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ABSTRACT          
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DELIVERY OF BIOACTIVE COMPOUNDS  

     

  

 

Saeed Rahimi Yazdi        Advisor: 

University of Guelph, 2012      Professor M. Corredig 

 

  

      

This thesis is an investigation of binding of casein micelles to polyphenols such as 

epigallocatechin gallate (EGCG), resveratrol, and curcumin. The incorporation of the 

bioactive molecules in casein micelles seems to be beneficial. The results from this study 

clearly demonstrated that casein micelles can incorporate polyphenols. There is a 

difference in the binding behaviour between curcumin and resveratrol. Curcumin is able 

to penetrate the core of the micelles, but resveratrol has less affinity for the hydrophobic 

sites, instead, it can be bind in the core of the micelles through the water channels. The 

processing of milk (heating, cooling, static high pressure and microfluidization) alters the 

surface or the internal structure of the casein micelles resulting in increased 

incorporation. The release of β-casein caused alteration to the core of the casein micelles, 

without any effect on the colloidal calcium phosphate composition and any changes in 

the surface properties of the micelles. These internal rearrangements lead to an increase 



3 

 

in the affinity of the hydrophobic sites for curcumin and resveratrol in the inner core of 

the micelles. 

This work clearly confirmed that β -casein plays a role in stabilizing internal structures in 

the casein micelle and its release causes an increase in the micellar size by increasing the 

hydration and repulsion occurring within the water pockets present in the inhomogeneous 

inner structure of the casein micelles. Inner core of casein micelles undergoes 

rearrangements during application of static high pressure and microfluidization. In the 

case of static high pressure, the results indicated that the persistent rearrangement of the 

amino acid residues induced by high-pressure treatment result in an increase in the 

amount of curcumin association with milk proteins.  It was shown that in both untreated 

and microfluidized milk, the presence of polyphenol molecules significantly affects 

rennet induced gelation, by delaying the gelation. However, the behavior of casein 

micelles incorporated with resveratrol is different comparing to curcumin, as resveratrol 

strongly affected the surface interactions during rennet-induced gelation.  

Further research is needed to explain the practical aspect ( functionalities such as acid 

gelation, emulsification and foaming) of application of casein micelles as natural 

nanocarrier of bioactive compounds. 
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CHAPTER 1 

1.1 General Introduction 

According to Kitts (1994) bioactive compounds are extra-nutritional constituents that 

are naturally occurring in small amounts in food plants such as fruits, vegetables and 

grains. These compounds are classified into different categories. Amongst them, are 

phenolic compounds or polyphenols which have numerous health benefits and multiple 

biological activities including anti-cancer, anti-microbial, and anti-inflammatory (Negi et 

al., 1999; Satoskar, 1986; Kuttan, 1985). For instance, it has been shown that the 

incidence of coronary heart disease can be reduced by intake of some flavones and 

flavonols, and inverse correlations between some cancers and isoflavones consumption 

have been reported (Taylor et al., 2009). 

Curcumin, a polyphenolic compound present in turmeric, and resveratrol found in 

the skin of certain red grapes were selected as model molecules in this project. Curcumin 

is a low-molecular weight hydrophobic molecule with two ferulic acids linked via a 

methylene bridge at the carbon atoms of the carboxyl groups (Sahu et al., 2008). On the 

other hand, Resveratrol (3,5, 4’-trihydroxy-trans-stilbene) is a stilbenoid, a natural phenol 

with hydrophilic characteristics (Prokop, 2006). In spite of the recognized health benefits 

of the polyphenols, proven both in vitro and in vivo, their low bioavailability and their 

bioefficacy mechanisms are still a matter of debate. This is why their applications in 

therapeutic, pharmaceutical, cosmetic and food applications have been limited.  
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For example, in the case of curcumin, its low solubility in aqueous solutions requires 

binding of this molecule to protein or conjugation with other soluble molecules, to 

maintain bioaccessibility and bioefficacy. Delivery systems have been designed for 

curcumin, among them, liposomal formulations, complexes of curcumin with 

maltodextrins or other lipophilic molecules and with casein micelles as the major proteins 

in milk (Onoue et al., 2010; Sahu et al., 2008).  Together with resveratrol, less studied in 

milk systems, these molecules were chosen as model systems for our study of the 

encapsulation behaviour of casein micelles. 

Casein micelles are a group of phosphoproteins comprising about 80% of the milk 

protein in bovine milk.  Four casein fractions (the αs1-, αs2-, β- and κ-caseins, in 

approximate ratios 4: 1: 3.5: 1.5) form micelles by the interactions with calcium 

phosphates clusters, as well as hydrogen bonds, van der Waals, and hydrophobic 

interactions( Dalgleish, 2011). On the structure of casein micelles, so far different models 

have been proposed which individually explain one aspect of the casein micelles, but 

none of them seem to fully describe either the measured physico-chemical properties or 

the functionality of the micelles. In particular, many models do not seem to accommodate 

the capacity of the casein micelles to load substantial amounts of other molecules within 

their colloidal structure. Recently, it has been proposed that the micelle structure is not a 

continuous aggregate of protein, but it contains less protein dense areas, water channels, 

and clefts (Dalgleish, 2011). This model also can explain the highly hydrated and highly 

hydrophobic interior of the micelles at the same time.  In the present work, the binding of 

two molecules (resveratrol and curcumin) was studied to test the hypothesis that 
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minimum structural changes to the very porous structure of the casein micelles would 

modulate the association and incorporation of bioactive molecules. 

Another important reason for using curcumin and resveratrol as model molecules 

was the ability to measure their binding using fluorescence spectroscopy. In particular, 

fluorescence quenching of the tryptophan moieties would allow for a better 

understanding of the accessibility of these two model molecules to the casein micelle 

interior. By using these two molecules, with different affinity for the hydrophobic groups 

of the caseins, it will be then possible to probe structural changes of the casein micelles 

during processing. 

1.2  Research Hypotheses  

To better probe the differences in binding of curcumin and resveratrol with the 

casein micelles, modifications were induced to these colloidal particles through 

processing.  In particular, it was hypothesized that heating, high hydrostatic pressure, 

microfluidization or cooling would increase the binding of polyphenols to the casein 

micelles. By the same token, it was hypothesized that structural changes occur to the 

casein micelles with processing, and polyphenols can be employed to probe such 

structural changes.  

In the first result chapter, fluorescence spectroscopy was employed to determine 

changes in the binding affinity of curcumin in casein micelles and skim milk after heating 
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treatment. In a second chapter, the effect of high hydrostatic pressure on the binding of 

curcumin was studied,  to test the hypothesis that during the process, the disruption of the 

casein micelles cause a higher affinity for the hydrophobic compound.  Both direct and 

quenching fluorescence were employed to measure the changes in the binding of 

curcumin to the micelles.  In the later chapters, two model compounds were employed, 

resveratrol and curcumin. It was demonstrated that they have different binding sites, with 

curcumin penetrating to the core of the micelles, while resveratrol, being more 

hydrophilic, not being able to quench to the same extent the hydrophobic moieties of the 

the casein proteins.  These two molecules were then employed to test changes to 

microfluidized milk, renneting treatment and milk with depleted of β−casein.  
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CHAPTER 2 
Literature Review 

2.1 Bioactive compounds-occurrence and benefits 

A number of compounds present in foods at low concentrations have been shown to 

have powerful bioactive properties. For example, it is recognized that a diet rich in fruits, 

vegetables and whole grains has beneficial health effects. In particular, phenolic 

compounds are a major category of bioactive compounds and the most numerous and 

ubiquitous groups of plant metabolites. These compounds are products of the secondary 

metabolism of plants and comprise more than 8,000 phenolic structures. Based on the 

simplicity or complexity of their chemical structures, they range from very simple 

molecules like phenolic acid (C6) to highly polymerized cyclic compounds like tannins. 

All polyphenols have at least one phenolic ring in their skeleton and are mostly 

conjugated with saccharides, organic and carboxylic acids, lipids, and amines (Bravo, 

1998). Harborne (1993) divided polyphenols in at least 10 classes in which the most 

common polyphenols are flavonoids with more than 5000 components. Simple phenols 

are the most abundant plant phenolics (Kris-Etherton, 2002), in this group belong 

phenolic acids (e.g., gallic acid), hydroxycinnamates (e.g., caffeic acid from coffee and 

ferulic acid from cereal brans), stilbenes (e.g., resveratrol found in red wine) and 

curcumin (Aggarwal et al., 2007; Denny & Buttriss, 2007). 

Numerous studies have shown that various polyphenols exhibit antioxidative, anti-

inflammatory, antiviral, antibacterial, antifungal, and anti proliferative activities on 



6 

 

cancer cells (Gonzalez et al., 2011; Khymenets et al., 2011; Citarasu, 2010; Aggarwal et 

al., 2007), and thus, their dietary consumption is recommended. Amongst the various 

polyphenols studied, curcumin and resveratrol have shown great potential to be employed 

in functional foods.  

2.1.1 Curcumin 

Curcumin (C21H20O6 diferuloylmethane 1,7-bis [4-hydroxy-3-methoxyphenyl]-1,6-

heptadiene-3, 5-Dione) has two ferulic acids linked via a methylene bridge at the carbon 

atoms of the carboxyl groups. Curcumin is a small hydrophobic molecule of 368 g/mol of 

molecular weight (Figure 2.1) (Maheshwari et al., 2006; Reddy et al., 1999). This 

bioactive molecule, isolated from turmeric (Aggarwal et al., 2007), has been shown to 

have numerous therapeutic effects (Singletary, 2010). The molecule has three analogues 

(i.e.diferuloylmethane, also called curcumin, demethoxycurcumin, and 

bisdemothycurcumin), but it is not clear if all analogues exhibit equal bioactivity. Due to 

its hydrophobicity, curcumin shows very low solubility in water at acidic or neutral pH. 

The pKa values for the dissociation of the three acid protons in the molecules are 7.8, 8.5 

and 9.0 (Tonnesen, & Karlsen, 1985).   

2.1.2 Resveratrol 

Resveratrol, (3, 5, 4’-trihydroxystilbene) (Figure 2.2) is a phenolic compound found in 

the skin of some varieties of grapes and in red wine.  Resveratrol is a small molecular 

weight compound (390 Da) with three hydroxyl groups, which impart hydrophilic  
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Fig. 2.1. Chemical structure of curcumin. 
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Fig. 2.2. Chemical structure of resveratrol. 
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character to the molecule. Resveratrol has also been shown to have a broad spectrum of 

bioactivities, i.e. anti proliferative effects on cancer cells, antioxidant, and cardio 

protective functions (Murias et al., 2005; Dong, 2003).  

2.2 Technological challenges related to the delivery of bioactives in 

foods  

Despite the potential of employment of these bioactive compounds in functional 

foods tailored to provide additional health benefits to the consumer, their bioefficacy 

when incorporated in food matrices is often put into question. Some polyphenols are very 

vulnerable to changes in environmental conditions, they show poor solubility in aqueous 

solutions and hence they are thought to have very little bioaccessibility and 

bioavailability (Siddiqui et al., 2010). For instance, it has been shown that trans-

resveratrol molecules degrade at room temperature and are very sensitive to light 

(Shanmuganathan & Li, 2009). In addition, hydrophobic molecules such as curcumin 

show limited bioaccessibility, due to their low solubility in aqueous solutions. 

Food product developers are therefore left with the challenge to preserve the 

stability, bioactivity and bioavailability of these bioactive molecules, not only during 

processing and storage of foods, but also during digestion. Indeed, to be able to deliver 

the nutritional functionality, food products need to have not only a nutritionally 

significant dose of bioactive molecules, but these molecules must also remain fully 

functional for as long as necessary (Garti, 2008). Encapsulation of these bioactives may 
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provide a solution to these challenges. A number of technologies have been developed 

for encapsulation of bioactives, including spray drying, coacervation, liposome 

entrapment, inclusion complexation, co-crystallization, emulsification, freeze drying, or 

nanoencapsulation (Fang & Bhandari, 2010).  

In nanoencapsulation technology, drugs are loaded within the core of submicron 

capsules or particles, which protect them from degradation (Reis et al., 2006). 

Nanoparticles containing quercetin and EGCG phenolics have been successfully 

developed using a phase inversion process, with propylene glycol dicaprilate/dicaprate 

and lecithin emulsifier. These nanoparticles are stable, and the encapsulation increases 

the solubility of the phenolic compounds (Barras et al., 2009). Curcumin has been 

encapsulated in particles of about 80 nm composed of poly (lactice-co-glycolic acid) and 

polyethylene glycol. In this case, the particles are obtained after several steps of mixing, 

evaporation, centrifugation and application of different organic solvents and stabilizers 

(Anand et al., 2010). In this case also, the particles show a higher solubility, 

bioaccessibility and stability compared to free curcumin molecules.  Another study (Shao 

et al., 2011) reported the use of methoxy poly ethylene glycol - polycaprolactone to 

prepare nanoparticles composed of both hydrophilic and hydrophobic segments. These 

particles are capable of loading target molecules by self assembling into nanoscale 

spherical structures with a hydrophilic outer shell and a hydrophobic inner core.  The 

examples above are just a few amongst the approaches reported in the literature to 

fabricate nanoparticles to encapsulate polyphenols (see for example, Shutava et al., 2009; 
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Hu et al., 2008). The encapsulation also has been shown to result in a higher intake by the 

intestinal cells (Bala et al., 2006).   

Albeit they yield particles in the micron range, biopolymers such as cyclodextrins 

have been employed to encapsulate bioactive materials. Cyclodextrins are modified 

starch molecules with six, seven or eight glucose residues linked by α (1-4) glycosidic 

bonds in a cylinder-shaped structure (Madene et al., 2006). The outer side of the 

assembly is hydrophilic, but the inner side is hydrophobic, so they are a common 

approach to encapsulate hydrophobic molecules, for example in flavour technology 

(Bhandari et al., 1999; Dziezak, 1988). Cyclodextrins have been employed to increase the 

solubility and stability of both resveratrol and curcumin (Lucas-Abellan et al., 2008; 

Tomren et al., 2008).  

Other naturally occurring biopolymers, including proteins such as sodium caseinate, 

whey protein and soy protein isolates have been employed to build delivery systems for 

bioactives. In particular, milk proteins have been recognized as superb natural vehicles 

for bioactives (Livney, 2010).  

2.3 Milk composition 

In general, cow’s milk comprises 87.7% water, 4.9% lactose (carbohydrate), 3.4% 

fat, 3.3% protein, and 0.7% minerals (referred to as ash). Cow's milk natural pH is around 

6.7 (Fox & McSweeney, 1998). Milk can be considered as a complex system in which 
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proteins and fat globules form colloidal particles dispersed in the aqueous phase of 

soluble carbohydrates, minerals, vitamins and other low molecular weight components 

(Fox & McSweeney, 1998). In this polydispersed system, fat globules can be easily 

separated by gravity or centrifugation. The protein fraction of milk is composed of 

caseins (αs1-, αs2-, β-, and κ-casein) and whey proteins (mostly β-lactoglobulin, α-

lactalbumin and bovine serum albumin), accounting for ~80% and ~20%, respectively 

(Fox & McSweeney, 1998). The milk serum, composed of lactose, small molecular 

weight components and salts, can be separated from the proteins by filtering skim milk 

using an ultrafiltration membrane (Walstra et al., 2006). 

2.3.1 Whey proteins 

About 20% of the total protein of bovine milk is whey or serum proteins. These 

proteins are soluble at pH 4.6 and in saturated NaCl; also they are not sensitive to 

calcium ions (Fox & McSweeney, 2003). There are two main proteins present in the 

whey fraction of milk, ɑ-lactalbumin and β-lactoglobulin. 

α- Lactalbumin is a small compact globular protein and represents ~ 20% of the 

whey proteins in bovine milk. Its molecular weight is about 14 kDa with the isoelectric 

point of about pH 4.8. There are 123 amino acid residues in its structure, rich in 

tryptophan residues (4 residues per molecule). Although the molecule doesn’t have any 

free sulphydryl groups, it contains 4 intramolecular disulphide bonds. α-Lactalbumin is a 

metalloprotein which binds one mole of Ca
2+

 per mole of protein in a pocket containing 4 

aspartic acid residues. These structural features make α-lactalbumin quite heat stable 
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(Fox & McSweeney, 2003). The denaturation temperature of this protein is higher than 

other whey proteins because of its compact structure and the calcium stabilization 

(Relkin et al., 1992). At pH lower than 5, the aspartic amino acid residues get protonated 

and lose the bond calcium; without the calcium being bound, the denaturation 

temperature of α-lactalbumin decreases (Fox & McSweeney, 2003). 

β-lactoglobulin is the most abundant whey protein, representing about 50% of the 

total whey proteins in milk. It has 162 amino acid residues per monomer and a molecular 

weight of ~18 kDa. It has been shown that β-lg exists as a dimer and folds into a central 

calyx formed by eight anti parallel β-strands and an α-helix located at the outer surface of 

the β-barrel (Kontopidis et al., 2004). Its isoelectric point is pH 5.2. The key attribute of 

β-lg is the presence of one mole of cysteine per monomer and 2 intramolecular disulphide 

bridges. Following heat denaturation, the protein exposes its cysteine residues and forms 

complexes with other cysteine containing proteins, such as α-lactalbumin, BSA or κ-

casein (Livney et al., 2003).   

2.3.2  Interactions of polyphenols with whey proteins.  

Several reports are available on the interactions of β-lg with polyphenols; for 

instance, the interactions with tea polyphenols such as (+)-catechin, (-)-epicatechin, (-)-

epicatechin gallate and (-)-epigallocatechin gallate have been described using 

fluorescence quenching (Kanakis et al., 2011), reporting the binding constants, as well as 

the number of the polyphenols bound per protein molecule. At the molecular level, 

several amino acid residues are involved in polyphenol-protein complexation, through 
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hydrophobic and hydrogen bridging. It was shown that the polyphenols interact with β-lg 

in the order of increasing number of -OH groups; the more -OH groups the polyphenols 

have, the more the binding. Analyses of the secondary structure of β-lg by infrared 

spectroscopy and CD spectroscopy have shown that, upon complexation of the 

polyphenols and β-lg, the conformation of the protein changes (Kanakis et al., 2011).  

