid coagulation kinetics (Zobrist et 

al., 2005) and acid gel properties (Anema et al., 2005b). Most work on the pressure-induced 

changes to milk proteins have been explored in milk, at native protein concentrations. This study 

investigates the effect HPP treatment on 95% serum protein reduced micellar casein concentrate 

(MCC) and milk protein concentrate (MPC), obtained by membrane filtration and subsequent 

spray drying. Research was conducted for MPC and MCC samples of 2.5% and 10% casein 

concentration (w/v) to mimic the natural protein concentration of milk and a high concentration 

system. To date, limited information is available on the physicochemical effects of HPP on highly 

concentrated dairy systems in general and milk protein concentrates in particular. Therefore, the 

results of this research will help create a better understanding of pressure induced changes of 

concentrated milk protein systems, as well as provide a basis for the development of milk protein 

based products with novel structures and textures. 
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3.2 Materials and Methods 

3.2.1 Protein sample preparation 

Commercial MCC and MPC powders (American Casein Company, Burlington, NJ) were 

reconstituted in a glass beaker using deionized water to produce suspensions with casein 

concentrations of 2.5% and 10% (w/v). The suspensions were stirred at 500 rpm and 25°C for 30 

min. After that, 100 mL of suspension was high shear-mixed with an Ultraturrax T25 batch 

disperser equipped with the S25N-18G fixture (IKA Works Inc., Wilmington, NC) for 7.5 min, at 

21,500 rpm. Resulting suspensions were then stirred at 400 rpm and 25°C for another 90 min to 

enable full hydration and settling of foam. Finally, 50 mL aliquots of the suspensions were filled 

in previously cut, 236.6 mL vacuum storage bags (Seal-a-Meal, Sunbeam Products Inc., Boca 

Raton, FL, USA) and double-sealed using a vacuum sealer (AGW Multivac, Sepp Haggenmüller KG, 

Wolfertsschwenden, Germany). The packaged MCC and MPC suspensions were stored overnight 

at 4°C before HPP treatment. 

3.2.2 HPP treatment 

The protein samples were processed using a 10 L HPP unit (Elmhurst Research Inc., Albany, NY) 

located in the Department of Food Science at Rutgers University (New Brunswick, NJ).  

Table 3-1: Temperature and pressure data for pressure treatments 

Treatment Initial 
Temperature 

(°C) 

Max 
Temperature 

(°C) 

Max 
Pressure 

(MPa) 

Pressurization 
Rate (MPa/s) 

Depressurization 
Rate (MPa/s) 

150 MPa 14.56±4.54 18.35±2.65 158.1±2.9 2.4±0.2 35.1±4.6 

250 MPa 14.84±3.42 20.21±2.59 261.6±2.0 2.8±0.1 51.4±0.6 

350 MPa 14.73±4.91 21.41±1.77 360.6±0.7 3.1±0.1 71.2±0.7 

450 MPa 13.74±5.52 22.30±2.02 463.6±2.4 3.1±0.1 84.4±7.8 



61 
 

Samples were subjected to pressure treatment at 150, 250, 350, and 450 MPa for a holding time 

of 15 min. Initial and maximum temperatures as well as pressurization and depressurization rates 

are shown in Table 3-1. 

3.2.3 Renneting behavior of HPP treated samples 

To investigate the structural changes induced by HPP, enzymatic changes induced by chymosin 

were studied. Chymosin cleaves the Met105-Phe106 bond in κ-casein, destabilizing the micelle 

and inducing aggregation and gelation (Farrell, 1999). Following the changes that occur during 

renneting and their kinetics may offer insights into possible pressure induced structural changes 

of milk proteins – particularly casein micelles. 

Glycomacropeptide release 

The primary stage of renneting, which consists of hydrolysis of κ-casein to form para-κ-casein and 

glycomacropeptide (GMP) was analyzed using the method of Lieske and Konrad (1996). Briefly, a 

7 mL aliquot of treated or untreated MCC or MPC was warmed to 36°C for 30 min in a water bath 

(Isotemp 220, ThermoFisher Scientific, Waltham, MA). Once warmed, 1 mL of sample was 

transferred to a 15 mL centrifuge tube. This tube was then stirred at 1250 rpm on a vortex mixer 

(ThermoFisher Scientific, Waltham, MA) during which 5 mL of 14.4% trichloroacetic acid (TCA, 

ThermoFisher, Waltham, MA) was added to reach a final TCA level of 12%, to precipitate the 

casein fraction. The tube was set aside until required later in the experiment. Microbial rennet 

(CHYMAX-M, Chr. Hansen, Milwaukee, WI), provided by Chr. Hansen, was diluted to 400:1 with 

deionized (DI) water and 120 μL was added to the 6 mL of TCA treated protein sample and mixed 

for 30 s, then returned to the water bath. A volume of 120 μL was removed from the sample and 

discarded to account for the added volume of rennet, after which 1 mL subsamples were 
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transferred to labeled centrifuge tubes. At 5, 10, 15, 30, 45, and 60 min after renneting, 5 mL of 

14.4% TCA was added to a subsample while stirring on the vortex mixer. If samples coagulated 

during renneting the coagulum was disrupted by vortex mixing on a high setting before adding 

the TCA. Once all samples were mixed with TCA, they were left at room temperature for 30 min, 

to ensure complete precipitation of the TCA insoluble matter. Samples were then centrifuged for 

10 min at 10°C and 3000 x g with a Sorvall RC-5B refrigerated centrifuge fitted with a GSB rotor 

(DuPont Instruments, Wilmington, DE). After centrifugation, 1 mL of supernatant was carefully 

decanted from each tube and added to a test tube containing 3 mL of buffer and mixed well. The 

buffer consisted of 21.41 g sodium sulphate, 12.3 g monopotassium phosphate, and 1.74 g 

dipotassium phosphate per 1 L DI water (ThermoFisher Scientific, Waltham, MA). Buffer-mixed 

samples were then desalted using a prefilled desalting column (Econo-Pac 10 DG, Bio-Rad, 

Hercules, CA). Columns were emptied of the preservative fluid used for shipping and charged by 

filling with 20 mL of the buffer described above. The buffer was allowed to drain through the 

column, after which 3 mL of the buffer-sample mix was added to the column and allowed to 

drain. The first 3 mL sample was discarded and 3.5 mL of Milli-Q water (Millipore, Billerica, MA) 

was then added to the column and the eluent collected. The desalted eluent was then placed in 

a quartz cuvette with a 10 mm path length and the absorbance at 217 nm was read using a UV-

VIS spectrophotometer (Ocean Optics HR2000 CG-UV-NIR, Dunedin, FL). The unrenneted sample 

was used as a zero reference. Increased absorbance was correlated to increased 

glycomacropeptide (GMP) content in the eluents as a result of κ-casein hydrolysis by chymosin 

(Lieske and Konrad, 1996). 

Analysis of particle size during renneting 
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Aggregation of particles during renneting was evaluated by particle size analysis, using a 90Plus 

Nanoparticle particle size analyzer (Brookhaven Instruments Corp., Holtsville, NY, USA), equipped 

with a Peltier temperature control system, at a fixed 90° angle and a wavelength of 658 nm. 

Average particle size and particle size distributions were determined using the manufacturer 

software (Brookhaven Instruments Corp., Holtsville, NY, USA). For the analysis, 100 µL sample 

was diluted in 10 mL distilled water, to achieve a signal intensity between 400 and 600 kilocounts 

per second, as recommended by the instrument manufacturer. To analyze particle size evolution 

during renneting, a 5 mL aliquot and a reservoir of deionized water were warmed to 36°C for 30 

min in a water bath (Isotemp 220, ThermoFisher Scientific, Waltham, MA). A volume of 100 μL of 

dilute CHYMAX-M microbial rennet, prepared as described above, was added to the 5 mL sample 

while stirring on a vortex mixer (ThermoFisher Scientific, Waltham, MA) at 1250 rpm for 30 s. The 

sample was maintained at 36°C in the water bath for 1 h after renneting. Prior to renneting and 

then at 5 min intervals after the rennet addition, 3 mL of deionized water from the warm 

reservoir was added to a 3.5 mL cuvette with 10 mm path length. A 30 μL subsample was drawn 

from the sample aliquot and diluted in DI water, then promptly assessed for particle size, at a 

temperature of 36°C. Samples were taken and analyzed every 5 min, for 1 h, unless samples were 

visibly coagulated as indicated by the presence of visible flocks in the cuvette. Measurements for 

each experimental condition were performed in triplicate. Samples were also tested for particle 

size one day after pressure treatment using the same parameters described above but at a 

temperature of 20°C. 

Assessment of coagulation behavior by rheological analysis 
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Changes in firmness, as expressed by the elastic modulus (G’), were used as an indication of 

network formation following the addition of rennet. Rheological measurements were taken using 

an ARES Rheometer (TA Instruments, New Castle, DE) fitted with a 50 mm parallel plate and 

Peltier water bath controller. To prevent slippage of the sample, 120 grit sandpaper was cut and 

affixed to the top and bottom plates. Microbial rennet was diluted 400 times in deionized water 

and 100 μL of the dilution added to 5 mL protein samples while stirring on a vortex mixer. To 

prevent enzymatic action before the start of rheological testing, rennet was added to the samples 

at 4°C and the rheometer plate maintained at 4°C until the sample was loaded and ready for 

testing. Approximately 1.75 mL of renneted sample was used for the testing and this volume was 

adjusted slightly to ensure complete coverage of the rheometer plates. The edge of the loaded 

sample was coated with a thin layer of mineral oil and a moistened enclosure was placed around 

the test fixture in order to prevent dehydration during testing. Once sample loading was 

complete, the temperature was raised to 36°C for testing. A 30 s delay was allowed before the 

start of the test for the sample temperature to equilibrate. Time sweeps were done at 1 Hz, 1% 

strain, and a 0.5 mm gap, this strain rate was determined to be in the linear viscoelastic region. 

Strain sweeps were performed on the samples prior to the time sweeps to identify the linear 

viscoelastic range. 

3.2.4 Scanning Electron Microscopy 

Untreated and pressure treated MCC and MPC samples were deposited to glass surfaces by 

placing a drop on a slide and subsequent air-drying. Samples were initially fixed by 2.5% (w/v) 

glutaraldehyde in 0.05 M sodium cacodylate buffer for 1 h, then rinsed in cacodylate buffer three 

times, for 5 min each, then fixed by a secondary fixation step using 1% (w/v) osmium tetroxide 
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in cacodylate buffer, for 30 min. Samples were then rinsed in cacodylate buffer three times as 

described above, and dehydrated using gradient ethanol solutions of 25%, 50%, 70%, 95%, 100%, 

and 100% (v/v), for 10 min each. Samples in 100% ethanol were critical point-dried with carbon 

dioxide. Dried surfaces were mounted to SEM stubs with carbon tape and coated with 

evaporated carbon. A Zeiss LEO 1550 field emission scanning electron microscope (Carl Zeiss 

Microscopy, LLC, Germany) was used, at a voltage of 3 kV. Images were acquired using the 

instrument accompanying software SmartSEM. 