The interactions of folic acid with β-lg have also been described, determining the 

characteristics of the binding and the number of binding sites using intrinsic fluorescence 

(Liang & Subirade, 2010). It was also demonstrated that with the formation of a complex 

between folic acid to β-lg, the photostability of the molecule against UV radiation 

improved. Folic acid binds to the hydrophobic pocket of β-lg in a groove between the α-

helix and the β-barrel (Liang & Subirade, 2010). Retinol also has been shown to bind in 

the calyx cavity of β-lg, causing quenching of the intrinsic fluorescence of tryptophan 

amino acids (Cho et al., 1994). On the other hand, binding studies with resveratrol, a 

water soluble molecule, showed that this polyphenol associates with the surface of β-lg 

(Liang et al., 2008).  

2.3.3 Casein micelles 

Casein micelles comprise ~ 78 % of the total nitrogen content in milk. These protein 

assemblies are designed by nature to concentrate, stabilize and transport essential 

nutrients, mainly calcium and protein, for the neonate. These proteins are of great 

importance in dairy technology, as their processing functionality (for example, their gel-

forming abilities) are key to many dairy processes. They are composed of four 
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phosphoproteins, namely, αs1-, αs2-, β-, and κ-casein, at a molar ratio of about 4:1:3.5:1.5 

and are small molecules about 20-25 kDa in molecular weight.  Caseins have low level of 

secondary and tertiary structure, thus providing flexibility and relative stability towards 

heat.  Only αs2- and κ-caseins have cysteine residues. αs1-, αs2-, and β-casein are Ca
2+

-

sensitive and precipitate at concentrations of 3-8 mM, < 2 mM, and 8-15 mM Ca
2+

, 

respectively. κ-Casein is the only Ca
2+

 soluble casein, because of its low degree of 

phosphorylation (Aoki et al., 1985; Farrell et al., 1988). All caseins, in particular β-

casein, are rich in proline, which causes the structure to be very flexible. Because of their 

structural flexibility, the caseins are often referred to as rheomorphic proteins, i.e., they 

adapt their structure to the changes in environmental conditions (Holt & Sawyer, 1993).    

The structural organization of the casein micelle is a disputable subject amongst 

researchers, in regards to the interactions involved in maintaining the integrity of the 

particle under various environmental conditions.  Various models for the structure of the 

casein micelles have been proposed, mostly deriving from different interpretations of the 

physico-chemical evidence available.  There is general agreement that caseins are held 

together by an equilibrium between electrostatic and hydrophobic interactions (Horne 

2009; Horne, 2006) and van der Waals forces (Dalgleish, 2011).  Calcium phosphate 

nanoclusters play an important role in the self assembly, as they are bound to 

phosphorylated serine residues of the caseins (de Kruif & Holt, 2003; Holt et al., 1998).  

During assembly of the casein particles in the cell, αs- and β-caseins are core 

polymers that polymerize via hydrophobic interactions leading to the formation of protein 



16 

 

aggregates. This occurs in the presence of calcium phosphates, which cement this 

supramolecular protein aggregate (de Kruif et al., 2012; Farrell et al., 2006; Holt et al., 

1998).  The growth of the casein aggregates is limited by the binding of κ-casein to the 

surfaces of the micelles (Dalgleish, 2011; Horne, 2009).  

2.3.4 Interactions of polyphenols with caseins 

Casein proteins are avid binders of polyphenols. For example, tea polyphenol 

epigallocatechin gallate (EGCG) has been shown to interact with β-casein (Jobstl et al., 

2006).  This protein contains 209 amino acid residues, of which 35 prolines evenly 

distributed through the sequence (Ribadeau et al., 1973).  Using single molecule atomic 

force microscopy the details of the interactions were well described, showing that the 

protein wraps itself around the polyphenol by forming hydrophobic interactions between 

the phenolic rings of the EGCG and prolines in its structure (Dickinson & Mann, 2006).  

The interactions between tea polyphenols and α-Casein and β-Casein have also been 

examined using fluorescence spectroscopy (Hasni et al., 2011). 

Recently, it has been suggested the use of caseinate to form a complex with 

resveratrol (Chen, 2010), to overcome the low solubility of resveratrol in water. The 

complex could be widely applied to beverages. The mechanism of binding between 

resveratrol and proteins has been described using fluorescence quenching studies with the 

enzyme quinone reductase 2 (QR2) (Buryanovskyy et al. 2004).  Resveratrol binds to the 

active site of QR2 via hydrophobic interaction, and the relatively hydrophilic ends of the 
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protein cavity provide hydroxyl groups for cooperative hydrogen bonding with the 

polyphenol molecules.  

Another important bioactive polyphenol, curcumin, has been studied in relation to its 

interactions with isolated caseins. A direct fluorescence study with αs1- casein described 

the interactions between curcumin and αs1-casein as hydrophobic in nature. It was also 

shown that the complex was quite stable during storage (Sneharani et al., 2009). In 

addition to studies on the monomer caseins (sodium caseinate or isolated caseins), some 

studies have been reported on the binding of hydrophobic molecules with casein micelles.  

Curcumin binding to casein micelles has been studied by both direct and quenching 

fluorescence spectroscopy. It was shown that the extent of the association of curcumin 

with the casein micelles was very similarl to that with casein micelles dissociated with 

calcium chelating agents (Sahu et al., 2008).  These results would suggest that low 

molecular weight hydrophobic compounds such as curcumin could penetrate the core of 

the casein micelles.   

In addition, the association of casein micelles with Vitamin D2 has been reported 

(Semo et al., 2006). Vitamin D2 is a hydrophobic compound of great importance in 

human bone health.  It was reported that this molecule can be entrapped in the 

hydrophobic core of the casein micelles by association with caseins, with no changes in 

the size and morphology of the casein micelles, as measured by dynamic light scattering 

or electron microscopy.   
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The incorporation of these bioactive molecules in the casein micelle seems to be 

beneficial to the bioefficacy of the molecules. In the case of curcumin (Sahu et al. 2008) 

higher solubility can be achieved, and in the case of vitamin D2, a protective effect 

against photochemical degradation has been reported (Semo et al., 2006).  However, it 

has also been suggested that, due to the high affinity with phenolic compounds, caseins 

may bind with them in the lumen during digestion, perhaps decreasing their 

bioaccessibility (Alexandropoulou et al. 2006). However, casein proteins are readily 

digested by pepsin and trypsin, and future research will clarify this point.  

2.4 Effect of processing of milk on the casein micelles structure 

Amongst the various unit operations widespread in the dairy industry, thermal 

(cooling, heating), and non-thermal (high pressure, and microfluidization) treatments are 

of special interest within the context of this research, as possible means to modify the 

surface or the internal structure of the casein micelles, with consequences to the binding 

of the polyphenol compounds.  

2.4.1 Heating 

Casein micelles are stable to heating. However, by heating milk, a complex series of 

reactions occur, comprising denaturation and aggregation of whey proteins, and 

formation of complexes between whey proteins, caseins and fat globules. Most of the 

mechanisms governing heat-induced whey proteins aggregation and gelation are well 

understood (de la Fuente et al., 2002; Havea et al., 2001; Schokker et al., 2000). The 



19 

 

complexes between whey proteins and casein micelles are the most important products of 

heat-induced reactions.  The β-lg plays a main role in the formation of the complexes 

with the caseins, via disulfide reactions with κ-casein, and to some extent, αs2-casein. At 

the natural pH of milk (pH=6.7) when milk is heated up to 80°C, soluble aggregates of 

whey proteins form, of about 30 nm of diameter, and a significant amount of whey 

proteins becomes associated with the surface of the casein micelles (Donato, & 

Guyomarc'h, 2009).  It could then be hypothesized that the heating treatment will affect 

the surface of the micelles and change their affinity for polyphenols binding.  

2.4.2 Cooling 

It has been shown that at refrigeration temperatures β-caseins and to a lesser extent 

κ-caseins dissociate from the casein micelle. The partial dissociation is attributed to the 

weakening of hydrophobic interactions (Creamer et al., 1977). Conversely, at higher 

temperatures, the dissociation of the caseins is limited even at low pH (Dalgleish & Law, 

1989; Rose, 1968). The release of β-casein with cooling cannot fully be explained by the 

dual-binding model of the casein micelle structure (Horne, 2009),  nor with the 

nanocluster model, since β-casein also contains a hydrophilic region with about 5 

phosphoserine residues which can participate in the electrostatic binding with calcium 

nanoclusters, within the micelle(de Kruif et al., 2012). 

The average hydrophobicity of β-casein is high amongst the caseins, hence the 

temperature dependence of this protein on solubility (Bingham, 1971).  The distribution 

of the amino acids in β-casein is such that the protein is quite amphiphilic, and with 
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temperature, it has been shown to form detergent type micelles when present in solution ( 

de Kruif & Grinberg, 2002). It has been shown that up to 60% of β-casein can be 

dissociated from the micelles with cooling (Downey, 1973). It could then be 

hypothesized that the release of β-casein will affect the internal structure of the casein 

micelles, and affect their affinity for polyphenols.   The release of b-casein with 

temperature is reversible, as shown using  labelled 
14

C (Creamer et al., 1977).  

2.4.3 Hydrostatic High Pressure Processing 

Durign hydrostatic high pressure (HP) processing, the pressure is transmitted 

uniformly through a media to all directions into the food. HP has extensive effects on 

milk proteins, causing denaturation of whey proteins and disruption of the casein micelles 

(Huppertz et al., 2002). 

At pressures higher than 100 MPa, β-lg molecules start to unfold and expose free 

sulphydryl groups.  Aggregation occurs at > 400 MPa. On the other hand, α-la, remains 

intact up to pressure 400 MPa, after that unfolding and denaturation takes place 

(Huppertz et al., 2004a). 

Micellar disruption can also be observed at pressures > 200 MPa.  The disruption has 

been attributed to the dissolution of colloidal calcium phosphate and the disruption of 

hydrophobic interactions. The extent of the micellar disruption increases with an increase 

in the hydrostatic pressure applied. Below 200 MPa, the apparent size of casein micelles 

does not change significantly from that of the original casein micelles. By increasing the 
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pressure up to ~ 350 MPa, the size of casein micelles increases due to association of 

denatured whey proteins on the micelles and reassociation of casein fragments because of 

hydrophobic interactions (Knudsen & Skibsted, 2010; Huppertz et al., 2004b). At 

pressures higher than ~ 400MPa; moreover, reassociation of casein fractions doesn’t take 

place at these high pressures (Huppertz at al., 2006a; 2006b). Cryo-TEM micrographs of 

casein micelles after high pressure demonstrated that after treatment of milk at 400 MPa 

the casein micelles remained in small assemblies with apparent diameters of 30–100 nm  

(Knudsen & Skibsted, 2010). 

 It could be hypothesized that during HP processing,  the casein micelles undergo 

structural arrangements which would result in an increase in the binding of bioactive 

molecules such as curcumin or resveratrol. 

2.4.4 High pressure homogenization  

High hydrostatic pressure treatment differs from dynamic high-pressure 

homogenization  in terms of the process time, as the exposure of sample in a dynamic 

high pressure homogenizer or a microfluidizer is of the order of milliseconds (Paquin et 

al., 2003) whilst in hydrostatic HP, samples are treated at least several minutes. 

Moreover, in high pressure homogenizers,  cavitation, friction, turbulence, high velocity, 

and shear occurring concurrently, while they are absent in static systems (Paquin, 1999). 

The effect of conventional homogenization (< 20 MPa) on the structure and function 

of casein micelles has been shown to be negligible (Walstra, 1980). It has been 
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hypothesized that larger casein micelles may be disrupted by high pressure, but they most 

probably re-associate. By measuring the apparent diameter using light scattering, it was 

demonstrated that at pressures lower than 41 MPa up to 6 passes in the microfluidizer, 

there are no changes in the casein micelles (Sandra  & Dalgleish, 2005). However, by 

increasing the pressure up to 186 MPa, and applying more passages, the average particle 

size of casein micelles decreases and the amount of non-sedimentable caseins (κ- , αs1-, 

and αs2-) in serum increases (Sandra & Dalgleish, 2005).  It could be hypothesized that 

microfluidization may cause rearrangements of structure in the casein micelles, and it 

may be possible, by using polyphenol molecules, to probe such rearrangements by 

measuring changes in the affinity of the binding between polyphenols and casein 

micelles. 

2.5 Milk- A unique platform for the delivery of bioactive compounds 

Milk is widely recognized by the consumers as a unique source of substances 

beneficial to growth and health in children and adults.  For this reason, milk is an ideal 

platform for delivery of other bioactive compounds, in order to provide health benefits in 

addition to those already present in milk.  When mixed with milk, these bioactive 

molecules may work synergistically with the milk bioactives and provide optimal 

delivery of health benefits. However, more work needs to be carried out to determine if 

bioactive molecules can be successfully incorporated in the milk protein matrix, and if 

their bioaccessibility can be enhanced by the formation of complexes with milk proteins. 
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Milk proteins are avid binders of many bioactive compounds. Pre-gelled whey 

proteins can be made into nanoparticles which can accommodate bioactive compounds in 

their matrix (Gunasekaran et al., 2006).  In another study,  thermally-induced co-

assemblies of β-lg and EGCG have been tested (by Shpigelman et al., 2010). The 

obtained nanoparticles had diameter lower than 50 nm and have protective effect for the 

important nutraceuticals. Using intrinsic protein fluorescence, researchers reported that 

heated β-lg binds EGCG with higher affinity than the native protein.  

In the case of β-lactoglobulin or whey protein isolate,  the protein mixture needs to 

be processed to modify the structure of the proteins, as only in an aggregated form these 

proteins seem to show high incorporation of the bioactives. On the other hand, casein 

micelles seem to have a greater potential to be harnessed directly to incorporate 

bioactives, since these colloidal systems by themselves have been designed by nature to 

deliver nutrients, such as calcium, phosphate and protein, to the neonate. 

While a number of studies are available on the interactions between molecular 

caseins and polyphenols, much less is reported in the case of the binding of bioactive 

compounds with casein micelles. As previously mentioned, there have been a few studies 

on the use of bovine casein micelles as nano delivery systems, for Vitamin D or for 

curcumin (Livney & Dalgleish, 2009; Sahu et al. 2008).  

From technological point of view, however, nothing has been discussed in the 

literature in regards to the effect of processing on the capacity of casein micelles to 
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incorporate bioactives. The effects of heating, cooling, microfluidization, and hydrostatic 

HP on the binding behaviour of casein micelles will be the focus of the current thesis. In 

addition, no reports are available on the presence of the complexes on milk processing 

functionality. The effect of curcumin and resveratrol binding on the renneting behaviour 

of the casein micelles will be also evaluated.   

In this study, we have hypothesized that curcumin and resveratrol can bind to the 

milk proteins, particularly casein micelles, and that processing the delivery potential of 

casein micelles for the selected bioactives can be increased. 
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CHAPTER 31 
Heating of milk alters the binding of curcumin to casein micelles. A 

fluorescence spectroscopy study. 

3.1 Abstract 

Curcumin, a polyphenolic compound present in turmeric, is a hydrophobic molecule that 

has been shown to bind to casein micelles. The present work tested the hypothesis that 

surface changes in the casein micelles caused by heat-induced interactions with the whey 

proteins would affect the binding of curcumin.  Binding was quantified by direct and 

tryptophan quenching fluorescence spectroscopy. Curcumin binds to the hydrophobic 

moieties of the caseins, with a 10 nm blue shift in its fluorescence emission peak, and 

causes quenching of the intrinsic fluorescence spectra of the proteins. The fluorescence 

intensity of curcumin increased after heating of milk at 80ºC for 10 min; a similar trend 

in the binding constants was also observed with casein micelles separated from the 

soluble proteins by centrifugation. There was an increase in the non specific interactions 

with heating milk at 80°C for 10 min, both in milk as well as in casein micelles separated 

from the serum proteins. The increased capacity of milk proteins to bind curcumin after 

heat treatment can be attributed to whey protein denaturation, as whey proteins bind to 

the surface of casein micelles with heating. 

                                                           
1
 This chapter, in a different form has been published as Rahimi Yazdi, S., Corredig, M. 2012. 

Heating of milk alters the binding of curcumin to casein micelles. A fluorescence spectroscopy 

study.  Food Chemistry. 132: 1143-1149. | 
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3.2 Introduction 

Polyphenols are a family of antioxidant compounds naturally present in vegetables, 

fruits, and cereal extracts, and have been shown to play a beneficial role in human health. 

In the present work, the interactions of curcumin with casein micelles were studied. 

Curcumin is a low-molecular weight fluorescent molecule (Sahu et al., 2008) with two 

ferulic acids linked via a methylene bridge at the carbon atoms of the carboxyl groups 

(see Figure 2.1). Multiple biological activities including anti-cancer, anti-microbial, anti-

inflammatory, and antioxidant properties have been reported for curcumin (Maheshwari 

et al., 2006). In spite of the potential for application of curcumin in functional foods, its 

low bioavailability has so far limited its employment. Because of its low solubility in 

aqueous solutions, curcumin molecules need to be bound to proteins or conjugated in 

colloidal complexes such as liposomes or casein micelles (Onoue et al., 2010; Sahu et al., 

2008).  

Milk is one of the unique sources of nutrients and widely recognized by the 

consumers as a source of compounds beneficial to growth and health in children and 

adults. It has been previously shown that casein proteins can be avid binders of 

polyphenols (Yuksel et al., 2010; Aguie-Beghin et al., 2008) and could be an ideal carrier 

for delivery of molecules such as curcumin and vitamins (Livney, & Dalgleish, 2009; 

Sahu et al., 2008). Researchers have demonstrated the potential delivery of curcumin via 

caseins to tumour cells, and have characterized the interactions between curcumin and 

casein micelles by applying steady-state fluorescence spectroscopy (Sahu et al., 2008).    
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There are two main types of proteins in milk, usually defined depending on their 

solubility at pH 4.6 at 25°C: caseins, constituting about 80% of the total proteins in milk, 

and whey proteins. Caseins are present in native milk as supramolecular aggregates, 

called casein micelles. These colloidal particles range in diameter from 50 to 600 nm (de 

Kruif, & Holt, 2003). They are composed of four major proteins, αs1-casein, αs2-casein, β-

casein, and κ-casein, at a molar ratio of about 4:1:3.5:1.5. The proteins are held together 

by hydrophobic interactions, hydrogen bonds and by the bridging of calcium phosphate 

nanoclusters. The casein micells are stabilized by a polyelectrolyte layer of κ-casein (de 

Kruif, & Holt, 2003; Holt, & Horne, 1996). Casein micelles are designed by nature to 

concentrate, stabilize and transport essential nutrients, mainly calcium and protein, to the 

neonate (Farrell et al., 2006). Their gel forming ability is fundamental in imparting 

technological properties to milk.  