3.2.5 Chemical analyses 

To further understand the mechanisms underpinning pressure induced structural changes of milk 

proteins, treated and untreated samples were analyzed for soluble proteins and minerals. 

Untreated and HPP-treated samples were centrifuged at 65,000 rpm in a Beckman L8-70MR 

ultracentrifuge (Beckman Coulter, Pasadena, CA) fitted with a Ti 70.1 rotor for 35 min. The 

supernatant obtained from ultracentrifugation was subjected to protein and mineral analyses, as 

described below. 

Proteomic analyses 

Protein analysis of the supernatants of treated and untreated protein samples was performed 

using a slightly modified version of the method by Sauer and Moraru (2012). First, supernatant 

samples were tested for protein content using the Bradford assay, with BSA as a standard 

according to the manufacturer’s instructions (ThermoFisher Scientific, Waltham, MA). 

Subsequently, a volume containing 10 μg protein was transferred to a 0.6 mL microcentrifuge 

tube. Samples were freeze dried using a FreeZone 4.5 L freeze dryer (Labconco, Kansas City, MO). 

Dry samples were resuspended and denatured using 20 μL of buffer containing 3 M guanidine 
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hydrochloride and 10 mM dithiothreitol (DTT) in 50 mM tris-HCl, incubated at 55°C for 1 h. Unless 

otherwise specified, all reagents were purchased from ThermoFisher Scientific. Samples were 

then cooled to room temperature and cysteine residues alkylated by adding 2.2 μL of freshly 

prepared 0.6 M iodoacetamide in 50 mM tris-HCl buffer to each sample. Samples were then 

stored in the dark at room temperature for 1 h. The reaction was quenched by adding 2.5 μL of 

0.2 M DTT in Milli-Q water, followed by incubation at room temperature for 10 min. To prepare 

for trypsin digestion, the sample pH was increased by adding 175 μL of 50 mM ammonium 

bicarbonate dissolved in Milli-Q water. Finally, 20 μg of sequencing grade porcine trypsin 

(Promega, Madison, WI) was resuspended in 200 μL of Milli-Q water, and 5 μL of the suspension 

added to each sample. Samples were incubated for 16 h at 37°C, after which trypsin digestion 

was stopped by adding 2 μL of 98% formic acid to each sample. Digested samples were stored at 

-20°C until analyzed by liquid chromatography multiple reaction monitoring by the Cornell 

Proteomics and Mass Spectroscopy Facility. 

Minerals analysis 

The minerals in the ultracentrifugation supernatant were also determined. A 5 g sample of the 

supernatant was weighed and placed in a CEM Microwave Accelerated Reaction System digestion 

vessel (CEM Corporation, Matthews, NC) with 8 mL concentrated nitric acid and 2 mL 

concentrated hydrochloric acid, then digested at 1,600 W and 190°C for 30 min (15 min come up 

time and 15 min holding). The calcium, phosphorus, magnesium, potassium, and sodium content 

of the sample was then analyzed using a Thermo ICAP 6300 inductively coupled plasma radial 

spectrophotometer (ThermoFisher Scientific, Madison, WI). 
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3.2.6 Statistical analysis 

All experiments were replicated 2-5 times and results were analyzed using ANOVA at a 

confidence level of 95%. Experimental data was analyzed statistically using JMP Pro 10.0.2 (SAS 

Institute Inc., Cary, NC). Statistical differences were analyzed using Tukey’s HSD for multiple 

pairwise comparisons between means. Differences with p-values less than 0.05 were considered 

significantly different. 

3.3 Results 

3.3.1 Effect of HPP on particle size  

Significant changes in particle size (p<0.05) as a result of pressure treatments were observed in 

both MCC and MPC, but the changes were different at the two casein concentrations tested 

(Figure 3.1). For the 2.5% MCC and MPC samples, increasing pressures resulted in progressively 

smaller particle sizes. Since the main contributor to the particle size were casein micelles, these 

changes suggest a gradual disruption of casein micelles with pressure.  For the pressure treated 

10% MCC, after a decrease in particle size after the 150 MPa treatment, an increase in particle 

size was observed for pressure treatments at 250 MPa and 350 MPa, followed by a drop in 

particle size after treatment at 450 MPa. A similar trend was observed for the 10% MPC samples, 

with the difference that particle size was maximum after 250 MPa treatment, and then decreased 

after the 350 MPa and 450 MPa treatments.  
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Figure 3.1: Average particle size of MCC and MPC after pressure treatment, measured at 20°C. 

 

The increases in particle size suggest aggregation phenomena in the HPP treated, high 

concentration samples. The decrease in particle size after the higher pressure levels may be due 

to the beginning of network formation in the concentrated samples, which could have affected 

the accuracy of the particle size data. This will be discussed in more detail later. 

3.3.2 Microstructural analysis of HPP treated MCC and MPC 

SEM images of undiluted MCC and MPC samples revealed that the microstructure of the samples 

was significantly altered by pressure treatment. SEM images of untreated samples featured 

nearly spherical casein micelles in the hundreds of nm diameter, which were more clearly defined 

in MPC than MCC (Fig. 3.2 & Fig. 3.3). Close-up images of these micelles are shown in the inserts 

in Figs. 3.2 and 3.3. These images also reveal the presence of spherical substructures of about 20 

nm in diameter. After pressurization at 150 MPa, micelles began to lose their integrity and 

became smaller and more irregularly shaped (Fig. 3.2B).  
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Figure 3.2: Scanning electron micrographs of 10% MCC: (A) Untreated; (B) treated at 150 MPa; 
(C) treated at 450 MPa. The inserts show close-up images of casein micelles.  

A 

B 
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Figure 3.3: Scanning electron micrographs of 10% MPC: (A) Untreated; (B) treated at 450 MPa. 
The insert represents a close-up image of a casein micelle. 

 

They also featured the spherical substructures of around 20 nm in diameter, which were 

observed in all SEM images. This is consistent with observations from Huppertz, Fox, and Kelly 

(2003) who also observed altered micelle shape following pressure treatment at 100-200 MPa. 

SEM images of 450 MPa treated 10% MCC and MPC (Fig. 3.2C and Fig. 3.3B) revealed dense 

networks of small, spherical aggregates of approximately 20 nm in diameter as observed in 

untreated MCC and MPC. 

A 

B 
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3.3.2 Effect of HPP on the renneting behavior of casein micelles in MCC and MPC 

Particle size during renneting 

Particle size analysis was used to evaluate the aggregation behavior of the pressure treated 

samples after the addition of rennet, and the data is shown in Fig. 3.2. It must be noted that 

particle size analysis was not conducted for samples after visible coagulation occurred. 

Immediately after renneting, particle size decreased slightly in both 10% MCC and 10% MCC, 

which likely reflects the cleavage of surface κ-casein and loss of the GMP fragment of the κ-casein 

molecules. After about 15 min, the particle size increased progressively, indicating the beginning 

of the aggregation process. In 10% MCC (Fig. 3.4A), pressurization at 150 and 450 MPa resulted 

in more rapid aggregation and larger aggregate sizes compared to the untreated sample, while 

treatment at 250 and 350 MPa extended the aggregation time and resulted in smaller aggregates. 

In 10% MPC (Fig. 3.4B), higher pressure levels led to progressively increasing particle size and 

more rapid aggregation as compared to the untreated samples. It should also be noted that 

untreated MPC did not coagulate and particle size barely increased for this sample, and only at 

50 min after renneting.  

Pressure treatment decreased the average particle size in 10% MPC and MCC for all treatments 

except for 350 MPa for 10% MCC and 250 MPa for 10% MPC. Treatment at 150 MPa or 450 MPa 

resulted in a significant (p<0.05) decrease in particle size before renneting while treatment with 

intermediate pressures (250-350 MPa) had varying effects. Other researchers have reported an 

increase in particle size with pressure treatment in the range of 200-350 MPa under a range of 

pH and temperatures and have suggested that the composition of pressure induced aggregates 
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are more sensitive to environmental conditions in this pressure range (Considine et al., 2006; 

Gaucheron et al., 1997). 

 

 

Figure 3.4: Particle size during renneting for 10% MCC (A) and 10% MPC (B) 

 

Some researchers have attributed the increased particle size in this intermediate range to serum 

protein interactions however, the persistence of this trend in the presence and absence of serum 

A 

B 
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proteins suggests that the main mechanism depends on casein interactions upon pressure 

release.  

To gain a better understanding of changes that occurred during the addition of rennet, an 

evaluation of the first phase of renneting was conducted by the spectrophotometric 

determination of glycomacropeptide release. The second stage of renneting (network formation) 

was evaluated by rheological methods.  

First phase of renneting: glycomacropeptide release 

In samples of the same casein concentration, GMP levels were similar in MCC and MPC. As 

expected, GMP release rates and levels were greater in samples of 10% casein concentration 

(A217nm ranged from about 0.15 at time 0 to about 0.40 at 60 min) than ones at 2.5% casein 

concentration (A217nm values from about 0.08 at time 0 to about 0.14 at 60 min). This was due to 

the increased amount of κ-casein available as a substrate. Pressurization up to 450 MPa did not 

alter the release rate or levels of GMP (data not shown). This is in agreement with results from 

Needs et al. (2000a) who, using the same method, found no significant difference in GMP release 

after pressurization of skim milk samples up to 600 MPa. However, López-Fandiño, Mercedes, & 

Agustıin (1997) observed a reduction in both the rate and total release of unglycosylated 

caseinomacropeptide (CMP) in raw milk subjected to HPP treatments at 200 and 400 MPa. In 

addition to observing CMP release, the authors used HPLC for CMP detection, which was more 

sensitive than the spectrophotometric method employed in this study. 

Assessment of network formation during rennet coagulation using rheology 

The increase in the elastic modulus of the samples (G’) after the addition of rennet was used as 

indication of network formation. In order to quantify the extent of network formation and rate 
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of coagulation, the rheological data was fitted with the linearized Scott-Blair model (Scott-Blair 

and Burnett, 1963; O’Callaghan and Guinee, 1995), according to Eq. 3.1: 

𝑙𝑛(𝐺′) = 𝑙𝑛(𝐺∞
′ ) − 𝜆/𝑡         (3-1) 

Where:  𝐺∞
′  - limiting value of curd firmness, at time 𝑡 → ∞ (Pa) 

  λ - the time required to reach a G’ value of 𝐺∞
′ /e (s) 

Parameters 𝐺∞
′  and λ were determined and used to make direct comparisons among samples.  

The rheological data revealed a different extent and kinetics of structure formation in MCC and 

MPC (Fig. 3.5). In untreated MPC, no coagulation was observed within 60 min after renneting, 

but pressure treatment induced network formation in the MPC samples, with increasing pressure 

level leading to higher gel firmness and reduced rennet coagulation time. These observations are 

consistent with the results of particle size analysis (Figure 3.4B). 