In general, heating induces conformational changes to proteins, and exposes 

previously buried hydrophobic sites, affecting the binding of hydrophobic compounds 

(Kulmyrzaev et al., 2005; Bonomi et al., 1988). In milk, while caseins are quite stable to 

heating, at temperatures above 60ºC, whey proteins denature and interact amongst 

themselves and with casein micelles, forming aggregates via hydrophobic interactions 

and disulphide bridging. At the natural pH of milk (pH=6.8), soluble aggregates of whey 

proteins form, of about 30 nm of diameter, and a significant amount of whey proteins 

becomes associated with the surface of the casein micelles (Donato & Guyomarc'h, 

2009).  
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The objective of the proposed research was to further our understanding of the 

molecular interactions between curcumin and milk proteins, and the changes occurring 

during heating. Indeed, during heating the interactions between the whey proteins and the 

caseins may affect the binding of curcumin. These results will help in determining the 

potential of milk proteins as carrier of hydrophobic molecules. To determine the details 

of the binding between curcumin and milk proteins, fluorescence spectroscopy was 

employed, using both direct steady-state fluorescence and tryptophan quenching.  

3.3 Materials and methods 

3.3.1 Materials 

Reagents were obtained from Fisher Scientific (Mississauga, ON, Canada) unless 

otherwise indicated. MilliQ water was prepared using a system from Millipore (Billerica, 

MA, USA). Curcumin-high purity (≥94% curcuminoid content, ≥80% curcumin) was 

purchased from Sigma-Aldrich (Sigma-Aldrich Canada Ltd. Oakville, Ontario). A stock 

solution of curcumin (1 mM) was prepared in ethyl alcohol (100%).  

3.3.2 Milk samples preparation 

Fresh milk was collected from the Ponsonby Research Station of the University of 

Guelph (Guelph, Ontario, Canada) and sodium azide (0.02% w/v) was immediately 

added to prevent bacterial growth. Milk was skimmed at 6,000 ×g for 20 min at 4°C in a 

Beckman–Coulter centrifuge (Model J2–21, Beckman Coulter, Mississauga, ON, 
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Canada) and filtered three times through Whatman glass fibre filters (Fisher Sci.). Milk 

permeate was prepared using a laboratory scale ultrafiltration cartridge (Millipore 

CDUF001LG; Fisher Scientific), with a nominal cut-off of 10 KDa and a nominal area of 

1 ft
2
 (0.095 m

2
).  

A portion of skim milk was heated in a water bath at 80°C for 10 minutes, and 

immediately cooled to room temperature using ice water bath. This heating treatment 

ensured extensive denaturation of whey proteins and the formation of whey protein 

aggregates, both in the soluble phase and adsorbed on the casein micelles. Separation of 

the soluble (whey) proteins from the casein micelles was accomplished by centrifugation 

(36,000×g) at 25°C for 1 h (Beckman Coulter, Canada, Inc, with rotor type 70.1 Ti, 

Mississauga, On, Canada) as previously described (del Angel & Dalgleish, 2006). The 

centrifugal supernatant was replaced with fresh ultrafiltration permeate (see above). The 

centrifugal steps were carried out 2 times; maintaining constant the volume milk and the 

ionic composition, while achieving a nearly complete separation of the soluble proteins 

from the casein micelles.  This process was carried out on both unheated and heated milk.  

Working solutions of diluted skim milk, heated milk, soluble protein free milk (casein 

micelles), and soluble protein free heated milk (heated casein micelles) (1:20) were 

prepared in milk permeate, to maintain the serum environment as close as possible to that 

of the original milk. 
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3.3.3 Protein assays 

Total protein in the unheated and heated skim milk as well as their soluble fractions 

separated by centrifugation (see above) was determined using a modified Lowry assay 

according to manufacturer’s instructions (Bio-Rad, Mississauga, ON, Canada) using a 

UV-Visible spectrophotometer (Spectronic Genesys 10 Bio, Thermo Fisher Scientific, 

Mississauga, ON).  Protein was determined against a standard curve of Bovine Serum 

Albumin. All measurements were made at 25°C and triplicate experiments (three 

independent experiments from different milk samples) were performed. 

3.3.4 Fluorescence spectroscopy experiments 

A Shimadzu Fluorescence Spectrometer (RF 5301 PC, Creon.LAB. Control AG, 

Frechen, Germany) was employed to quantify the binding of curcumin with the proteins 

in the various milk samples. Steady-state fluorescence and quenching experiments were 

conducted on a sample of milk diluted 1:20 in milk permeate (prepared using 

ultrafiltration).  

The binding of curcumin with the proteins was examined by conducting direct 

steady-state fluorescence measurements. The sample (1 ml) was excited at 420 nm with 3 

nm excitation and emission slits, and spectra were recorded between 450 and 650 nm at 

0.1 nm resolution. Titrations were conducted by adding curcumin to a final concentration 

from 0.1 to 20 µM.  
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To minimize the dilution of the samples during addition of curcumin, different stock 

solutions of curcumin, 10 µM, 100 µM, and 1mM in ethyl alcohol, were prepared. Hence, 

the maximum volume change in the cuvette was 2% at the end of the titration experiment. 

The tubes were vortexed for 20 s after each addition of curcumin and then immediately 

transferred to the fluorimeter.  Separate samples were prepared for each concentration, so 

that the sample was excited once to prevent any possible photo bleaching. A control was 

prepared for each sample, containing the milk and ethyl alcohol, without curcumin. All 

measurements were made at 25°C and triplicate experiments (three independent 

experiments from different milk samples) were performed. The fluorescence intensity 

was measured for increasing concentrations of curcumin. The binding parameters were 

calculated using the equation derived from Benesi-Hildebrand (Benesi, & Hildebrand, 

1949), 

                                             (Equation 3.1) 

where ∆F is the difference in fluorescence intensity between the sample with and without 

curcumin, ∆Fmax is the value of maximum ∆F at plateau, Kb is the binding constant, and 

[Cur] is the concentration of Curcumin (µM).   

To further characterize the binding of curcumin to milk proteins, fluorescence 

quenching was also employed, as it allows measuring binding affinities of ligands to 

proteins. The changes in the intrinsic fluorescence of unheated and heated skim milk and 

the corresponding isolated casein micelles, diluted in permeate (1:20), at varying 

concentrations of curcumin (0-50 µM) were measured and fluorescence emission spectra 

1/∆F = 1/∆Fmax + 1/ (Kb×∆Fmax× [Cur]) 
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were recorded from 300 nm to 450 nm, at a 0.1 nm resolution, after excitation at a 

wavelength of 280 nm, using 3 nm slits, as previously reported (Sahu et al., 2008). A 

stock solution of 1 mM curcumin in ethyl alcohol was used, and the maximum volume 

change in the cuvette was 4.5% at the end of the experiment. All measurements were 

made at 25°C and were conducted in triplicate (three separate milk batches). Controls 

were protein solutions titrated with ethyl alcohol, without curcumin.  The spectra of the 

control samples, with ethyl alcohol, were collected, for each concentration of curcumin 

(to assure similar volumes of alcohol added), and the intensity at the maximum peak (F) 

was measured. Fluorescence quenching was described using the Stern-Volmer equation 

(Lakowicz, 2006), 

     (Equation 3.2) 

where F0 is the fluorescence intensity of milk control (each sample with a separate 

control, containing the corresponding amount of ethyl alcohol) and F is the fluorescence 

intensity after addition of the quencher, [Cur] is the concentration of curcumin, and Ksv is 

the Stern-Volmer quenching constant (Ksv
-1

 corresponds to the concentration of curcumin 

at which 50% of the peak intensity is reduced).  

For heated skim milk and heated casein micelles samples, the relationship between 

F0/F and the concentration of curcumin was no longer linear, but showed an exponential 

trend, described with a modified form of the Stern-Volmer equation,  

                     (Equation 3.3)  

F0/F = 1+ Ksv [Cur] 

F0/F = e
 (K

app 
×[Cur])
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where  Kapp is the apparent static quenching constant and it usually suggest the formation 

of non specific binding sites, causing intrinsic fluorescence quenching of the proteins.  

3.3.5 Statistical analysis 

All assays were performed in n = 3 repetitions (three separated milk batches). The 

mean values, standard deviations, and statistical differences were evaluated using 

analysis of variance (ANOVA); the mean values were compared using a Tukey test, and 

all statistic data were processed using S-PLUS software (Insightful Corp., TIBCO 

Software Inc., Palo Alto, CA). 

3.4 Results and discussion 

3.4.1 Curcumin fluorescence experiments  

Curcumin binds to non polar regions of the caseins in the casein micelles (Sahu et 

al., 2008). This type of binding has also been demonstrated for other hydrophobic 

fluorescent probes, for example, for 1, 8 anilinonaphtalenesufonate (ANS) (Gatti et al., 

1995; Bonomi et al., 1988). Upon binding there is a blue shift in the fluorescence 

emission peak of curcumin or ANS, indicating that the probes are in a hydrophobic 

environment, i.e., adsorbing to hydrophobic moieties of the proteins (Sahu et al., 2008; 

Gatti et al., 1995).  For casein micelles, in the presence of 5 mM calcium ions, a binding 

constant of 0.03 µM
-1

 has been reported for ANS at 25ºC (Gatti et al., 1995).   In the case 

of curcumin, a binding constant (Kb) of 0.0148 µM
-1

 has been reported for casein 

micelles, and it has been demonstrated that binding occurs both with and without 
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colloidal calcium phosphate present (in addition of a chelating agent), concluding that 

this binding is specific to the hydrophobic regions of the proteins, and it occurs to a much 

lower extent with hydrolyzed casein (Sahu et al., 2008).  

Whey proteins have also shown to bind to a variety of hydrophobic and amphiphilic 

molecules (Liang et al., 2008). In the case of β-lactoglobulin (the most abundant of the 

whey proteins), average binding constants between 0.01 and 1 µM
-1

 have been reported 

for retinol or 0.68 µM
-1

 for palmitate (Liang et al., 2008; O’Neill, &Kinsella, 1987).   

Figure 3.1 represents typical fluorescence emission spectra of curcumin (at different 

concentrations) in skim milk.  When curcumin is in an aqueous solution, its fluorescence 

intensity is weak (Sahu et al., 2008). With increasing concentration of curcumin, the 

emission intensity increases with a small blue shift of the peak maximum, from 520 to 

510 nm (Figure 3.1).  Curcumin has two phenolic OH groups with pKa values of 8.4 and 

9.9 in aqueous solution, therefore at the native pH of milk, curcumin is mostly in its 

neutral form (Bernabe-Pineda et al., 2004). 

Figure 3.2 shows the changes in fluorescence intensity as a function of curcumin 

concentration. ∆F represents the fluorescence change from the initial background. The 

fluorescence intensity increased with concentration of curcumin, reaching a plateau 

between 7.5 and 10 µM curcumin.  The maximum intensity reached was higher for 

heated samples than for unheated samples. Upon heating, the whey proteins undergo 

structural rearrangements and form aggregates, found both in solution and bound to 
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casein micelles (Donato & Guyomarc’h, 2009).  The results shown in Figure 3.2A 

confirmed the hypothesis that heat-induced aggregation increased curcumin binding in 

milk.  To better evaluate if the increased binding capacity derived from the presence of 

whey proteins, the binding of curcumin was also observed in isolated casein micelles, 

resuspended in permeate (Figure 3.2B).  In this case also, the samples isolated from 

heated milk showed higher values of intensity compared to those containing micelles 

isolated from unheated milk.   

The non covalent binding of curcumin with milk proteins can be described as 

equilibrium between unbound curcumin and curcumin-protein complex. For a 1:1 ligand 

to binding site, the changes of fluorescence intensity against increasing concentrations of 

ligand can be described by equation 3.1.  The double reciprocal plots of 1/∆F as a 

function of 1/ [Cur] for skim milk and isolated casein micelles are shown in Figure 3.3. 

From these measurements it was possible to estimate a ∆Fmax and a Kb for unheated 

and heated milk, as well as the corresponding casein micelles samples, as summarized in 

Table 3.1. As expected, the ∆Fmax value for unheated caseins was the lowest, while 

unheated and heated milk showed similar extent of binding sites, clearly showing a 

contribution of the whey proteins. In the case of heated milk and heated casein micelles, 

the estimated value of ∆Fmax  were statistically different, indicating a higher number of 

sites available for binding of curcumin to the caseins after heating, even on the casein 

micelles. Whey proteins therefore play an important role in curcumin binding. 
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Fig.3.1 Representative emission spectra for skim milk diluted in permeate (1:20) with 

added curcumin (0.1, 0.3, 0.6, 1.0, 3.0, 8.0 and 20 µM). Arrow indicates increasing 

concentrations of curcumin. 
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Fig.3.2 Changes in fluorescence intensity (measured at λem 520 nm) as a function of 

concentration of curcumin for A) skim milk (■,▲) and B) casein micelles (□,∆) isolated 

from skim milk and rediluted in permeate. Samples were unheated (■, □) or heated at 

80ºC for 10 min (▲, ∆).  Values are the average of 3 replicate experiments, bars 

represent standard deviation. 
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These results are not surprising, due to reports of whey protein binding for a variety 

of hydrophobic and amphiphilic compounds, such as retinol, vitamin D, and resveratrol 

(Liang et al., 2008).   

The measured protein in the centrifugal supernatant of unheated skim milk was 6.4 ± 

0.5 mg/ml, and decreased to 4.8 ± 0.4 mg/ml after heating.  About 25% was estimated to 

be associated to the casein micelles, in agreement with literature data (Kethireddipalli et 

al., 2010; Anema, & Li, 2003).  The present results are also in agreement with previous 

researchers, who used fluorescence spectroscopy as a means to estimate the extent of heat 

treatment in milk (Carbonaro et al., 1996; Bonomi et al., 1988). 

From the double reciprocal plots (Equation 3.1), Kb values were calculated, and the 

results are summarized in Table 3.1 The binding constant is the ratio between the 

curcumin-protein complex and the free concentration of protein and curcumin. The 

higher Kb value for casein micelles (0.22 ± 0.02 µM
-1

) compared to skim milk (0.11 ± 

0.02 µM
-1

) suggests a higher binding equilibrium for caseins than whey proteins. In the 

case of caseins from heated milk, the Kb  values were statistically different (P<0.05) than 

those of unheated caseins, once again, showing an  increased affinity for curcumin in the 

heated micelles, which can be attributed to the aggregated whey proteins bond to their 

surface.  Finally, heated milk showed the highest Kb value, suggesting that heat induced 

aggregation of whey protein increased the affinity for curcumin (compared to unheated 

milk, with the lowest Kb). 
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Fig.3.3 Double-reciprocal plot of the concentration of curcumin as a function of 

fluorescence intensity for A) skim milk (■,▲) and B) casein micelles (□, ∆) isolated from 

skim milk and re-diluted in permeate. Samples were unheated (■, □) or heated at 80ºC for 

10 min (▲, ∆).   Values are average of three separate replicates and errors represent 

standard deviation.  Lines are drawn as reference to linear behaviour.  



40 

 

From the double reciprocal plots (Equation 3.1), Kb values were calculated, and the 

results are summarized in Table 3.1 The binding constant is the ratio between the 

curcumin-protein complex and the free concentration of protein and curcumin. The 

higher Kb value for casein micelles (0.22 ± 0.02 µM
-1

) compared to skim milk (0.11 ± 

0.02 µM
-1

) suggests a higher binding equilibrium for caseins than whey proteins. In the 

case of caseins from heated milk, the Kb  values were statistically different (P<0.05) than 

those of unheated caseins, once again, showing an  increased affinity for curcumin in the 

heated micelles, which can be attributed to the aggregated whey proteins bond to their 

surface.  Finally, heated milk showed the highest Kb value, suggesting that heat induced 

aggregation of whey protein increased the affinity for curcumin (compared to unheated 

milk, with the lowest Kb).  

The Kb values estimated in this work for caseins were about 10 times higher than 

those previously reported in the literature (Sahu et al., 2008). This discrepancy may be 

caused by differences in the sample preparation, as in the present work the environment 

of the casein micelles was preserved by using milk permeate instead of buffer. In 

addition, in the present work, titrations were conducted with curcumin and not with 

proteins, reaching saturation of the casein micelles only at the end of the experiment.  On 

the other hand, previous research (Sahu et al., 2008) employed high ratios of curcumin to 

caseins.  
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Table 3.1  Binding constants (Kb) and maximum fluorescence intensity (∆Fmax) for 

binding of curcumin to skim milk and casein micelles isolated from skim milk estimated 

from Equation 3.1.  Results are the average of three independent milk batches. Within a 

column, different superscript letter indicate statistical difference at p<0.05.   

Treatments 
 Binding constants  

 ∆F max  Kb (µM
-1

) R
2
 

Unheated milk  175±0.19 
c
  0.11±0.02 

a
  

 

0.98 

 

 

Heated milk  178±0.12 
d
  0.35±0.04

 d
 

  

 0.95 

 

 

Caseins from 

unheated milk* 

 120±0.08 
a
  0.22± 0.02

 b
 

 

0.99 

 

Caseins from 

heated milk* 

 169±0.07 
b
  0.26±0.01

 c
 

 

0.99 

 

* Casein micelles, centrifuged samples resuspended in milk permeate.  
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3.4.2 Fluorescence quenching  

Although using direct fluorescence it is possible to obtain information on the binding 

equilibria between casein micelles and curcumin, to observe structural transition that may 

be occurring during the association of curcumin with the proteins, intrinsic fluorescence 

can be employed (Sahu et al., 2008; N'soukpoe-Kossi, et al., 2006).  Tryptophan and 

tyrosine residues have distinct absorption and emission wavelengths, and differ greatly in 

their quantum yields and lifetimes, and usually the fluorescence spectrum of a protein 

resembles that of tryptophan (Suelter, 1991).  Changes in the emission spectra of 

tryptophan are usually employed to evaluate structural changes of proteins, as these 

changes affect the local environment that surrounds the indole ring, causing shifts of 

wavelength of maximum fluorescence and fluorescence intensity.  In particular, the 

maximum fluorescence intensity can be quenched by the added molecules, as the excited 

state of the indole ring can donate electrons to the neighbouring molecules.  