HPP-treatment had no significant effect on the rennet coagulation time (, or RCT) for 10% MCC, 

though slight reductions were observed, particularly for the 350 MPa and 450 MPa treatments. 

Gel firmness was much higher for the HPP treated samples, although the pressure level did not 

significantly affect the increase in 𝐺∞
′  (Fig. 3.5).  In 10% MPC, pressurization resulted in significant 

decreases in RCT up to 250 MPa, after which a plateau was reached. The difference between the 

two protein concentrates is likely due to the fact that MPC contains serum proteins, which are 

also affected by pressure. In particular, β-LG is known to denature at pressures above 250 MPa 

and even form complexes with κ-casein through disulfide bond exchange (Anema, 2010). In skim 

milk, this complexation was found to inhibit the action of rennet by blocking substrate access 

(Zobrist et al., 2005). The results presented here suggest that this blockage does not occur in the 
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highly concentrated MPC. On the contrary, the increase in gel firmness with increasing the 

pressure level shows that modifications induced by HPP were more significant in promoting 

rennet-induced aggregation than the negative contribution from possible β-LG - κ-casein 

complexation. 

 

 

Figure 3.5: Limiting gel firmness (𝐺∞
′ ) after 60 min and rennet coagulation time (λ) in renneted 

(A) 10% MCC; (B) 10% MPC. Results are the average of five independent experiments for the 
treated samples and three for controls. Error bars represent the standard error of repeated 
measurements. Data points not connected by the same letter are significantly different from 
each other (p < 0.05) 

A 

B 
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3.3.3 HPP induced chemical changes in MCC and MPC  

The protein and mineral profile of the soluble phase of HPP treated MCC and MPC samples were 

also assessed, as any pressure induced dissociation or structural reconfiguration of proteins, 

particularly of casein micelles, is expected to be accompanied by changes in soluble proteins and 

minerals.  

Proteomic profiling of the soluble phase 

Proteomic profiling of the soluble phase of treated and untreated MCC and MPC showed some 

pressure induced changes, which were affected both by the total protein concentration of the 

system and by the presence of as serum protein related effects (Fig. 3.6). Changes proteomic 

profiles in 10% samples were not significantly different after pressure treatment though clear 

trends were observed. In 2.5% MCC, pressurization led to significant, but small decreases in 

soluble β-LG though no significant differences were observed between treatments at 250-450 

MPa. In 2.5% MPC, increases in soluble αs1- and αs2-casein after treatment at 150 MPa was 

significantly different from controls and from samples treated at 350 MPa. In all samples, levels 

of soluble αs1- and αs2-casein increased with pressure treatment, with αs2-casein levels increasing 

most of any other protein. The increase in solubility of α-caseins with pressure treatment is in 

agreement with previously published results for skim milk (Anema, Lowe, & Stockmann, 2005). 

Soluble β-casein and κ-casein were mostly unchanged by pressure in all samples, though a slight 

decrease for both proteins were observed after treatment at 450 MPa.  
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Figure 3.6: Soluble protein levels compared to an internal standard (apomyoglobin) in: (A) 2.5% 
MCC; (B) 2.5% MPC; (C) 10% MCC; (D) 10% MPC. Data points represent averages of triplicate 
independent experiments, with the exception of MCC 10%, for which only 2 independent 
replicates were available. Error bars represent the standard error of repeated measurements. 

 

Changes in serum protein levels (β-LG, α-LA, and BSA) in the soluble phase were also monitored. 

It should be noted that even if in case of MCC about 95% of the serum proteins were removed 

during the manufacturing process, the remaining amounts of serum proteins were sufficient to 

be accurately detected using the proteomics method employed here. In 2.5% MCC and MPC 

samples, the levels of serum proteins decreased slightly with pressure treatment, but overall little 

difference was observed after pressurization. Denaturation and subsequent aggregation of 

serum proteins under pressure would lead to reduced solubility, but in these low concentration 

systems protein molecules were likely too widely spaced to interact. However, for the 10% MCC 

and MPC samples an interesting trend was observed, which was consistent across β-LG, α-LA, 
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and BSA. The serum protein levels in the soluble phase decreased with pressurization up to 250 

MPa, and then increased with pressure level. After treatment at 450 MPa the levels returned to 

the initial (untreated) level or increased slightly. This trend was rather surprising, especially 

considering that α-LA does not readily denature at pressures below 500 MPa, while both BSA and 

β-LG are pressure sensitive (Patel et al., 2006).  The observed trend is possibly due to 

incorporation of serum proteins into the casein aggregates that are formed upon pressurization 

and pressure release from 250 MPa and 350 MPa. The increase in soluble serum proteins 

following pressure treatment at 450 MPa may point to increased casein-casein interactions upon 

pressure release, which may exclude serum proteins from the newly formed casein network, 

resulting in increased serum protein levels in the aqueous phase. 

Soluble minerals in HPP treated MCC and MPC 

Pressure induced significant changes in the concentration of the minerals associated with the 

casein micelle (Ca, P and Mg), and only minimal changes in minerals typically found in the 

aqueous phase (Na, K).  The discussion will focus primarily on the minerals that are most relevant 

to structural changes of the casein micelles. Soluble calcium levels increased with pressurization 

for all proteins and concentrations, as shown in Fig. 3.7. A similar trend was observed in all 

samples: levels of soluble minerals increased after pressure treatment up to 350 MPa and then 

decreased with pressurization at 450 MPa. In MCC, the trend was very similar in samples of either 

2.5% or 10% concentration, while in MPC soluble minerals levels were higher in 10% samples 

than in 2.5% samples. Nonetheless, this was not reflected in differences in Ca/P ratios, as it will 

be discussed below, and therefore it is not clear if it has any relevance for pressure induced 

destabilization of proteins. The loss in Ca from the casein micelle could be at least in part due to 
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the slight drop in pH that is known to occur during pressurization. Phosphorous and magnesium 

levels (data not shown) followed a similar pattern as calcium, for all protein preparations. 

 

Figure 3.7: Change in soluble calcium levels and Ca/P ratio with pressure treatment in (A) MCC 
and (B) MPC. Results are the average of 4 independent experiments. Error bars represent the 
standard error of repeated measurements. 

 

The changes in the Ca/P ratio offer some interesting insight into the redistribution of minerals 

between the micelle and the aqueous phase. Ca/P followed a similar trend as soluble Ca, 

increasing with HPP treatment to pressures up to 350 MPa, then decreased slightly after the 450 

MPa treatment, but remaining still higher than the control. In MCC, the Ca/P ratio at 450 MPa 

was significantly lower (p < 0.05) compared to treatment at 350 MPa. In MPC, the Ca/P ratio after 

450 MPa treatment was slightly lower, but not significantly different than after the 350 MPa 

treated samples. The value of Ca/P in the untreated protein concentrates was about 1.1, which 

is consistent with the values for untreated MCC reported by Beliciu, Moraru, and Sauer (2012). 

After pressure treatment, these values increased to a maximum of about 1.4 for the 350 MPa 

treatment, for all protein concentrates. This indicates the migration into the soluble phase of 
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some of the micellar tricalcium phosphate, which has a Ca/P ratio of 1.5 (Barrère, van Blitterswijk, 

and de Groot, 2006).  

3.4 Discussion 

Pressure treatment of MCC and MPC with 2.5 and 10% casein concentration caused 

disintegration of casein micelles. At low concentration (2.5%), HPP treatment resulted in 

decreased particle sizes that were proportional to the pressure level, but at high concentration 

(10%) pressures above 350 MPa induced aggregation and the formation of a weak gel-like 

network, particularly for MCC. It has been reported before that pressurization and rapid 

depressurization in systems with high concentrations of casein can induce gelation (Kumeno et 

al., 1993; Keenan et al., 2001; Merel-Rausch, Kulozik, and Hinrichs, 2007). In this work, this was 

observed in samples treated at 450 MPa, for which the depressurization rate was 84.4±7.7 MPa/s 

which, according to Merel-Rausch, Kulozik, and Hinrichs (2007), is just sufficient to induce 

gelation at 10% casein concentration. 

Results of the GMP release experiment showed strong similarity in GMP release between 

untreated and pressure treated samples, regardless of the treatment pressure. Nonetheless, the 

GMP experiment is insensitive to the location of κ-casein, since chymosin would be expected to 

act equally on dissociated and micelle-bound κ-casein. On the other hand, the proteomic analysis 

of the aqueous phase did not indicate significant changes in the level of soluble κ-casein, either. 

Thus, changes in renneting kinetics in the protein concentrates that occurred as a result of 

pressure treatment constitute a better indicator of structural changes in the casein micelle. It 

should be noted that the low rennet gel strength (G’ values) obtained for the untreated protein 
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preparations was affected by the depletion of calcium during the diafiltration process used in 

preparing the MCC and MPC powders (Ferrer, Alexander, and Corredig, 2014). The inability of 

untreated MPC to coagulate may also be attributed to a shielding effect of serum proteins, which 

interfered with the secondary phase of renneting (network formation). For all HPP treated 

samples, Ca released in the aqueous phase during pressurization likely played an important role 

in promoting network formation after the addition of rennet. In MCC pressurization resulted in 

increased gel firmness after renneting, but the coagulation time was not really affected by the 

treatments. For MPC, coagulation time decreased and gel strength increased after pressure 

treatment of up to 350 MPa, and both stabilized after that.  

In trying to understand the differences in renneting behavior between MCC and MPC, a closer 

look at serum proteins is necessary. Patel et al. (2006) have shown that at around 200 MPa, β-LG 

forms disulfide bonded aggregates with κ-casein, while at around 400 MPa, β-LG aggregated both 

with κ-casein and αs2-casein. Yet, the different trends in the levels of β-LG, κ-casein and αs2-casein 

in the aqueous phase observed in Fig. 3.6 do not suggest the formation of such associations. On 

the other hand, Needs et al. (2000b) showed that after pressure treatment of milk at 600 MPa 

for 15 min followed by storage at 4 °C, β-LG was distributed throughout the micelle but, upon 

warming to 43 °C, β-LG migrated to the surface of the micelles or surrounded the micelles. 

Although lower pressure levels were used in this work, based on the work by Anema (2010) 

pressurization at 450 MPa/15 min is still expected to lead to extensive denaturation of β-LG. A 

redistribution of β-LG, and possibly of -LA and BSA as well, from inside the casein aggregates 

after treatment at intermediate pressures (250 and 350 MPa) to outside of the casein aggregates 

after treatment at 450 MPa, similar to the redistribution reported by Needs et al. (2000b), may 
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have also occurred in the pressure treated MCC and MPC. This would in fact explain the trends 

observed for the three serum proteins in Fig. 3.6. Since these changes were similar in MCC and 

MPC, they are not likely to have affected the different renneting behavior of the two protein 

concentrates. Therefore, it is safe to assume that for 10% MPC the increased presence of Ca in 

the aqueous phase and the destabilization of casein micelles by pressure were able to overcome 

the inhibitory effect of serum proteins on network formation.  