Figure 3.4 represents typical fluorescence emission spectra of unheated skim milk in 

the presence of different concentrations of curcumin (in the range from 2.5 to 45.0 µM) at 

280 nm excitation. There was a gradual decrease in the fluorescence intensity with 

increasing concentrations of curcumin, and a blue shift of the maximum emission 

wavelength of about 10 nm, in agreement with the fluorescence results shown in Figure 

3.1 Indeed, there was a shift to a more hydrophobic environment. It is important to note 

that control samples were employed for each concentration of curcumin added, to take 

into account any changes caused by addition of ethyl alcohol.   
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Fig.3.4 Representative emission spectra for skim milk diluted in permeate (1:20) at λex 

280 nm with added curcumin (2.5, 10, 12.5, 15, 17.5, 20, 25, 35 and 45 µM). Arrow 

indicates increasing concentrations of curcumin. 
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The blue shift was caused by the association of curcumin to hydrophobic areas of the 

milk proteins, as no changes occurred in the maximum spectrum of control samples with 

added ethyl alcohol. In the case represented in Figure 3.4, the quenching was for both 

whey proteins and casein micelles. 

 Two main whey proteins, α-lactalbumin and β-lactoblobulin, have 2 and 4 

tryptophan residues, respectively (Brew et al., 1967).  In milk, however, most of the 

intrinsic fluorescence intensity can be attributed to the caseins present in the casein 

micelles (αs1-, αs2-, β-, and κ−casein). These molecules also have a number of trytophan 

residues: αs1-casein and αs2-casein contain two tryptophan residues at positions (164 and 

199) and position (109 and 193), respectively; whereas, β-casein and κ−casein have just 

one Trp residue at position 143 and 76, respectively.  These residues are located in the 

hydrophobic domains of the proteins, in the portion of the molecules responsible for the 

self association behaviour of caseins (Horne, 2009; Farrell et al., 2006). Hence, 

tryptophan are mostly located in the interior of the casein micelles. It is then possible to 

hypothesize that curcumin accesses the hydrophobic sites in the interior of the micelles, 

as previously suggested (Sahu et al., 2008). It has been also clearly demonstrated that 

interactions between curcumin and caseins occur also under environmental conditions 

which cause dissociation of the casein micelles, namely in the presence of calcium 

chelating agents (Sahu et al., 2008).  

The fluorescence quenching results shown in Figure 3.4 confirmed that curcumin can 

penetrate the inner core of the casein micelles, as the addition of curcumin caused nearly 



45 

 

complete quenching of the fluorescence signal. It has been recently suggested that the 

ability of small molecules to penetrate the inner core of the micelles is caused by the 

porosity of these colloidal assemblies, containing water channels within the structure 

(Dalgleish, 2011).  Curcumin can then bind hydrophobic moieties of the caseins present 

in close proximity to the calcium phosphate nanoclusters.  

Figure 3.5 illustrates the F0/F for the various samples as a function of curcumin 

added in unheated and heated samples.  Unheated samples (skim milk and casein micelles 

isolated from skim milk, square symbols) showed very similar behaviour, with a linear 

relation between F0/F and curcumin concentration.The linear plot is generally indicative 

of a single class of fluorophore binding in a protein, all equally accessible to the quencher 

(Papadopoulou et al., 2005). The binding parameters derived from the Stern-Volmer 

(Equation 3.2) are summarized in Table 3.2 for the unheated samples showed a 

statistically significant difference  (0.107 ± 0.002 or 0.123 ± 0.004 µM
-1

, for casein 

micelles and unheated skim milk, respectively), once again confirming that quenching 

can be attributed in most part to the binding of curcumin to the casein proteins. These 

values are in full agreement with those previously reported in the literature (Sahu et al, 

2008).  

In contrast to unheated skim milk, after heating (see Figure 3.5, triangles) the plots of 

F0/F versus concentration of curcumin showed an upward curvature, concave towards the 

y-axis. In this case, the Stern Volmer equation is a second order equation with respect to 

the concentration of curcumin, and can be described by Equation 3.3. 
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Fig.3.5 Stern-Volmer plot for A) skim milk (■, ▲) and B) casein micelles (□, ∆) isolated 

from skim milk and re-diluted in permeate. Samples were unheated (■, □) or heated at 

80ºC for 10 min (▲, ∆).   Values are average of three separate replicates and errors 

represent standard deviation.  
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In this instance the quenching of the fluorophores can be described by an apparent 

static quenching constant, with a non specific binding, as both dynamic and static 

quenching occur (Figure 3.6). The quenching behaviour of heated samples suggests that 

in the presence of heat-induced whey protein aggregates tryptophan and curcumin do not 

actually form a ground-state complex, but curcumin is also adjacent to the tryptophan at 

the moment of excitation. The apparent quenching constants were statistically different 

between heated skim milk and the casein micelles isolated from it, with a lower value for 

heated skim milk.  

These results, as those shown for unheated milk,  indicate that most of the quenching 

can be attributed to the casein micelles, as the Kapp is lower in the case of heated milk 

than in caseins separated from it. While in unheated skim milk and unheated resuspended 

casein micelles there was just one binding mechanism, and the buried tryptophan amino 

acids were accessible to curcumin, contrarily, when the samples were heated at 80ºC for 

10 min, the denaturation of whey proteins and the aggregates associated with the casein 

micelles increased binding for curcumin, but quenching occurs with less specific 

mechanisms, by both dynamic (collision) as well as static (complex formation) 

mechanisms.   
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Table 3.2 Stern-Volmer quenching constants, KSV (µM
-1

) for the interaction of curcumin 

with proteins in unheated skim milk and whey protein free unheated skim milk (from 

Equation  3.2); apparent constant (Kapp (µM
-1

)) in heated skim milk and whey protein free 

heated milk (from Equation 3.3). Results are the average of three independent 

experiments (i.e. three milk batches). Within a column, values with different superscript 

letters are significantly different (p < 0.05).  

Treatments 

Stern-Volmer 

Quenching 

Constants 

Apparent Stern-

Volmer Quenching 

Constants 

KSV (µM
-1

) Kapp (µM
-1

) 

Unheated milk 0.107 ± 0.002 
a
 

- 

 

Heated milk - 0.041 ± 0.002 
a
 

Caseins from 

unheated milk * 
0.123 ± 0.004 

b
 

- 

 

Caseins from heated 

milk * 
- 0.050 ± 0.001 

b
 

 

* Casein micelles, centrifuged samples resuspended in milk permeate 
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Fig.3.6 Modified Stern-Volmer plot (plot of ln (F0/F) against the corresponding 

concentrations of curcumin  for  heated skim milk (▲) and casein micelles isolated from 

heated skim milk (∆), both diluted in permeate (1:20). 
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3.5 Conclusions 

Curcumin binds mostly to caseins in milk, but whey protein play a role in the binding 

affinity. The presence of heat-induced whey protein aggregates amplified the binding of 

the casein micelles to curcumin, as a higher value of fluorescence was reached in heated 

skim milk.  

Fluorescence quenching results demonstrated that curcumin had wide access to the 

inner core of the casein micelles. The changes occurring to the whey proteins with 

heating also play a role in the binding mechanisms, as clearly shown by the lack of a 

linear relation between F0/F and curcumin concentrations in heated samples.  
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CHAPTER 4 
A study of the structural changes of β-casein depleted casein micelles 

from milk using polyphenol molecules as probes. 

 

4.1 Abstract 

Cooling of milk causes the release of β-casein from the casein micelles. With subsequent 

washing steps, using milk serum, it was possible to remove up to 60% of its initial 

concentration and study the interactions of β -casein depleted micelles with two model 

molecules, resveratrol and curcumin. With the release of β -casein there was an increase 

in the apparent diameter of the casein micelles, with no changes in the amount of 

colloidal calcium phosphate, or to the integrity of the protein particles when observed by 

Cryo-TEM. There was an increase in the affinity for curcumin, a hydrophobic molecule 

and resveratrol, a hydrophilic molecule. By probing the structural changes occurring to 

the β-casein depleted micelles with hydrophobic or hydrophilic polyphenols, it was 

possible to confirm that β -casein plays a structural role in the casein micelles. Indeed, 

with its depletion, there was an overall loosening of the internal structure, reflected in an 

increase in the size of the micelles and an increase in binding of resveratrol, as well as, an 

increase in the accessibility to the inner hydrophobic regions.   
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4.2 Introduction 

Cow’s milk contains 3.3% protein, with caseins (αs1-, αs2-, β-, and κ-casein) and 

whey proteins (mostly BSA, β-lactoglobulin and α-lactalbumin) accounting for ~80% 

and ~20% of the total protein, respectively (Swaisgood, 1992). Three of the four casein 

proteins (αs1-, αs2-, β-caseins) are highly phosphorylated, and together with κ-casein they 

form colloidal protein particles, called casein micelles (Horne, 2006; de Kruif, 1998). 

These particles are polydisperse in size, ranging from 80 to about 400 nm of diameter (de 

Kruif, 1998). Earlier results have demonstrated that while β-casein is mostly present in 

the interior of the micelles and αs-caseins are found homogeneously distributed 

throughout the structure, κ-casein is predominantly on the surface (Dalgleish et al., 

1989), where it imparts steric and electrostatic stabilization to the casein micelle (de 

Kruif, 1998; de Kruif & Zhulina. 1996).  Indeed, its hydrolysis by the specific enzyme 

chymosin causes destabilization of the casein micelles and gelation of milk (Horne, 2006; 

de Kruif & Zhulina. 1996).   

  Bovine milk contains high concentration of calcium, which could be easily 

precipitated if not stabilized in colloidal particles. These calcium nanoclusters, of about 4 

nm of diameter are associated to the phosphoserine residues of casein proteins (Marchin 

et al., 2007; Holt et al., 1998). Although many of the processing properties of these 

colloidal particles are determined by the properties of their surface (Dalgleish & 

Corredig, 2012; de Kruif & Zhulina, 1996) and their behavior can be often approximated 

to that of colloidal hard spheres (Bouchoux et al., 2009; Alexander et al., 2002), the 
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interior organization of the micelles still is not fully understood (Dalgleish & Corredig, 

2012; Farrell et al., 2006; Horne, 2006; de Kruif & Holt, 2003). Recently, it has been 

hypothesized  that the micelles have a unhomogeneous internal structure (Dalgleish, & 

Corredig, 2012; Trejo et al., 2011; Bouchoux et al., 2009; Mcmahon & Oommen, 2008) 

and that water pockets or channels are present amongst less deformable calcium 

phosphate nanoclusters (Krishnankutty et al., 2012; Bouchoux et al., 2009).    

It is well understood that β-casein dissociates from the casein micelles upon cooling 

(Creamer et al., 1977). β-casein is the most hydrophobic among the caseins, with a highly 

hydrophobic C-terminal and a highly charged N-terminal, containing the anionic 

phosphoserine cluster (Swaisgood, 1992). As the temperature increases, β-casein in 

solution self associates creating spherical micelles (Leclerc & Calmettes, 1997). The 

release of β-casein from the casein micelles with cooling is reversible, as it has been 

demonstrated using 
14

C-labelled protein (Creamer et al., 1977). Because of the 

temperature dependence, the β-casein association has been attributed predominantly to 

hydrophobic interaction forces.   

In skim milk, the dissociation of β-casein from the casein micelles is not complete, 

but continues until a critical concentration, after which remaining protein is firmly 

associated in the protein assembly (Creamer et al., 1977). It has been therefore suggested 

that this protein must play an important role in stabilizing the structure of the casein 

particles; however, the details of the internal protein organization in the casein micelles ts 

are not fully known. It is important to note that β-casein is highly conserved amongst 
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species (Ginger & Grigor, 1999), although, in a β-casein gene depleted mouse model it 

was shown that casein micelles still formed (Kumar et al., 1994). It may be hypothesized 

that β-casein plays a role in regulating the voluminosity of the casein micelles.  These 

protein particles contain about 3–4 g of water per gram of protein, and this is a high 

hydration ratio even after considering the highly hydrated layer of κ-casein (and perhaps 

some β-casein) present on the surface. 

It has been recently demonstrated that casein micelles can bind a number of 

hydrophobic molecules, such as vitamin D or curcumin (Livney & Dalgleish, 2009; Sahu 

et al., 2008). Internal rearrangements caused by the depletion of β-casein may result in an 

increase in the association of hydrophobic molecules with the casein micelles. The aim of 

this work was to determine whether the removal of β-casein would affect the structure of 

the micelles to such extent to increase the affinity of two model bioactive molecules, 

curcumin and resveratrol. Curcumin (C21H20O6) is a hydrophobic polyphenolic 

compound presents in turmeric with the molecular weight of 368.37 (g/mol) (Reddy et 

al., 1999). Resveratrol (C20H22O8) is a natural molecule with hydrophilic characteristics 

found in the skin of red grapes with a molecular weight of 390.40 (g/mol) (Liu et al., 

2009). 
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4.3 Materials and methods 

4.3.1 Materials 

Chemical reagents were obtained from Fisher Scientific (Mississauga, ON, Canada) 

and solutions were prepared with MilliQ water (Millipore, Billerica, MA, USA) or HPLC 

water (Fisher Sci.) in chromatography experiments. Dicarboxylic acids (L (+)-tartaric 

acid 99 +% and pyridine-2, 6-dicarboxylic acid- 99.0% (Acros Organics, Fisher Sci.) 

were used without further purification. Curcumin-high purity (≥94% curcuminoid 

content,  ≥80% Curcumin) and resveratrol (analytical standard, for food analysis) were 

purchased from Sigma (Sigma-Aldrich Canada Ltd. Oakville, ON, Canada). Stock 

solutions of curcumin (1 mM) and resveratrol (10 mM) were prepared in ethyl alcohol 

(100%). 

4.3.2 Sample preparation 

Fresh milk was collected from the Ponsonby Research Station of the University of 

Guelph (Guelph, ON, Canada) and sodium azide (0.02% w/v) was immediately added to 

prevent bacterial growth. The raw milk was skimmed as described in 3.3.1. Milk serum 

was prepared using a laboratory scale ultrafiltration cartridge (Millipore CDUF001LG; 

Fisher Sci.), with a nominal cut-off of 10 kDa and a nominal area of 0.095 m
2
. 

Skim milk was kept at 4
°
C. Aliquots (20 g) were centrifuged at 36,000 g for 45 min 

(Beckman Coulter Optima LE-80 K) at 4°C. The separation of β-casein was carried out 
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by sequential centrifugations, and the supernatants were replaced each time by fresh milk 

serum, prepared by ultrafiltration.  The centrifugal steps were carried out 6 times, and the 

centrifugal supernatants were labeled SN1, SN2, etc, with each number corresponding to 

the centrifugal washing step. In addition to the serial 6 centrifugation steps, to determine 

if β-casein could be further released by using a higher extent of dilution with milk serum, 

the casein micelles, after the first centrifugation, were washed with an amount of 

permeate corresponding to 12 or 24x the initial volume, but in a single step. The 

centrifugal supernatants collected in this case were named SN12 and SN24. All 

centrifugal supernatants of each step (SN1-SN2-SN3-SN4-SN5-SN6, SN12, and SN24) 

as well as the resuspended corresponding precipitates (P1-P2-P3-P4-P5, P6, P12, and 

P24) were kept at refrigerated temperatures unless otherwise indicated.    

4.3.3 Analysis of the β-casein depleted micellar suspensions 

The amount of β-casein remaining in the casein micelles after the various 

centrifugation steps was determined by analyzing the supernatants using ion exchange 

chromatography (Holland et al., 2010).   

As the equilibrium between colloidal calcium phosphate and soluble ions is critical 

to the structure and function of casein micelles, the extent of calcium release was also 

quantified during the β-casein release experiments. The concentrations of calcium present 

in the centrifugal supernatants, as well as the total calcium concentrations, were 

quantified using non suppressed ion chromatography (Rahimi-Yazdi et al., 2010).  
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The particle size distribution of the resuspended casein particles in permeate was 

measured using dynamic light scattering (Zetasizer Nano ZS ZEN3600, Malvern 

Instruments Ltd, Malvern, MA, USA). Measurements were performed by diluting the 

casein micelle suspensions in milk serum. To determine if there was an effect of the 

mechanical resuspension, control experiments were performed with centrifuged samples 

from the first step resuspended in their centrifugal supernatants (SN1).  

The micellar suspensions obtained after the various centrifugation steps were 

observed using transmission electron microscopy (TEM) at 200 kV (FEI Tecnai G2 F20, 

FEI Company, Amsterdam, the Netherlands). A computer controlled device was 

employed to obtain rapid cooling (FEI VitroBot- the Netherlands) using liquid ethane 

(boiling point -88.6 °C (184.5 K). The temperature in the microscope chamber was kept < 

-176 °C, and samples were visualized at 200 kV.   The samples were diluted 1:10 in milk 

serum. 

4.3.4 Interactions between polyphenols and ββββ-casein depleted micelles 

Fluorescence spectroscopy was carried out to characterize the binding of curcumin 

and resveratrol with the casein micelles. Steady state fluorescence and quenching 

experiments were carried out using a Shimadzu Fluorescence Spectrometer (RF 5301 PC, 

Creon.LAB. Control AG, Frechen, Germany) in milk or resuspended casein micelles 

diluted 1:20 in milk permeate, as previously described in 3.3.4. In brief, the samples (1 

ml), were excited at 420 and 320 nm for curcumin and resveratrol, respectively, with 3 

nm excitation and emission slits. For curcumin, the spectra were recorded between 450 
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and 650 nm and in the case of resveratrol between 350 and 550 nm at 0.1 nm resolution 

and 3 nm emission slit. Titrations were conducted by adding curcumin to a final 

concentration from 0.5 to 20 µM and for resveratrol 8.0 to 76.0 µM in the cuvette as 

previously described (Rahimi Yazdi & Corredig, 2012). Fluorescence emission spectra 

were also recorded from 300 to 450 nm, at a 0.1 nm resolution, after excitation at a 

wavelength of 280 nm.   In all cases control samples containing corresponding amounts 

of ethyl alcohol were also measured.   

The binding parameters were calculated using the equations derived from Benesi-

Hildebrand (Benesi, & Hildebrand,1949) or using the simple and modified Stern Volmer 

equations (Lakowicz,2006), as described in 3.3.4. 

While the relationship between F0/F was linear in the case of curcumin, in the case 

of resveratrol, it showed a downward curvature. Therefore, in this case, the quenching 

was described with a modified form of the Stern-Volmer equation (Lakowicz, 2006),  

 

             (Equation 4.1)  

Where Ka is the Stern-Volmer quenching constant of the accessible fraction, [Res] is the 

concentration of resveratrol as the quencher, fa is the fraction of the initial fluorescence 

that is accessible to the quencher, and ∆F represent (F0-F). This model assumes that only 

a portion of the tryptophan and tyrosine residues are accessible to the quencher. 