Pressure induced destabilization of casein micelles is clearly demonstrated by all the physical and 

chemical tests conducted in this work. The similarity between the trends in soluble calcium levels 

and the levels of calcium binding αs1 and αs2-casein in the aqueous phase following pressure 

treatment suggest that they have migrated together out of the casein micelles during 

pressurization. Both αs1-casein and αs2-casein, particularly the latter, have a high degree of 

phosphorylation and a strong propensity to bind calcium, a mechanism that is important to 

micelle stability (Farrell, 1999). These findings are consistent with the work by Regnault, Dumay 

and Cheftel (2006), who showed that calcium released from the micelles after pressure 

treatment was bound to soluble proteins. The change in Ca/P as a result of pressurization 

suggests the migration of calcium triphosphate into the aqueous phase, which provides 

additional reasons for, and evidence of, micelle dissociation. 

The SEM images obtained in this work are particularly interesting. The SEM micrographs in Fig. 

3.2. and 3.3. show small, spherical substructures that are 15-20 nm in diameter, which appear to 

be the building units of the micelle structure. Upon application of pressure, the micellar structure 

is progressively disrupted and the small substructures are no longer associated as micelles. SEM 

images suggests that the transformation of casein micelles may be a two-step process, consisting 
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of: 1) dissociation of micelles into substructures (submicelles) under pressure; and 2) re-

aggregation of the subunits upon pressure release.  

The extent of dissociation and re-aggregation depends on the pressure treatment. At 150 MPa, 

limited disruption of micelles occurs but it is sufficient to release calcium in the serum along with 

α-caseins, which reduces the size of casein micelles. This disruption may be limited to dissociation 

of casein submicelles but may not involve complete dissociation of the micelle. At 250-350 MPa, 

a transition point is reached as pressure treatment significantly loosens the micelle structure. It 

has been reported before that micelle dissociation in milk is complete at around 300 MPa 

(Gebhardt, Doster, & Kulozik, 2005; Orlien et al., 2006), but in concentrated systems this is shifted 

to higher pressure levels, since less solvent is available to solubilize colloidal calcium phosphate 

and destabilize micelles (Huppertz & De Kruif, 2006). In the 10% MCC and MPC studied here, 

complete dissociation seems to have only taken place after 450 MPa treatments. The rapid 

depressurization following this treatment resulted in re-aggregation of the small casein 

substructures into a homogeneous network of tightly knit substructures. Serum proteins may be 

incorporated into the casein aggregates that are formed upon pressure release, particularly in 

the samples subjected to 150, 250 and 350 MPa, which are not so closely packed. Based on the 

evidence shown here, it appears that treatment at 450 MPa induces a casein network that 

excludes serum proteins, which are preferentially found in the aqueous phase. 

3.5 Conclusions 

This research examined the physicochemical changes to MCC and MPC suspensions at a range of 

concentrations as a result of pressure treatment up to 450 MPa. Rennet coagulation kinetics, 
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particle, size, and serum mineral and protein composition were altered by pressure treatment, 

and the observed changes were both pressure, concentration, and composition dependent. At 

2.5% casein concentration, pressurization resulted in a progressive reduction of particle size, 

while in samples of 10% casein concentration pressurization up to 350 MPa resulted in 

dissociation of casein micelles and partial re-aggregation, and gelation after 450 MPa. This work 

also provided additional insight into the structure and stability of milk proteins. Most notably, 

SEM images revealed that casein micelles were comprised of spherical substructures of 15-20 nm 

in diameter, which supports the existence of casein submicelles. The observed pressure induced 

changes can be used as a basis for the development of new products, with potential applications 

ranging from clear or translucent casein fortified beverages, to soft gels of high protein content. 

These results may help inform the development on new milk proteins based foods with novel 

textures and high sensory and nutritional quality. 
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4.0 PERSONAL REFLECTIONS ON MILK PROTEIN STRUCTURE AFTER HIGH 

PRESSURE TREATMENT 

A lingering debate in the study of casein micelles has been the existence of micellar substructure, 

the so-called ‘submicelle’. Electron micrographs have shown visual evidence of submicellar 

structure 15-20 nm in diameter but these have been frequently criticized as artifacts of sample 

preparation. A possible explanation of the results obtained in this experiment may be facilitated 

by a submicelle model, though data is lacking to put forth this study as concrete evidence for the 

existence of submicelles. 

The SEM images obtained in this study are among the clearest taken of casein micelles and 

appear to show evidence of submicellar structures 15-20 nm in diameter. These appear to match 

descriptions and previous reports of submicelles (Kimura, Taneya, and Kanaya, 1979; McMahon 

and McManus, 1998) and are consistent with in situ particle size experiments which showed that 

low levels of pressure dissociated micelles into particles 15-20 nm in diameter (Gebhardt, Doster, 

& Kulozik, 2005). Some results obtained in this study are readily explainable utilizing a submicelle 

model. If pressurization leads to dissociation of the micelle to its constituent monomers, then 

reformation of the casein micelle within a subunit model comprises an intermediate aggregation 

of casein monomers into submicelles and subsequent aggregation of these submicelles into the 

micelle. Each of these processes are time dependent with submicelle formation presumably 

being rapid and the aggregation of submicelles comparatively slower considering the weak 

interaction of submicelles (Walstra, 1999). In high concentration casein systems subjected to 

rapid depressurization, gelling has been observed and the SEM images presented in the 
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preceding chapter clearly show a dense network of small, spherical clusters 15-20 nm in 

diameter. Within this context, in rapid depressurization of high concentration casein systems 

submicelle formation happens very quickly. However, submicelle aggregation into micelles is not 

possible in the short time scale of depressurization and what results is a network of submicelles 

that form a gel. This is a similar model to that suggested by Walstra (1999) who suggested that 

the submicelle description of renneting is in fact, a reshuffling of submicelles to form a 

homogenous microstructure. Rheological data presented in this study also fits nicely into the 

subunit model. In MCC, pressurization at 150 MPa slightly restructures the micelle and results in 

denser packing of submicelles which yield a firmer curd after renneting. It is possible that this 

treatment also buries some surface κ-casein into the micelle interior where it can still be attacked 

by rennet but no longer provides steric stabilization.  