F0/∆F = 1/(f aKa[Res]) +1/fa 
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4.3.5 Statistical analysis 

 All assays were performed in n = 3 repetitions (three separated milk batches). The 

mean values, standard deviations, and statistical differences were evaluated using 

analysis of variance (ANOVA); the mean values were compared using a Tukey test, and 

all statistic data were processed using SYSTAT 11 software (Systat Software, Inc., 

Chicago, IL). 

4.4 Results and discussion 

4.4.1 Composition of the micellar caseins during sequential centrifugation 

With cooling, β-casein is released from the micelles (Creamer et al., 1977). To 

determine the extent of the release under the present experimental conditions, the amount 

of β-casein was quantified in the various centrifugal supernatants. The elution 

chromatograms of the proteins present in the supernatants after centrifugation are shown 

in Figure 4.1 and peaks were assigned according to literature (Holland et al., 2010). All 

of the caseins were well separated using ion exchange chromatography, and the β-casein 

eluted at about 8 min (Figure 4.1, peak 2). The first centrifugal supernatant (SN1) 

contained β-casein, as well as the other caseins and whey protein.  After the first 

centrifugation step the micellar fraction was resuspended with fresh milk serum, and then 

centrifuged again. The subsequent supernatants contained mostly β-casein and whey 

proteins, and very little other caseins, indicating that during the cooling process there was 

no dissociation of the other casein proteins. 
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The amount of β-casein recovered in the micellar casein fraction after the subsequent 

centrifugations was then quantified, as summarized in Table 4.1. After the release in the 

serum during the first separation (SN1), corresponding to approximately 35% of the total 

beta casein in skim milk, β-casein continued to be released in the supernatant in the 

subsequent steps. 

However, the β-casein release reached a plateau around the 5
th

 centrifugation step 

with a maximum of ~ 60% of the β-casein released from the micelles.  To determine if 

the maximum release was due to the processing history applied to the sample (i.e. the 

sequential centrifugations), the amount of β-casein released was also quantified by 

changing the volume fraction of casein micelles in the milk permeate to reach 12 or 24 

dilutions directly from P1. Table 4.1 clearly indicates that in these cases also, the 

maximum amount of β-casein released was statistically equivalent to that of the 6 serial 

centrifugations.  These results were in full agreement with the results from previous work 

(Creamer et al., 1977).  

To determine if the release of β−casein affected the composition of the colloidal 

calcium phosphate, the amount of soluble calcium recovered in the various supernatant 

fractions was also measured (Table 4.1). There was a significantly higher amount of 

calcium in the first centrifugal supernatant compared to that present in the milk serum. 

This higher concentration of calcium in the whey fraction (SN1) is related to the presence 

of whey proteins, also associated to calcium ions.  All the sequential centrifugation steps 

showed a value of soluble calcium not statistically different from that of the original milk 

serum. 
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Fig. 4.1 Ion exchange chromatograms of the centrifugal supernatants obtained from 

different centrifugation steps. Peak 1, unknown; peak 2, β-casein; peak 3, κ-casein; peak 

4, whey proteins; peak 5, ɑs1-casein; peak 6, ɑs2-casein (24). 
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Table 4.1  Concentration of β-casein present in skim milk (SM) and in the suspensions 

after different centrifugation steps. P12 and P24 represent the micellar suspension after a 

direct, extensive dilution in milk serum (corresponding to 12 or 24 dilution steps). The 

percentage of β-casein released from the original content in milk and the calcium 

contents in the various supernatants after sequential centrifugation are also shown. 

Results are the average of three independent milk batches. Within a column, different 

superscript letters indicate statistical difference at p<0.05. 

 

Samples 

β-casein in micellar 

suspension 

(mg.ml
-1

) 

β-casein 

released (% of 

total) 

 

Diffusible 

calcium 

mg.l
-1

 

Skim milk 10.6±2.0 -  

Milk serum   211±34 
b
 

P1/SN1 6.81±0.04
a
 35 316±49 

a
 

P2/SN2 5.89±0.02
b
 44 232±37

a,b
 

P3/SN3 5.75±0.08
b
 45 220±36

 b
 

P4/SN4 4.82±0.06
c
 54 221±35

 b
 

P5/SN5 4.64±0.06
d
 56 213±36 

b
 

P6/SN6 4.08±0.09
f
 60 205±38 

b
 

P12 4.45±0.02
e
 58  

P24 4.13±0.09
f
 61  
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 These results clearly showed that although β-casein was released from the casein 

micelles during the cold centrifugation, the calcium nanoclusters were maintained intact 

by washing with milk serum. It has been shown before that there is a release of calcium 

into the soluble phase during the cold storage of cows' milk (Raynal & Remeuf, 2000; Ali 

et al., 1980). The source of the apparent discrepancy may be that previous work observed 

the release in the first supernatant (containing whey proteins), and not subsequent 

supernatants. 

4.4.2 Particle size and Cryo-TEM of the resuspended casein micelles 

The apparent diameter of the casein micelles was measured after resuspension of 

the centrifugal precipitates in fresh milk serum. Figure 4.2 illustrates the average 

diameter in the resuspended micellar samples after removal of β-casein by sequential 

centrifugation. All measurements were carried out after equilibration at room 

temperature. To test if artifacts were derived from the resuspension of the casein, 

replicate samples after the first centrifugation were resuspended with their corresponding 

serum (P1/SN1).  The size of the resuspended sample was statistically equivalent to that 

of the original skim milk. On the other hand, the apparent diameter measured using 

dynamic light scattering increased by 12±2 nm after the release of β-casein (Figure 4.2). 

The increase in size after release of β-casein shown in Figure 4.2 is in full agreement with 

reports on the increased voluminosity of human milk micelles after cooling for 24 h 

(Sood et al., 1997) or the swelling of bovine casein micelles with cooling (Liang et al., 

1973). It was concluded that β-casein depletion caused an increase in the average 

diameter after the release of the first portion (about 35% of the total). The subsequent 
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release of β-casein caused no further changes to the apparent diameter. Such change in 

size could correspond to a swelling of the casein micelles or to a slight casein micelles 

aggregation.  However due to the little loss in κ-Casein which causes steric stabilization 

of the casein micelles, it was possible to conclude that the increase in size was caused by 

an increase in the hydration of the protein particles upon depletion of β-casein.  

It was important to probe that during subsequent centrifugation and resuspension, 

there would be no changes in the integrity of the casein micelles. For this reason, the 

casein micelles structure was observed using Cryo-TEM (Figure 4.3).  The casein 

micelles appeared spherical and with an uneven contour, with darker regions throughout 

the structure, even after 6 centrifugation and washing steps (Figure 4.3). The appearance 

of the micelles remained close to that of the original milk, and the darker structures, 

attributed to calcium phosphate nanoclusters (Marchin et al., 2007) were still visible, 

confirming the data of soluble calcium reported in Table 4.1.  

β-casein is an amphiphilic molecule with a charged N-terminus containing one 

phosphoserine cluster. It is possible to assume that the molecules associated via 

hydrophobic interactions were released into the serum phase, leaving in the micelles only 

those associated via their calcium phosphate binding.  The release of those possibly 

stabilizing the hydrophobic interfaces of the protein structure (internally and possibly, 

externally) caused a loosening of the internal structure of the casein micelle, with an 

increase in the hydration reflected in an increase in the overall hydrodynamic size.  
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Fig. 4.2 Diameter of casein micelles in skim milk (SM), and pellets resuspended in the 

milk permeate, (P1–P6) representing pellet 1 to pellet 6, and (P1/SN1) resuspended pellet 

1 in supernatant 1. Values are the average of three independent experiments, with 

standard deviations. 
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4.4.3 Binding with polyphenols 

The affinity of casein micelles for two polyphenol molecules, curcumin and 

resveratrol, was studied using fluorescence spectroscopy. These two molecules may be 

used to probe changes in the internal structure of the casein micelles. It was indeed 

hypothesized that the release of β-casein would cause internal rearrangements to the 

casein micelles with consequences to the affinity of casein proteins for curcumin, a 

hydrophobic molecule, and resveratrol, soluble in water. 

Fluorescence titration experiments were carried out on casein micelles and casein 

micelle suspensions after one (P1) or 6 (P6) centrifugations, corresponding to two 

different levels of β-casein depletion.  

Fluorescence emission spectra were collected as a function of curcumin or 

resveratrol added. The spectra showed a blue shift in the wavelength of maximum 

intensity from 520 to 510 nm when curcumin was added (data not shown), in full 

agreement with previous research (Rahimi Yazdi, & Corredig, 2012; Sahu et al., 2008). 

This blue shift indicated a shift to a more hydrophobic environment. On the other hand, 

there was no change in the maximum wavelength of emission for resveratrol when added 

to the casein micelle and β-casein depleted micelles suspensions.   
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Fig. 4.3 Cryo-transmission electron microscope images of casein micelles in pellets 

resuspended in the milk permeate. Figure numbers correspond to resuspended micelles 

from P1 to P6.  
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The maximum fluorescence intensities as a function of curcumin and resveratrol 

concentration are shown in Figure 4.4. The fluorescence intensity increased with 

concentration and reached a plateau, for both polyphenols. The results are shown for 

pellet prepared using centrifugation at room temperature(casein micelles control) and for 

P1 and P6. The lower intensities for P6 and P1 or the original milk were caused by a 

decrease in the overall protein amount. To address the impact of β-casein release on the 

binding affinity of casein micelles to curcumin and resveratrol, the affinity parameters 

were quantified using a double reciprocal plot (1/∆F as a function of 1/[Cur] and 1/[Res]) 

as shown in Figure 4.5. Table 4.2 summarizes the binding parameters for curcumin and 

resveratrol. Kb (ratio between complex and free ligand) is independent on protein 

concentration, hence the values of P1 and P6 can be contrasted, and compared to the 

values in control casein micelles, still containing all the caseins. 

When curcumin was added to the β-casein depleted micelles, the Kb increased 

statistically compared to control casein micelles, although the ∆Fmax  decreased because 

of the lower concentration of protein in the centrifuged samples (Figure 4.5A, Table 4.2). 

This increase was even higher in the last suspension after 6 times centrifugation (P6). 

In the case of resveratrol, the binding constants were also significantly different 

between casein micelles and β-casein depleted casein micelles (P1 and P6), indicating in 

this case also, a change in the affinity of resveratrol for β-casein depleted micelles. 
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Fig.4.4 Changes in fluorescence intensity as a function of concentration of curcumin (λem 

520 nm)  (A) and resveratrol (λem 380 nm) (B); casein micelle (empty squares);. 

resuspended micelles from first centrifugation (P1) (empty circles), from the sixth 

centrifugation (P6), (filled circles). Values are the average of three independent 

experiments, bars represent standard deviations 
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Fig.4.5 Double-reciprocal plot of the fluorescence intensity as a function of concentration 

of curcumin (A) and resveratrol (B); for casein micelle (empty squares); P1 (empty 

circles) and P6 (filled circles). Values are the average of 3 replicate experiments, bars 

represent standard deviation. Lines are drawn as reference to linear behavior 
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Table 4,2.  Binding constants (Kb) and maximum fluorescence intensity (∆Fmax) for 

binding of curcumin and resveratrol to resuspended casein micelle and micelles from the 

first (P1) and sixth (P6) centrifugation, estimated using the Benesi Hildebrand equation 

(Eq. 3.1) (Benesi, & Hildebrand, 1949).  Results are the average of three independent 

milk batches. Within a column (curcumin and resveratrol are considered separately), 

different superscript letters indicate statistical difference at p<0.05.  The R
2
 values for 

linear dependence are shown 

 

Samples 
Ligands 

Binding constants  

∆F max Kb (µM
-1

) R
2
 

Casein 

micelle 

Curcumin 

175±0.2 
c
 0.11±0.02 

a
 

 

0.98 

 

 

P1 101±0.04 
b
 0.27±0.01

b
 

 

0.99 

 

P6 83±0.07 
a
 0.33 ± 0.02 

c
 

  

0.99 

 

Casein 

micelle 

Resveratrol 

833±0.08 
b
 0.020± 0.002 

a
 0.99 

P1 833±0.06 
b
 0.036± 0.003 

b
 0.97 

P6 588±0.06 
a
    0.034 ± 0.002 

b
 0.96 
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The results demonstrated that with the release and removal of β-casein from the 

micellar suspension, both hydrophobic and hydrophilic molecules such as curcumin and 

resveratrol can increase their binding to the caseins in the micelles. Indeed, those β -

casein molecules remaining associated to the casein micelles are linked via their 

hydrophilic portion, possibly leaving exposed hydrophobic sites in the β -casein depleted 

micelles.  It can be hypothesized that albeit the other proteins in the core of the micelles 

may reorganize to compensate for the release of β-casein, the hydrophobic sites which 

were occupied by β-casein, now would accommodate curcumin molecules. This 

reconciliation was seen more in the last  β-casein depleted micelles (P6), indicating that 

the higher β-casein was removed, more hydrophobic sites in the core were available for 

curcumin. 

To confirm the conclusions drawn from direct fluorescence measurements, 

fluorescence quenching of the tryptophan and tyrosine amino acids was also employed to 

survey the structural transitions that may occur with β-casein release and with the 

association of curcumin and resveratrol with the caseins.  

The fluorescence emission spectra decreased by increasing the concentration of 

curcumin (in a concentration range from 2.5 to 45.0 µM) and resveratrol (2.0- 20.0 µM). 

In agreement with the direct fluorescence spectroscopy results, with increasing curcumin, 

the emitted spectra showed a blue shift in the maximum emission wavelength of about 10 

nm.  The casein micelles also showed a shift in the maximum emission wavelength of 

tryptophan when resveratrol was added, but in contrast to curcumin, this was a red shift 
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of about 30 nm. In this case, the hydrophobic amino acids were more exposed to a 

hydrophilic environment with the addition of resveratrol. As already mentioned in the 

methods, to take into account any changes that may be caused by the addition of ethyl 

alcohol, control samples with ethyl alcohol were employed for each concentration of 

curcumin and resveratrol added. To calculate the quenching parameters, the ratios of F0/F 

were plotted against the concentrations of the polyphenols, as shown in Figure 4.6.  

In case of curcumin (Figure 4.6A), the Stern-Volmer quenching constants could be 

calculated. The linear dependence of F0/F as a function of curcumin concentration 

suggested that curcumin molecules had access to most of the tryptophan amino acids 

present in the casein micelle. 

This result was in agreement with previously reported data (Rahimi Yazdi, & 

Corredig) and once again, as for the fluorescence measurements above, indicated that 

curcumin had access to the inner core of the casein micelles, where most of the 

tryptophan amino acids are located.  It has been shown that αs1-casein and αs2-casein 

contain two tryptophan residues at positions (164 and 199) and position (109 and 193), 

respectively; whereas β-casein has just one tryptophan residue at position 143 (Farrell et 

al., 2006; Swaisgood, 1992). The Stern-Volmer quenching constant (Ksv) for curcumin 

showed a significant increase from the casein micelles to that of the β-casein depleted 

micelles (pellet 6) (Table 4.3). These results were in agreement with the increase in the 

binding constant (Kb) for curcumin measured by direct fluorescence measurements (Table 

4.2). 
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Fig.4.6. Stern-Volmer plot for curcumin (A) and resveratrol (B) for casein micelle 

(empty symbols), P1 (filled squares) and P6 (filled circles). Values are average of three 

separate replicates and errors represent standard deviation.   
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It was therefore concluded that by removal of β-casein, the remaining tryptophan 

residues were even more accessible to curcumin. However, the availability of these amino 

acid residues to curcumin, depends on the level of the β-casein removed from the 

micelles, as in compare to P6, first β -casein depleted micelles (P1) showed similar Ksv to 

the control casein micelle. Probably, it can be hypothesized that in early stages of β -

casein release and removal from the micelles, the binding sites are not necessarily amino 

acid sequences with tryptophan and  tyrosine. Even, it can be hypothesized that, the 

mechanism of binding up to a certain amount of β -casein inside the micelles is different 

from the one already has been shown. 

The quenching behavior of resveratrol (Figure 4.6B) differed from that of curcumin.  

The Stern Volmer plot did not show a linear behavior for the casein micelles. In this case, 

the quenching reached a plateau, as shown by the plot curved towards the x axis (Figure 

4.6B). Although a Ksv could not be calculated in this case, an apparent constant for the 

accessible fraction (Ka), as well as the accessible fraction (fa) were derived from equation 

4.1 (Lakowicz, 2006). When the casein micelles are depleted from β-casein , upon 

titration with resveratrol, there was no change in the accessible fraction (fa) of tryptophan 

and tyrosine, suggesting that there may have been further exposure of buried sites for 

resveratrol interactions. In addition, the apparent quenching constant (Ka) measured after 

β-casein depletion suggested that there was an increase in the affinity for resveratrol. 
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Table 4.3 Fluorescence quenching constants for curcumin and resveratrol added to skim 

resuspended casein micelle and micelles from first (P1) and sixth (P6) centrifugation. KSV 

(µM
-1

) values for curcumin, and Stern-Volmer constant (Ka (µM
-1

)) for the accessible 

fraction (f(a)) for resveratrol. Results are the average of three independent experiments 

(i.e. three milk batches). Within a column, values with different superscript letters are 

significantly different (p < 0.05).  

 

Samples Ligands 
Stern-Volmer 

constant 

Accessible Stern-

Volmer constants 

Accessible 

fraction 

Ksv(µM
-1

) Ka (µM
-1

) f(a) 

Casein 

micelle 

Curcumin 

0.11 ± 0.002 
a
  

 

 

P1 0.11 ± 0.002 
a
  

 

P6 0.16 ± 0.002 
b
   

  

 

Casein 

micelle 

Resveratrol 

 0.18 ± 0.02 
a
 0.41 ± 0.05 

a
 

P1  0.29 ± 0.01 
b
 0.37 ± 0.05 

a
 

P6  0.27 ± 0.02 
b
 

0.39 ± 0.06 
a
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It was concluded that β-casein depletion caused rearrangements to the inner structure 

of the casein micelles, making the interior of the micelles more hydrophobic (seen by 

increased Kb and Ksv in the case of curcumin). On the other hand increased Kb and Ka for 

resveratrol can be explained by suggesting increased access for hydrophilic molecules in 

the internal hydrated areas of the casein micelles. 

4.5 Conclusions 

The present research examined the impact of the release of β-casein on the affinity of 

casein micelles for two model compounds, curcumin and resveratrol. By using these 

polyphenolic compounds it was possible to probe changes in the structure of the casein 

micelles after the release of β -casein. The removal of about 65% of the β-casein from 

casein micelles affected the apparent diameter of the micelles without any effect of the 

colloidal calcium phosphate composition. These results were in disagreement with the 

current understanding that with cooling casein micelles release calcium. There was an 

increase in the affinity of the hydrophobic sites for curcumin (a hydrophobic molecule) in 

the inner core of the micelles. With an increase in the affinity of β-casein depleted casein 

micelles to resveratrol, it can be hypothesised that the affinity of inner core of casein 

micelles to this hydrophilic molecule increases because of a rearrangements of the inner 

hydrophilic surface present in the hydrated layers of the casein micelles.  

These results confirmed that while a portion of β-casein is part of the calcium 

phosphate nanoclusters, a large portion of β-casein is associated hydrophobically, and its 

release with cold storage causes exposure of hydrophobic regions. It can be also 
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concluded that β-casein plays a role in stabilizing internal structures in the casein micelle, 

as its release causes an increase in the micellar size, which may be explained by 

rearrangement of the remaining proteins, and increased repulsion occurring within the 

water pockets present in the inhomogeneous inner structure of the casein micelles.   
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CHAPTER 5 
Binding of curcumin to casein micelles increases after static high 

pressure treatment of skim milk
2 

5.1 Abstract 

Curcumin is a bioactive polyphenolic compound extracted from turmeric with known 

anti-inflammatory properties, and its hydrophobic nature restricts its solubility and its 

bioaccessibility. Solubility may be improved upon binding of curcumin to native or 

treatment-modified casein micelles. The present work demonstrated that high hydrostatic 

pressure of skim milk increases the binding of curcumin to caseins. The association of 

curcumin to casein micelles was assessed using fluorescence spectroscopy, either directly 

or by tryptophan quenching. The results indicated increased exposure of tryptophan 

residues as a result of high pressure induced rearrangements of casein micelles. The 

amount of curcumin associated with the milk proteins increased in pressure-treated milk, 

and a further improvement in binding was observed upon pressure treatment of a 

milk/curcumin mixture. However, in this case, some of the curcumin dissociated during 

storage, contrarily to what observed for untreated milk. From a molecular standpoint, the 

data presented here indicate that the persistent structural modifications induced by high-

pressure treatment result in a rearrangement of the amino acid residues in close proximity 

to the protein-associated curcumin. 

                                                           
2
 This Chapter, in a slightly edited form has been submitted for publication to the Journal of Dairy Research 

as: “Rahimi Yazdi, S., Bonomi, F., Iametti, S., Miriani, M., Brutti, A., Corredig, M. Binding of curcumin to 

casein micelles increases after static high pressure treatment of skim milk”.  
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5.2 Introduction 

The consumption of polyphenols derived from vegetables, fruits and cereal products 

has been associated to numerous beneficial disease prevention effects. In some cases, 

however, the solubility and bioaccessibility of the polyphenols may be a challenge to the 

delivery of these components in food matrices. In this study, the possible use of high 

pressure as a strategy to increase the encapsulation of hydrophobic molecules within 

protein particles was assessed, using casein micelles and curcumin as model systems. 

Curcumin is a bis- α, β-unsaturated β-diketone (Anand et al., 2007) present in the spice 

turmeric, that has shown a number of anti-proliferative, anti-microbial, anti-inflammatory 

and antioxidant properties (Maheshwari et al., 2006; Sharma et al., 2005).  

The major challenge to curcumin application in food and cosmetics is its poor 

solubility in aqueous solutions, as this limits its clinical efficacy and cell uptake (Yu & 

Huang, 2011; Anand et al., 2007). Several methods have been designed to increase the 

solubility and bioavailability of curcumin, for example, complexation with proteins, 

maltodextrins or lipophilic compounds (see, for example: Manju & Sreenivasan, 2011; 

Wu et al. 2011; Yu & Huang, 2011; Reddy et al., 1999).  

Casein micelles have been suggested as applicable carriers for the delivery of 

curcumin in cell culture models (Sahu et al., 2008). Casein micelles are stabilized by a 

polyelectrolyte layer of κ-casein which imparts steric stabilization (Holt & Horne, 1996), 

and have a porous structure wherein molecules may be able to diffuse, and many clefts 
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which greatly increase the surface area available for interactions with small molecules 

(Dalgleish, 2011). 

It has been previously shown that casein proteins are avid binders of polyphenols 

(Yuksel et al., 2010; Aguie-Beghin et al., 2008) and could be an ideal carrier for delivery 

of molecules such as small tannins, curcumin and vitamins (Livney & Dalgleish, 2009; 

Shukla et al., 2009; Sahu et al., 2008). The binding properties of curcumin to casein 

micelles have been characterized by fluorescence spectroscopy (Rahimi Yazdi & 

Corredig, 2012; Sahu et al., 2008), but further studies are required to assess the effect of 

processing on the ability of casein micelles to associate with hydrophobic molecules. The 

present study stems from the idea that high hydrostatic pressure, by causing 

rearrangements to the proteins and to the supramolecular structure of the micelles, may 

improve the binding of curcumin to the casein micelles. 

Considerable information is available on the effects of static high pressure treatment 

on milk proteins (Gebhardt et al., 2006; Huppertz et al., 2006b ; Gaucheron et al., 1997). 

High pressure causes denaturation of the two main serum proteins, α-lactalbumin and β-

lactoglobulin, the extent of modification being affected by treatment time, temperature 

and pH (Huppertz et al. 2006b; Needs et al., 2000).  

High pressure processing also affects the supramolecular structure of the casein 

micelles, due to the flexible nature of the structure of the casein proteins.  The micelles 

can be disrupted through solubilisation of the colloidal calcium phosphate and the 
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decrease of protein-protein interactions (Gebhardt et al., 2006; Huppertz et al., 2006a). A 

significant decrease in the size of casein micelles has been shown to occur at pressures 

between 100-600 MPa and temperatures between 10-40°C, along with the formation of 

small micellar fragments during the process (Gebhardt et al., 2006; Anema et al., 2005a; 

Gaucheron et al., 1997). 

The objective of this research was to study the effect of high pressure on the affinity 

of casein micelles for curcumin. This molecule is regarded as the epitome of lipid-soluble 

bioactives.  Increasing affinity would result in an increase of the capacity of the micelles 

as nanodelivery systems for this class of bioactives. To determine the details of the 

binding between curcumin and milk proteins, fluorescence spectroscopy was employed, 

using both direct steady-state fluorescence, and tryptophan quenching. 

5.3 Materials and methods 

5.3.1 Materials 

Chemicals were from Sigma (St Louis, MO, USA) unless otherwise indicated. 

Ultrapure water was prepared with a filtration system (Millipore, Billerica, MA, USA). 

Curcumin (≥94% (curcuminoid content), ≥80% curcumin) was purchased from Sigma-

Aldrich (Sigma-Aldrich Canada Ltd., Oakville, Ontario, Canada). Stock solutions of 

curcumin (1 mM, 100 µM and 10 µM) were prepared in ethyl alcohol (96%), and the 

actual curcumin concentration was checked at 420 nm by spectrophotometry. 
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5.3.2 Sample preparation 

Fresh pasteurized skim milk was purchased from Centrale del Latte di Milano 

(Granarolo, Bologna, Italy). This milk contained 3.1% protein. Sodium azide (0.02% 

w/v) was immediately added to prevent bacterial growth. Milk permeate was prepared 

using an Amicon ultrafiltration stirred cell unit (Model 8200, 200 mL, Millipore), 

equipped with a Ultra cell YM-10 ultrafiltration membrane (10 kDa nominal cut-off and 

a nominal area of 0.0064m
2
) under nitrogen at 4° C.  

In fluorescence experiments, curcumin was added to milk at concentrations ranging 

from 50 to 400 µM. The high concentrations representing saturating ligand 

concentrations (Rahimi Yazdi & Corredig, 2012).  In some experiments, curcumin was 

added to milk at a concentration of 100 µM prior to high pressure treatment. To minimize 

the effect of ethanol (O'Connell et al.,  2006), the maximum concentration of ethanol was 

kept below 5%.  

5.3.3 High Hydrostatic Pressure treatment 

Patented FoodSaver
®

 Bags (Model# T010-00034-098, FoodSaver, Jarden 

Corporation, Rye, NY, USA) were filled with skimmed milk in the presence/absence of 

100 µM curcumin, vacuum packaged, and sealed in a sealing system (Model CGM Matic, 

GANDUS Company, Milan, Italy). Hyperbaric treatment was carried out on the sealed 

bags at SSICA in a QFP 35L-600 (Avure Technologies, Franklin, TN, USA).  The system 

has a 35 liter useful volume and can reach a pressure of 600 MPa. The compression times 
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to reach the maximum pressure starting with an empty chamber are around two minutes, 

while decompression is practically instantaneous. The system permits the execution of 

treatments in adiabatic conditions under controlled temperatures of between 4 to 90°C. 

For the studies using three different pressures: 200, 400, 600 MPa. The treatment time 

was 20 min and the temperature was 20 °C. 

5.3.4 SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was 

performed on 12% acrylamide gels, run in a Bio-Rad (Hercules, CA, USA) Mini protean 

III apparatus, at 16 mA for each gel. About 0.01 mg protein were loaded in each sample 

lane, and molecular weight markers were from GE Healthcare (Montreal, Canada).  

5.3.5 Fluorescence spectroscopy 

Fluorescence measurements were carried out in a Perkin Elmer LS50B spectrometer 

(Perkin Elmer, Waltham, MA, USA). Control skim milk and pressurized milk were 

diluted (1:20) in milk permeate, to maintain the chemical environment as close as 

possible to that of the original milk.  

Direct fluorescence measurements were performed by adding curcumin (0.1 to 20 

µM, final concentration) to milk. To minimize the addition of ethanol during titration, 

different stock solutions were used (10 µM, 100 µM, and 1mM), so that volume change 

in the cuvette never exceeded 2%.  The measurements were carried out at an excitation 
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wavelength of 429 nm, and the emission was recorded from 480 to 600 nm at excitation 

and emission slits of 3 nm. All measurements were made at 25 °C and the experiments 

were repeated at least three times. The binding parameters were calculated as described in 

3.3.4.                 

To determine whether the addition of curcumin to milk samples before high pressure 

would increase binding with the milk proteins, the fluorescence intensity of milk samples 

treated at high pressure in the presence of 100 µM curcumin was measured, and the 

fluorescence intensity was compared to the values of milk samples with curcumin added 

after high pressure treatment.  The stability of the curcumin binding to the milk proteins 

was determined by measuring fluorescence intensity in appropriate samples with 

curcumin, immediately after the treatment and after one week of storage at 4°C in the 

dark.  

To further characterize the binding affinity of curcumin to milk proteins, 

fluorescence quenching was also employed, as it is a powerful technique fluorescence of 

proteins by curcumin was measured at increasing curcumin concentrations (0-50 µM) in 

the presence of variously treated milk samples diluted in milk permeate (1:20). In these 

measurements, samples were excited at 280 nm and emission spectra were collected from 

300 to 450 nm. Quenching of tryptophan were made at 25 °C and repeated three times. In 

the quenching studies, controls were separately considered for each measurement. The 

linear dependence of quenching was described using the Stern-Volmer equation 

(Lakowicz, 2006) as described in 3.3.4 and the Ksv (Stern-Volmer quenching constant) 
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was calculated using Equation 3.2, where Ksv
-1

 corresponds to the concentration of 

curcumin at which 50% of the peak intensity is reduced.  

For high pressure-treated samples, the quenching dependence on the concentration of 

curcumin was no longer linear, but showed an exponential trend, which usually suggest 

the simultaneous occurrence of static and dynamic quenching, that may be described by a 

modified form of the Stern–Volmer equation as described by Equation 3.3. 

5.3.6 Statistical analysis 

All assays were performed in triplicate. Statistical differences were evaluated using 

analysis of variance (ANOVA), and mean values were compared by using a Tukey test. 

All statistics were performed by using S-PLUS software (Insightful Corp., TIBCO 

Software Inc., Palo Alto, CA, USA). 

5.4 Results and discussion 

5.4.1 Direct fluorescence 

Changes in the fluorescence emission spectra of skim milk control and high pressure 

treated milk after addition of curcumin, at concentration gradually increasing from 0.1 to 

20 µM, are shown in Figure 5.1. The increase in fluorescence intensity upon curcumin 

addition was higher in pressure treated milk, and the position of the emission maximum 

in these samples showed a marked blue shift. This shift has been previously reported and 
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it has been attributed to an increased hydrophobicity of the chemical environment of 

curcumin (Rahimi Yazdi & Corredig, 2012; Sahu et al. 2008).   

Figure 5.2 analyzes the fluorescence increase in the various samples as a function of 

added curcumin. By assuming equilibrium between unassociated curcumin and a 

curcumin-protein complex, these changes may be quantitatively analyzed by using the 

Benesi-Hildebrand equation (3.1) (Benesi, & Hildebrand, 1949). It is then possible to 

calculate the fluorescence value at saturating ligand (Fmax) and the apparent binding 

constant Kb. 

As summarized in Table 5.1, the lowest Fmax was found in skim milk control, and 

this parameter was significantly higher in all pressure-treated milk samples. However, the 

data in Figure 5.2 and Table 5.1 indicate that the rearrangements occurring at the highest 

pressure (600 MPa) and the reported reduction in the size of the casein micelles under 

these conditions (Gebhardt et al., 2006) did not improve binding of curcumin to protein 

hydrophobic sites.  The values of Kb increased in the pressure-treated samples, but the 

observed increase was independent of the treatment intensity.   

It is worth noting that the increase in the binding capacity of casein micelles due to 

high pressure treatment was much higher (~ 30% increase in Fmax) than that reported for 

heat-treated skim milk (< 2%, according to Rahimi Yazdi & Corredig, 2012). In addition, 

in heat treated milk the Kb increased (Rahimi Yazdi & Corredig, 2012), whereas only a ~ 

4% increase in Kb was evident in high pressure treated milk (Table 5.1).  
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Fig.5.1. Emission spectra for skim milk untreated (A); and treated by high pressure at 

200 MPa (B); 400 MPa (C); 600 MPa (D).  The samples were diluted in permeate (1:20) 

and curcumin was added (1.0, 1.5, 3.0, 5.0, 8.0, and 10.0 µM). Arrow indicates increasing 

concentrations of curcumin. 
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Fig.5.2. Changes in fluorescence intensity (measured at λem.520 nm) as a function of 

concentration of curcumin for skim milk control (■), 200MPa (●), 400MPa (♦), and 

600MPa (▲).  Values are the average of 3 replicate experiments, bars represent standard 

deviation. Lines are drawn to guide the eye. 
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To evaluate whether curcumin could be efficiently associated by some "transient" 

protein species formed during pressure treatment, milk samples were pressure treated in 

the presence of 100 µM curcumin, and the fluorescence of these samples was compared 

to that measured on samples where 100 µM curcumin was added to milk after the 

pressure treatment. Appropriate controls were also set up, being represented by milk 

treated at high pressure in the absence of curcumin, and by untreated milk containing 100 

µM curcumin. Results are shown in Figure 5.3, and confirm the higher binding capacity 

of the pressure-treated milk.  

There was a modest increase of binding when curcumin was incorporated during 

high pressure processing, suggesting that the (transient) rearrangements occurring during 

high pressure treatment may favour curcumin incorporation. Once again, pressures above 

200 MPa seemed to be more effective, most probably because of the modest extent of 

rearrangements in the casein micelles at this pressure (Huppertz et al., 2004b).  

The stability of the emission spectra of milk samples treated by high pressure in the 

presence of 100 µM curcumin was determined by comparing the spectroscopic results 

obtained immediately after the treatment with those after 1 week storage at 4°C in the 

dark. The maximum fluorescence intensity in untreated milk was unchanged after one 

week of storage (Table 5.2), whereas it decreased (about 8%) in all pressure treated 

samples almost regardless of treatment intensity.  
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Table 5.1 Binding parameters (Kb and ∆Fmax) for curcumin calculated from direct 

fluorescence experiments. Results are the average of data obtained on three independent 

milk batches. Within a column, different superscript letter indicate statistical difference at 

p<0.05. 

 

Treatments F max Kb (µM
-1

) 

None 52.1 ± 0.2 
a
 0.118 ± 0.002

 a
 

200MPa 60.6 ± 0.2
b
 0.125 ± 0.002

 b
 

400MPa 68.5 ± 0.1
d
 0.123 ± 0.002 

b
 

600MPa 67.2 ± 0.1
c
 0.126 ± 0.001

 b
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Fig.5.3  Values of fluorescence intensity for milk samples treated with high pressure 

before addition of curcumin (empty bars) or with curcumin present during the treatment 

(solid bars). The concentration of curcumin was 100 µM in all cases. Samples were 

diluted 1:20 in permeate immediately before analysis. 
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The change in maximum fluorescence during storage may be attributed to 

rearrangements occurring to casein micelles after high pressure treatment, as already 

reported (Huppertz et al., 2006b). In this frame, it is worth noting that SDS-PAGE 

electrophoresis gave no indication of proteolysis during storage (data not shown). 

Therefore, slow structural changes in the binding properties of the involved proteins were 

the cause of the changes observed here.    

5.4.2 Quenching of tryptophan fluorescence 

Binding of ligands to proteins is often accompanied by changes in the fluorescence 

properties of intrinsic protein fluorophores, most often resulting in geometry-sensitive 

quenching. 

Progressive curcumin addition led to a gradual decrease in the intensity of the 

tryptophan fluorescence. This may be appreciated from the spectra in Figure 5.4, that also 

indicate how "buried" tryptophan residues (i.e., those emitting at the shortest 

wavelengths) were the ones least sensitive to addition of the quencher, regardless of the 

presence and intensity of the pressure treatment. A further analysis of the quenching 

effects in the various samples is presented in Figure 5.5, showing the variation of F0/F for 

the various samples as a function of added curcumin. In the case of skim milk there was a 

linear relation between F0/F and curcumin concentration. An upward curvature was 

instead evident in pressurized milk, suggesting the presence of multiple binding sites - 

characterized by a different quenching mechanism - after pressure treatment (Lakowicz, 

2006). 
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Table 5.2. Storage dependent changes in fluorescence intensity. Where indicated, milk 

samples were treated at high pressure in the presence of 0.1 mM curcumin, and curcumin 

fluorescence was measured immediately or after one week of storage. Results are the 

average of three independent milk batches. Within a row, different superscript letter 

indicate statistical difference at p<0.05. 