 

Figure 4.1: Schematic of submicellar dissociation at low range pressure 
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Pressurization at 250 or 350 MPa represents a transition zone where micelle structure is loosened 

by pressure treatment but submicelle-submicelle interactions are maintained. The result is 

slightly increased or no change in average particle size and a reduction in rennet gel firmness and 

longer renneting kinetics due to lose association of submicellar structure leading to lose packing 

micelles in the rennet gel.  

 

Figure 4.2: Schematic of micellar dissociation at intermediate pressures 

 

At 450 MPa, this transition is complete and pressurization leads to complete dissociation of 

submicelles which are unable to regain their discrete micellar structure upon depressurization. 

These altered micelles are much smaller and hence more easily attacked by chymosin and pack 

very densely to form a firm network. A schematic of this pressure induced dissociation is 

presented below in Figure 4.3. 
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Figure 4.3: Schematic of complete micellar dissociation and gelling upon pressure release 

However, the fact that the average particle size of the 450 MPa treated samples was between 

140-220 nm, suggests that interactions among submicelles are still present and do form some 

kind of ultrastructure. While particle sizing experiments showed an increase in small aggregates, 

around 50-90 nm in diameter with pressure treatment, these are still larger than the 15-20 nm 

substructures observed in SEM and may point to small clusters of submicelles. Still, considering 

the observed networking of caseins in 10% samples treated at 450 MPa, the use of dynamic light 

scattering to assess particle size presents some issues and may not be representative of the true 

average particle size. In MPC, serum protein interactions cannot be neglected and in untreated 

samples contributed negatively to rennet induced gelation. Pressurization leads to unfolding of 

the serum proteins and possibly, their association with the HP-modified casein micelle upon 

pressure release (López-Fandiño, Mercedes, & Agustıin, 1997). Increasing levels of pressure 

treatment lead to rennet gels of increased strength with shorter coagulation times. The 

reformation of submicelles upon pressure release may be thought of as a new micelle synthesis 
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but, in contrast to micelle synthesis in the Golgi, serum proteins are present and may be 

incorporated into submicelle structures. Again, in the context of 450 MPa representing the end 

of a transition point for micellar dissociation under pressure, the proteomics results suggest that 

serum proteins may be incorporated with the submicelles up to pressures of 350 MPa. Once 

micellar dissociation is complete at 450 MPa, submicelle assembly ceases to include serum 

proteins as represented by the levels of these proteins in the ultrasupernatants. SEM images of 

450 MPa treated 10% MCC and MPC look nearly identical and show a similar network of casein 

subunits that are 15-20 nm in diameter. Renneting the 450 MPa treated 10% MPC leads to a 

shuffling of these substructures to form a dense casein network similar to the one formed in 450 

MPa treated MCC. 

A key criticism of the subunit model has been the lack of evidence for in vivo distribution of κ-

casein-rich and poor submicelles. However, the assumption that κ-casein must occupy a surface 

position on the micelle has been challenged (Horisberger and Vauthey, 1984) and considering 

the loose structure of the micelle, κ-casein’s position may not be fixed in the micelle. The 

hydrophilic character of κ-casein could support this as the protein would likely me more stable 

on the surface of the micelle than the interior where hydrophobic interactions dominate. It is 

conceivable that pressurization at low levels reshuffles submicelles but does not dissociate κ-

casein from the submicelle surface, burying some of it within the micelle where it is still accessible 

to chymosin but its hydrolysis does not contribute to para-casein formation and subsequent 

destabilization. At 250-350 MPa, κ-casein is dissociated but depressurization is sufficiently slow 

to allow the micelle structure to mostly recover. At 450 MPa, complete dissociation followed by 

rapid depressurization occurs and submicelle formation is permitted because of the strong 
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binding forces at play and hence rapid formation. At this point, κ-casein may be distributed 

throughout the micelle network but structures are sufficiently small that it can readily migrate to 

the submicelle surface which is in close contact with the solvent. 

Further research is needed to confirm these hypotheses. Detailed EM images produced by a 

range of sample preparation techniques would be useful in dispelling notions that substructure 

observed under EM are just artifacts. Immunolabeling κ-casein prior to SEM imaging could also 

provide more details about the substructure of the HP-altered micelles. More detailed GMP/CMP 

release data performed by a more sensitive method would help explain these structural changes 

and possibly elucidate the location of κ-casein in the HP-altered micelle. Lastly, separating 

pressure treated micelles by size and profiling the proteins in smaller micelles compared to larger 

fractions may shed some light on the pressure treated aggregates and the existence of 

submicelles. Smaller micelles have been found to have a higher concentration of κ-casein in 

proportion to their surface area but this has not been investigated for pressure-modified 

micelles. The persistence (or lack) of this trend in pressure treated, small micelles, could imply 

the redistribution of κ-casein in submicelles upon pressure released after complete micellar 

dissociation at 450 MPa or only partial dissociation at 150 MPa. 
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