 

Treatments 

t = 0 t = 1 week 

∆F max ∆F max 

None 41.7 ± 1.8
 a
 41.9 ± 0.9

 a
 

200MPa 54.7 ± 0.3
 b

 50.5 ± 1.1
 a
 

400MPa 62.3 ± 1.2
 b

 57.9 ± 0.7
 a
 

600MPa 61.2 ± 0.6
 b

 55.8 ± 0.8
 a
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A similar effect was observed in heat-treated milk (Rahimi Yazdi & Corredig, 2012). 

An apparent binding constant for curcumin may be calculated from the quenching data by 

using the appropriate form of the Stern-Volmer equation (Lakowicz, 2006). Although 

these data (Table 5.3) cannot be directly compared with those obtained through direct 

titration (see Table 5.1), they indicate that the formation of multiple binding sites with a 

characteristic quenching behaviour is a pressure-dependent event. 

According to Huppertz et al. (2006a), high pressure dissociates casein micelles by 

initiating the solubilisation of the colloidal calcium phosphate, with simultaneous release 

of αS1-, αS2-, β- and κ-caseins. The size reduction of the micelles may be the reason for 

the increased maximum fluorescence intensity measured in milk samples treated with 

high pressure and of the change in the quenching pattern discussed above, as smaller 

micelles would have an increased number of sites available for interaction with curcumin. 

The size reduction of the micelles may be the reason for the increased maximum 

fluorescence intensity measured in milk samples treated with high pressure and of the 

change in the quenching pattern discussed above, as smaller micelles would have an 

increased number of sites available for interaction with curcumin. In particular, between 

100 and 300 MPa the size distribution pattern changes from a monomodal to bimodal 

(Knudsen & Skibsted, 2010). In general, dissociation of casein micelles and their size 

reduction increases the surface hydrophobicity of the particles, as demonstrated by 

increased binding of the fluorescent hydrophobic probe ANS (Gaucheron et al., 1997). 
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Fig.5.4  Intrinsic fluorescence spectra for skim milk untreated (A); and treated by high 

pressure at 200 MPa (B); 400 MPa (C); 600 MPa (D). Samples were diluted in permeate 

(1:20) and curcumin was added at  2.5, 5.0, 10.0, 15.0, 20.0, and 45 µM concentration. 

Arrow indicates increasing concentrations of curcumin. 
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Fig.5.5 Stern-Volmer plot for skim milk (■), 200 MPa (●), 400 MPa (♦), and 600 MPa 

(▲) re-diluted in permeate. Values are the average of 3 replicate experiments, bars 

represent standard deviation. Lines are drawn to guide the eye. 
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Table 5.3. Stern-Volmer constants (KSV and Kapp) derived from quenching experiments. 

Results are the average of three independent milk batches. Within a column, different 

superscript letter indicate statistical difference at p<0.05.    

 

Treatments KSV (µM
-1

) Kapp (µM
-1

) 

None 0.072± 0.001 0.0303 ± 0.0011
a
 

200 MPa n.a.* 0.0326 ± 0.0008
b
 

400 Mpa n.a.* 0.0350 ± 0.0006
c
 

600 Mpa n.a.* 0.0365 ± 0.0006
d
 

n.a.* not applicable: quenching dependence is not linear 
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Other than these macroscopic effects, quenching data indicated that the persistent 

structural modification induced by high-pressure treatment result in a rearrangement of 

residues, such as tryptophan, that may be considered as internal markers of the 

hydrophobic regions of the proteins. The treatment-dependent prevalence of dynamic 

quenching in pressure-treated milk as opposite to that of static quenching in untreated 

milk suggests that tryptophan and curcumin do not actually form a ground-state complex 

in the treated proteins, but curcumin must in this case be adjacent to the tryptophan at the 

moment of excitation.  

5.5 Conclusions 

High Hydrostatic Pressure increases the binding of curcumin by increasing the 

hydrophobicity of the milk proteins. The structural modifications responsible of increased 

curcumin binding by pressure treated milk are different (and to some extent more 

effective) than those reported for heat treatment (Rahimi Yazdi & Corredig, 2012). 

Binding could be further improved by pressure treatment of milk in the presence of 

curcumin, although in this case rearrangements occurred during storage after high 

pressure treatment that resulted in some release of the bound curcumin.   

Tryptophan quenching data indicate that high pressure treatment facilitates the access 

of curcumin to the core of the casein micelles. The roles played by pressure-induced 

dissociation of caseins remain to be ascertained, as is the possible contribution of whey 

proteins that, although less abundant, may contribute additional binding sites when 
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present in a partially denatured form (Anema et al., 2005b) or when they are originated as 

transiently modified species during the treatment (Lozinsky et al., 2006). 
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CHAPTER 6 
Encapsulation of curcumin and resveratrol within casein micelles: 

increases in binding with microfluidization and effect on rennet gelation 

6.1 Abstract 

Polyphenols, such as resveratrol and curcumin, interact with caseins and associate with 

casein micelles. It was hypothesized that the rearrangements occurring to the 

supramolecular structure of the casein micelles during high pressure homogenization may 

increase the association of polyphenols with these protein particles. Intrinsic fluorescence 

measurements suggested that curcumin molecules access the core of the casein micelles, 

On the other hand resveratrol causes ashift in the emission wavelength and its decrease in 

intensity reaches a plateau suggesting its association to the surface.  Microfluidization 

increased the binding of the polyphenols with the casein micelles, and there were no 

significant differences between adding these molecules before or after microfluidization.  

The addition of polyphenols (at >200 µM) caused a delay to the onset of rennet induced 

aggregation, as well as a lower gel stiffness.   The difference in the binding behaviour of 

resveratrol and curcumin affected to a different extent the inhibition of the primary and 

secondary stage of rennet induced aggregation of the casein micelles. 
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6.2 Introduction 

Homogenization is a widespread unit operation in the dairy industry. Dynamic high 

pressure has been studied with particular interest as it may change the structure and 

functionality of  proteins (Paquin, 1999). During dynamic high pressure, cavitation, 

shear, and turbulence occur simultaneously (Paquin & Giasson, 1989). While at pressures 

< 20 MPa the effect on the structure of the casein micelles is negligible (Walstra, 1980), 

at higher pressures dynamic homogenization has been shown to cause some disruption of 

soy protein aggregates (Keerati-u-rai & Corredig, 2009) and rearrangements of casein 

micelles (Sandra & Dalgleish, 2005). It was indeed shown that by homogenizing skim 

milk for a number of passages at about 186 MPa, the average particle size of casein 

micelles decreases and the amount of non-sedimentable caseins (κ- , αs1-, and αs2-) in the 

milk serum increases. It was also shown that the skim milk gels can be affected by 

homogenization at pressures between 100-300 MPa (Lodaite et al.,  2009).  

In microfluidized milk, during rennet-induced aggregation, the casein micelles show 

a decrease in the gel time (i.e. a higher susceptibility to aggregation) and an increase in 

the storage modulus (G΄) of the gel (Sandra et al., 2007).   

The objective of this work was to evaluate the effect of microfluidization on the 

binding affinity of casein micelles for two model polyphenol molecules.  Polyphenols 

play numerous beneficial roles in human health (Liu et al., 2009; Maheshwari et al., 
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2006), and have been shown to bind to casein proteins (Haratifar et al., 2010; Sahu et al., 

2008; Jobstl et al., 2006).  

Recently, it has been reported that high pressure homogenization to 300 MPa in the 

presence of ethanol can form casein particles with embedded triclosan, a low solubility 

hydrophobic molecule (Roach et al., 2009). In this work it was therefore hypothesized 

that the rearrangements of the casein micelles during dynamic high pressure 

homogenization, and in particular, the exposure of hydrophobic residues, could enhance 

the ability of casein micelles for encapsulation of polyphenols.  Two polyphenols, 

curcumin and resveratrol, were employed as model molecules.  Curcumin 

(diferuloylmethane; 1, 7-bis [4-hydroxy-3-methoxyphenyl] - 1, 6-heptadiene-3, 5-Dione) 

is a hydrophobic low-molecular weight fluorescent molecule with two ferulic acids 

linked via a methylene bridge at the carbon atoms of the carboxyl groups (Sahu et al., 

2008).  Curcumin binds to casein proteins, with little difference in the affinity between 

associated or dissociated micelles (Sahu et al., 2008). Resveratrol (3,5,4’-

trihydroxystilbene) (Liu et al., 2009) was also tested, as its difference in structure from 

curcumin may cause a different association behaviour with casein micelles.  

The present work summarizes the findings on the binding of curcumin and 

resveratrol with casein micelles. The influence of microfluidization on the affinity of 

casein micelles for curcumin and resveratrol were determined, as well as the effect of 

these polyphenols on the gelling properties of the casein micelles induced by rennet.  The 

proteolytic enzyme chymosin (rennet), specifically cleaves κ-casein, present on the 

surface of the casein micelles, causing a decrease in steric repulsion of the protein 
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particles and leading to their aggregation. It was hypothesized that the aggregation is 

affected by the changes occurring to the casein micelles as a consequence of their 

association with polyphenols. 

6.3 Materials and methods 

6.3.1 Materials 

Reagents were purchased from Fisher Scientific (Mississagua, ON, Canada) unless 

otherwise indicated. The rennet used was Chymax Ultra (Chr. Hansen, Milwaukee, WI, 

USA) with average strength of 790 (± 5%) IMCU/mL. Curcumin-high purity (≥94% 

curcuminoid content, ≥80% Curcumin) and resveratrol (analytical standard, for food 

analysis) were purchased from Sigma-Aldrich (Sigma-Aldrich Canada Ltd. Oakville, ON, 

Canada). Stock solutions of curcumin (1, and 10 mM) and resveratrol (10 mM) were 

prepared in ethyl alcohol (100%). Since curcumin is not 100% soluble in ethanol, to 

obtain the actual concentration of curcumin, the 10 mM solution was filtered through a 

0.45-µm syringe filter (Millex GV, Millipore) and the concentration of the filtrate was 

determined measuring the absorbance at 420 nm (with an extinction coefficient of 5.1160 

×10
4
 M

-1
 cm

-1
).  

Fresh milk was collected from the Ponsonby Research Station of the University of 

Guelph (Guelph, ON, Canada) and sodium azide (0.02% w/v) was added to prevent 

bacterial growth. Untreated milk was skimmed as reported in 3.3.2  Milk permeate was 
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prepared using a laboratory scale ultrafiltration cartridge (Millipore CDUF001LG; Fisher 

Scientific), with a nominal cut-off of 10 KDa and a nominal area of 1 ft
2
 (0.095m

2
). 

6.3.2 Microfluidization of the samples 

A Microfluidizer
®

 (M-110S, Microfluidics Corporation, Newton, MA, USA) was 

employed to homogenize skim milk. Skim milk was passed through the microfluidizer 6 

times, and an applied pressure of 87 MPa. The interaction chamber and the outlet 

reservoir were kept in an ice bath, and the temperature of the sample on the outlet was 

between 30 and 35 °C.  

To test the effect of microfluidization on the binding of polyphenols, skim milk 

samples were also subjected to the homogenization while already containing curcumin 

and resveratrol, and their fluorescence spectra were then compared to those of samples 

containing the same levels of polyphenols, but added only after homogenization.    

6.3.3 Fluorescence spectroscopy experiments 

A Shimadzu Fluorescence Spectrometer (RF 5301 PC, Creon LAB, Frechen, 

Germany) was employed to quantify the binding of curcumin and resveratrol with the 

proteins in the various milk samples. Different amounts of polyphenols were added to a 

cuvette containing 1 ml of untreated or microfluidized milk. All experiments were carried 

out with milk diluted 1:20 in milk serum as described in detail in 3.3.4 and 4.3.4.  
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Spectra were also recorded for milk that was microfluidized in the presence of 

selected concentrations of curcumin (50, 400 µM) and resveratrol (50, 500 µM).  The 

maximum fluorescence intensity was measured by diluting the samples in milk serum 

(1:20).  The same samples, with polyphenols added before or after microfluidization (or 

untreated milk) were also measured after one week of storage at 4°C. The samples were 

covered in aluminum foil during storage.  

In addition to direct fluorescence experiments, quenching of intrinsic fluorescence 

was also employed to further describe the binding behaviour of curcumin and resveratrol 

with casein micelles. Untreated and microfluidized milk were titrated with curcumin and 

resveratrol at concentrations between 0 and 50 µM (curcumin) and 0 to 20 µM ( 

resveratrol) at 25°C, and fluorescence emission spectra were recorded and analyzed as 

previously described in 3.3.4 and 4.3.4.  

6.3.4 Effect of polyphenols on the apparent hydrodynamic size of the casein 

micelle 

The apparent hydrodynamic diameter of the casein micelles was measured by 

dynamic light scattering (Zetasizer Nano-ZS, Malvern Instrument, Malvern, UK). The 

average apparent diameter was obtained from the average of 3 separate readings at 30°C.  

Aliquots (15 µL) of untreated and microfluidized milk with or without polyphenols were 

diluted in 3 ml ultrafiltration permeate (see above), previously filtered with a 0.45 µm 

filter.  
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6.3.5 Rennet gelation 

Untreated and microfluidized milk, with different concentrations of curcumin and 

resveratrol, were incubated at 30°C for at least 10 min prior to rennet addition. Milk 

samples containing the same amount of ethanol than the polyphenol samples were tested 

as control. The diluted rennet was added to the samples within 5 min of dilution to a final 

concentration of 0.034 IMCU/ml. Samples were stirred for 30 s after rennet addition prior 

to further analysis. 

The amount of casein macro peptide (CMP) released by rennet was measured as 

previously reported (Lopez Fandino et al., 1993). The test was run at temperature 30°C 

and aliquots (2 ml) of renneted milk were sampled as a function of time, by stopping the 

reaction with 4 ml of 3% perchloric acid. After overnight refrigeration, the serum fraction 

was separated at 4500 g for 15 min (Eppendorf centrifuge, 5415D, Mississauga, Canada). 

Analysis of the CMP was carried out by RP-HPLC on the centrifugal supernatants 

filtered through 0.45 µm filters (Millex-GV, Fisher Sci.), as previously described (Sandra 

et al., 2011).  The maximum peak area developed in control samples, after gelation was 

considered as 100% of the CMP released that could be detected. 

Rheological measurements were carried out at 30°C with a rheometer (AR 1000, TA 

Instruments, New Castle, DE, USA) and a conical concentric cylinder geometry (5920 

µm fixed gap, 15 mm radius, 14 mm rotor outer radius and 42 mm cylinder immersed 

height) at 1.0 Hz with an initial oscillation stress of 1.809 × 10
-3 

Pa and a constant strain 
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of 0.01. The gelation time was defined as the time when tan δ (where δ is the phase 

angle) = 1.  

To better determine differences in the apparent diameter during the preceding stages 

of gelation, as well as changes in turbidity, microfluidized milk samples (with and 

without polyphenols) were also subjected to diffusing wave spectroscopy analysis. The 

measurements were carried out in transmission mode as previously described (Sandra et 

al., 2011) at 30 °C. The viscosity and refractive index of the continuous phase employed 

in the calculations were 1.021×10
−3

 Pa s and 1.341, respectively. The gelation time was 

defined as the crossing of two tangent lines of the apparent radius over time. 

6.3.6 Statistical analysis 

All assays were performed in n = 3 repetitions (three separated milk batches). The 

mean values, standard deviations, and statistical differences were evaluated using 

analysis of variance (ANOVA); least significant difference computations were carried out 

to determine significant differences between samples. The mean values were compared 

using a Tukey test, and all statistic data were processed using SYSTAT 11 software 

(Systat Software, Inc., Chicago, IL). 
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6.4 Results and discussion 

6.4.1 Fluorescence spectroscopy 

Figure 6.1 shows typical fluorescence emission spectra of curcumin and resveratrol 

(Figure 6.1A and C, respectively) in the microfluidized milk depending on the 

concentration of polyphenols. The same figure also shows the intrinsic fluorescence 

spectra of tryptophan and tyrosine amino acids in the presence of increasing 

concentrations of curcumin and resveratrol (Figure 6.1B and D, respectively). In the 

direct fluorescence measurements (Figure 6.1A and C), the maximum fluorescence 

intensity showed an increase with the concentration of both ligands (curcumin and 

resveratrol). A very similar behaviour was shown for both untreated and microfluidized 

milk, hence only microfluidized milk is shown in Figure 6.1. With addition of curcumin, 

the peak maximum in the fluorescence spectra showed a small blue shift of ~ 10 nm from 

~ 520 to ~ 510 nm (Figure 6.1A).  

This has been previously reported for curcumin (Sahu et al., 2008; Rahimi Yazdi & 

Corredig, 2012) as well as for other hydrophobic fluorescence probes such as ANS (Gatti 

et al., 1995) and it is due to the shift of curcumin to a more hydrophobic environment. On 

the other hand, there was no shift in the maximum peak of the fluorescence spectrum 

with addition of resveratrol (Figure 6.1C), suggesting that the environment of the 

resveratrol molecules is not modified when associated with the casein micelles.  
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To better understand structural transitions during the association with the fluorescent 

ligands, intrinsic fluorescence can be employed (Sahu et al., 2008; N’soukpoe-Kossi et 

al., 2006).  The polyphenols decrease the maximum fluorescence intensity of tryptophan 

and tyrosine amino acids, as with the binding, the molecules modify the local 

surrounding environment of the indole rings. The results of quenching experiments are 

usually approximated to those occurring to tryptophan residues (Suelter, 1991). In 

agreement with the direct fluorescence spectra shown in Figure 6.1A, also in the intrinsic 

fluorescence experiments the milk samples containing curcumin showed a blue shift of 

10 nm (Figure 6.1B). 

It is important to note that in the presence of ethanol alone (control samples 

contained the same small amount of ethanol as those with curcumin) there was no shift in 

the peak of maximum fluorescence. 

 

On the other hand, when resveratrol was added to skim milk (Figure 6.1D), there was 

a clear red shift in the maximum fluorescence intensity. This red shift was attributed to 

the change in the environment of the tryptophan residues in the presence of resveratrol.  

This, combined with the lack of fluorescence maximum shift in the emission spectra 

(Figure 6.1C), may indicate that resveratrol associates with the casein proteins causing 

the exposure of  tryptophan amino acids to a more hydrophilic environment. There was a 

clear difference in the binding behaviour of the two polyphenol molecules in their 

association with the casein micelles, and for this reason, it was important to use both 

molecules as model systems for further work. 
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Fig.6.1 Fluorescence spectra for resuspended microfluidized milk diluted in permeate 

(1:20).  Emission spectra as a function of curcumin (0.5- 15.0 µM, λex 420 nm) (A), and 

resveratrol (3.0 - 76.0 µM, λex 320 nm) (C). Quenching emission spectra at λex 280 nm 

with added curcumin (2.5 to 45 µM) (B) and with added resveratrol (2.0 to 20.0 µM) (D). 

Arrows indicate increasing concentrations of polyphenol. 
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While in the case of curcumin the addition of this polyphenol caused quenching of 

the fluorescence intensity, in the case of resveratrol, the decrease in intensity was limited. 

The equilibrium between unbound ligands and a ligand-protein complex can be 

described as a 1:1 ligand to binding site (see Equation 3.1). The double reciprocal plots of 

1/∆F (where the intensity was measured at its maximum) as a function of 1/ [Cur] and 1/ 

[Res] for untreated and microfluidized milk are plotted in Figure 6.2.  From the equation, 

the binding parameters (∆Fmax and Kb) were calculated (Table 6.1).  The double 

reciprocal plots showed to be linear for both curcumin and resveratrol, suggesting a good 

fit of the 1:1 ligand binding model (see R
2
 values, Table 6.1).  The binding constants for 

untreated milk were 0.11 µM
-1

 and 0.034 µM
-1

 for curcumin and resveratrol, respectively. 

The values of Kb (0.17 µM
-
1 and 0.042 µM

-
1) increased with microfluidization of the 

milk, although, in both cases, the values remained of the same order of magnitude. In 

addition, the value of fluorescence at plateau, estimated from the double reciprocal plot, 

showed an increase with microfluidization (Table 6.1).  

It has been previously demonstrated that a static high pressure treatment can modify 

the surface hydrophobicity of the casein micelles (Huppertz et al., 2006b; Adapa et al., 

1997). The rearrangements occurring at pressures > 300 MPa also result in a decrease of 

their average apparent diameter (Knudsen & Skibsted, 2010). In addition, static high 

pressure causes denaturation of the whey proteins (Huppertz & Kruif, 2006; Anema et al., 

2005b), and this could contribute to an increase of the overall surface hydrophobicity of 

proteins in skim milk. 
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It has been recently shown that heat-induced denaturation of the whey proteins and 

their association with the casein micelles increases the binding of curcumin, with a 

decrease in the specificity of the binding (Rahimi Yazdi & Corredig,2012).  However, in 

microfluidized milk, there is little whey protein denaturation (Sandra & Dalgleish, 2005). 

Therefore the increased binding constants for curcumin and resveratrol when the samples 

are microfluidized may be attributed to rearrangements of the casein micelles, as 

previously shown using rennet gelation experiments (Sandra & Dalgleish, 2005).  

To better understand the association behaviour of curcumin and resveratrol to the 

casein micelles, the intrinsic fluorescence results were evaluated using the Stern Volmer 

equation for fluorescence quenching (Equation 3.2) as shown in Figure 6.3. In the case of 

the addition of curcumin (Figure 6.3A), there was a linear relationship between F0/F and 

the concentration of the polyphenol for untreated skim milk. 

This suggested that the tryptophan residues in the casein micelles had equal chances 

to be quenched by the curcumin molecules. A slight deviation in linearity was noted in 

the case of microfluidized milk. Both untreated and microfluidized skim milk showed a 

high quenching of the tryptophan residues with curcumin, with a quenching behaviour 

that could be approximated to a 1:1 ligand to amino acid ratio, as already shown for other 

polyphenol molecules and bovine serum albumin (Papadopoulou, et al., 2005). 
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Fig.6.2 Double reciprocal plots of fluorescence intensity as a function of concentration of 

curcumin (A), and resveratrol (B) for untreated skim milk (●) and microfluidized milk 

(�).Values are the average of 3 replicate experiments, bars represent standard deviation. 

Lines are drawn as reference to linear behaviour.  For binding coefficients see Table 6.1.  
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Table 6.1 Binding constants (Kb), maximum fluorescence intensity (∆Fmax) and 

regression coefficient for curcumin and resveratrol to untreated and microfluidized milk 

estimated from emission data, using Equation 3.1.  Results are the average of three 

independent experiments. Within a column (curcumin and resveratrol are considered 

separately), different superscript letters indicate statistical difference at p<0.05.   

 

Treatments Ligands 
Binding constants  

∆F max Kb (µM
-1

) R
2
 

Untreated 

Curcumin 

175±0.2
a
 0.11±0.02

a
 

 

0.99 

 

 

Microfluidized 196±0.1
b
 0.17 ± 0.02

b
 

  

0.99 

 

Untreated 

Resveratrol 

769±0.1
a
 0.034± 0.003

a
 0.97 

Microfluidized  910±0.04
b
    0.042 ± 0.002

b
 0.96 
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The fluorescence quenching behaviour of resveratrol was different from that of 

curcumin, as shown in Figure 6.3B.  The extent of quenching was much less, and the 

F0/F soon showed a deviation from linearity, indicating that with increasing resveratrol 

concentration, tryptophan residues became less and less available. The trend was 

comparable between untreated and microfluidized milk. 

The fraction of amino acid residues accessible to resveratrol quenching was 

estimated using equation 4.1, as shown in Table 6.2. The quenching constant for the 

accessible fraction (Ka) was calculated to be 0.064 µM
-1

 in untreated skim milk.  The 

structural changes occurring to the casein micelles during microfluidization could be 

clearly probed by studying the intrinsic fluorescence of skim milk in the presence of 

resveratrol, as the accessible fraction (fa) decreased from 0.57 to 0.40 after 

microfluidization, while the quenching constant (Ka) increased from 0.064 to 0.153 µM
-1

. 

The structural changes of the casein micelles during microfluidization caused change in 

the binding behaviour of resveratrol. The process of microfluidization affects mostly the 

surface of the casein micelles (Sandra & Dalgleish, 2005). It was concluded that 

resveratrol associated mostly with the surface of the casein micelles, and its quenching 

behaviour was affected by surface rearrangements of the caseins. 

When comparing the quenching fluorescence data of Figure 6.3, it was then 

concluded that while curcumin was able to reach the interior of the casein micelles, and 

such binding was not affected by the high pressure homogenization (microfluidization), 

resveratrol associated mostly with the exterior of the casein micelles, and the decrease in 
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fluorescence intensity reached a plateau. The casein micelle structure is quite open, with 

areas with low protein density contained in the interior (Dalgleish, 2011), so the surface 

interactions of the micelles with resveratrol may occur internally, but limited to these 

water rich regions.  

The changes in quenching properties of curcumin and resveratrol with 

microfluidization brought new evidence of structural changes to the casein micelles as a 

result of this process.  Microfluidization caused rearrangements of the structure of the 

casein micelles, decreasing the accessibility to tryptophan residues by resveratrol, and to 

a small extent (see difference in the Ksv in Table 6.2), to curcumin. 

To determine if there was a difference in the fluorescence binding of curcumin and 

resveratrol depending on the order to the addition, selected milk samples were 

microfluidized in the presence of polyphenols and their maximum fluorescence intensity 

was compared to milk samples where the same concentration of polyphenols was added 

after microfluidization. 

The maximum fluorescence was 61±5 and 157±8 (a.u.) for milk microfluidized in 

the presence of 50 and 400 µM curcumin, and these values were not significantly 

different when the same amount of curcumin was added after homogenization.  Similarly, 

there were no statistical differences for skim milk with resveratrol added either before or 

after microfluidization, with a maximum value of 97±1 and 470±39 (a.u.) for 50 and 500 

µM resveratrol, respectively. 
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Fig.6.3 Stern-Volmer plots of F0/F for skim milk (●) and microfluidized milk (�)  with 

curcumin (A) and resveratrol (B).   Milk was diluted 1:20 in permeate. Values are 

average of three separate replicate experiments, bars represent standard deviation. Lines 

are drawn as reference to linear behaviour.  For binding coefficients see Table 6.2. 
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Table 6.2 Stern-Volmer quenching constant KSV (µM
-1

) calculated from equation 3.2 for 

curcumin quenching; accessible Stern-Volmer constant (Ka (µM
-1

)) and accessible 

fraction (f(a)) calculated from equation 4.1 for resveratrol quenching. Results are the 

average of three independent experiments (i.e. three milk batches). Within a column, 

values with different superscript letters are significantly different (p < 0.05). 

 

 

Treatments Ligands 

Stern-Volmer 

constant 

Accessible Stern-

Volmer constants 

Accessible 

fraction 

Ksv (µM
-1

) Ka (µM
-1

) f(a) 

Untreated 

Curcumin 

0.11 ± 0.002
a
  

 

 

Microfluidized  0.12 ± 0.003
b
   

  

 

Untreated 

Resveratrol 

 0.064 ± 0.005
a
 0.57 ± 0.06

b
 

Microfluidized  0.153 ± 0.02
b
 0.40 ± 0.012

a
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These results were in contrast with previous reports on the addition of curcumin 

during static high pressure, where milk treated by static high pressure (400 and 600 MPa) 

in the absence of curcumin showed a higher maximum fluorescence intensity compared 

to the samples where curcumin was added before pressure treatment (see Chapter 5).   

These results led to the conclusion that microfluidization did not modify the casein 

micelles to the same extent as static high pressure. 

The stability of the samples with added polyphenols after one week of refrigerated 

storage is shown in Table 6.3.  As previously mentioned, within a concentration, there 

was a higher value of fluorescence intensity for the samples after microfluidization, for 

both curcumin and resveratrol. There were no statistically significant differences between 

the maximum fluorescence intensities with storage, indicating no rearrangements of the 

casein micelles after microfluidization or the release of the polyphenols with time. This 

was in contrast with what reported for skim milk subjected to static high pressure 

treatment, where there was a decrease in the maximum fluorescence intensity with 

storage (see Chapter 5). 

6.4.2 Effect of curcumin and resveratrol on the apparent diameter of the casein 

micelles 

It has been previously demonstrated that ultra high pressure homogenization does not 

cause a statistically significant decrease in the size of the casein micelles at a pressure of 

41 MPa, although there is a reduction at higher pressures (114 or 186 MPa) (Sandra & 

Dalgleish, 2005). In the present study, after 6 passes through the microfluidizer at ~77 
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MPa, there was no significant change in the average casein micelle apparent diameter, as 

measured by dynamic light scattering. 

The effect of the addition of three different concentrations of curcumin (50, 200, and 

400 µM) and resveratrol (50, 200, and 500 µM) on the apparent diameter of the casein 

micelles was also measured. In this case also, the size of the micelles did not vary within 

experimental error.  It was therefore possible to conclude that the changes in the binding 

constants measured by fluorescence spectroscopy for resveratrol and curcumin were 

caused by rearrangements occurring to the casein micelles .  

6.4.3 Caseinomacropeptide (CMP) release with rennet addition 

Figure 6.4 shows the amount of CMP released as a function of time for untreated milk 

with 400 µM curcumin, 500 µM resveratrol, and untreated milk control, containing the 

same amount of ethyl alcohol carrying the mentioned concentrations of polyphenols. It 

has been previously demonstrated that addition of <5% (v/v) ethyl alcohol to milk does 

not significantly reduce the rennet coagulation time of milk (O’Connell et al., 2006). 

In the present study, the maximum level of added ethyl alcohol was < 4.7% (v/v).  

All three systems showed very similar kinetics of peptide release, suggesting that 

curcumin and resveratrol did not affect the first stage of renneting. However, it may be 

important to note that the maximum amount of peptide release was lower in the case of 

milk containing 500 µM of resveratrol, suggesting a lower access of rennet to the κ-

casein sites when resveratrol was associated with the casein micelles. 
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Table 6.3. Fluorescence intensity (∆F) for skim milk containing curcumin or resveratrol, 

measured immediately after microfluidization and after 1 week of storage at 4°C. Results 

are the average of three independent milk batches. Within a concentration, different 

superscript letters indicate statistical difference at p<0.05. 

 

Treatments Ligands 
Concentration 

(µM) 
Day 0 1 week 

Untreated 

Curcumin 

50 

38 ± 4
a
 40 ± 5

a
 

Microfluidized 60 ± 2
b
 58 ± 8

b
 

Untreated 

400 

121 ± 9
a
 116 ± 4

a
 

Microfluidized 156 ± 8
b
 149 ± 5

b
 

Untreated 

Resveratrol 

50 

64 ± 3
a
 61 ± 3

a
 

Microfluidized 92 ± 2
b
 90 ± 4

b
 

Untreated 

500 

360 ± 23
a
 351 ± 21

a
 

Microfluidized 483 ± 33
b
 450± 29

b
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This decrease was however, quite small and in all cases, the CMP release reached the 

extent necessary to cause the aggregation of the casein micelles (Sandra et al., 2007). 

6.4.4 Effect of curcumin and resveratrol on the rennet induced coagulation of 

skim milk 

The enzyme rennet specifically cleaves κ-Casein from the surface of the casein 

micelles, causing a decrease in the steric and electrostatic repulsion of the protein 

particles, leading to the formation of a gel network. To determine if the binding of 

polyphenols to casein micelles affects the gelling properties of the caseins, and whether 

curcumin and resveratrol affect renneting differently, samples were subjected to 

renneting and the gelation behaviour was followed using small amplitude oscillatory 

rheology,  and, in the case of microfluidized samples, also by diffusing wave 

spectroscopy.   

Figure 6.5 summarizes the gelling behaviour of untreated and microfluidized milk 

with different concentrations of curcumin or resveratrol. The onset of structure formation, 

shown by the increase in the value of G’ measured by rheology, in milk containing 

polyphenols was delayed compared to the control samples, for both untreated and 

microfluidized milk. Table 6.4 and 6.5 summarize the average gelation parameters 

measured for untreated and microfluidized milk with added curcumin and resveratrol, 

respectively. The gelation was followed using rheology in both untreated and 

microfluidized milk, while diffusing wave spectroscopy was employed only to determine 
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Fig. 6.4 Amount of casein macro peptide (CMP) released as a function of time after 

addition of rennet in skim milk control (only ethyl alcohol added) (�); skim milk with 

400 µM curcumin (�); skim milk with 500 µM resveratrol (�). Values are the average of 

three separate experiments, bars represent standard deviation. 
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possible differences in the beginning stages of gelation as a function of polyphenol 

concentration in microfluidized milk.  

The effect of microfluidization and different concentrations of curcumin or 

resveratrol on the rheological parameters (gelling point, G’ and tanδ after 45 from 

gelation point, defined as tanδ=1) was analysed using two-way analysis of variance. In 

the case of curcumin addition (Table 6.4, Figure 6.5A and C) there was a difference (p 

<0.001) in the mean gelation point depending on concentration of curcumin, after 

considering effects of differences induced by microfluidization. Microfluidization on the 

other hand, did not show a significant difference in the gelation point, apart from the 

treatment containing 400 µM curcumin (p<0.05). Similarly, by increasing concentration 

of resveratrol there was a significant delay in the gelling point (p<0.001), and again, the 

effect of concentration was more pronounced than the effect of microfluidization. As for 

curcumin, there was an effect of microfluidization at the high concentration of resveratrol 

(Table 6.5, Figure 6.5B and D). 
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Fig. 6.5 Development of the elastic modulus (G’) during rennet induced gelation of 

untreated (A,B)  and microfluidized  (C,D) milk containing different amounts of 

curcumin (A, C) or resveratrol (B, D).  Runs are representative of three replicate 

experiments.  
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Table 6.4. Rennet gelation parameters of untreated and microfluidized milk with 0, 50, 

200, and 400 µM curcumin. Values are means of three separate experiments. Within a 

column, different superscript letters indicate statistical difference at p<0.05. Note that 

DWS experiments were carried out separately only on microfluidized samples.  

 

Treatments 

Rheology 

gelling point 

(min) 

DWS               

  gelling point 

( min)  

G′ 45 min 

after gelation 

(Pa) 

tan δ at plateau 

Untreated 

(control) 
51 ± 4 

a
 n/a 15±1

 ab
 0.20 ±0.02 

a
 

+50µM 52 ± 4 
a
 ʺ 17±1 

c
 0.29 ±0.00

 b
 

+200µM 62 ± 5 
b
 ʺ 17±1

 bc
 0.29 ±0.00

 b
 

+400µM 70 ± 3 
b
 ʺ 13±1

 a
 0.29 ±0.00

 b
 

Microfluidized(

control) 
54 ± 4 

a
 51 ± 2 

a
 19±2

 bc
 0.29 ±0.00

 a
 

+50µM 53 ± 3 
a
 53 ± 1 

a
 21±1

 c
 0.29 ±0.00

 a
 

+200µM 63 ± 1 
b
 57 ± 1 

b
 17±1

 b
 0.30 ±0.01

 b
 

+400µM 77 ± 2 
c
 60 ± 1 

c
 13±1

 a
 0.31 ±0.00

 b
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Table 6.5. Rennet gelation parameters of untreated and microfluidized milk with 0, 50, 

200, and 500 µM resveratrol. Values are means of three separate experiments. Within a 

column, different superscript letters indicate statistical difference at p<0.05 for the 

untreated and microfluidized samples. Note that DWS experiments were carried out 

separately only on microfluidized samples.  

 

Treatments 

Rheology 

gelling point 

(min) 

DWS               

  gelling point 

( min)  

G′ 45 min 

after gelation 

(Pa) 

tan δ at plateau 

Untreated 

(control) 
61 ±1 

a
 Not available 15±1

 b
 0.21 ±0.02

 a
 

+50µM 67 ±3 
b
  ʺ 14±2

 b
 0.29 ±0.00

 c
 

+200µM 72 ±3 
b
  ʺ 13±2

 b
 0.27 ±0.00

 b
 

+500µM 86 ±9 
c
  ʺ 9±1

 a
 0.31 ±0.00

 d
 

Microfluidized(

control) 
64 ±6 

a
  57 ±1

a
  19±2

 c
 0.29 ±0.00

 a
 

+50µM 66 ±3 
a
  65 ±2 

b
  15±2

 bc
 0.29 ±0.00

 a
 

+200µM 77 ±8 
a
  76 ±4 

c
  14±2

 b
 0.29 ±0.00

 a
 

+500µM 102 ±3
 b

  85 ±2 
d
 9±1

 a
 0.31 ±0.00

 b
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At the pressure used in this study, it was expected that there would be no differences 

in the gelation point between untreated and microfluidized milk. It has been previously 

reported that at higher operating pressures than those used in the present work, 

microfluidization increases the susceptibility of casein micelles to aggregation (Sandra & 

Dalgleish, 2005). In this case, at the high concentrations of curcumin or resveratrol, there 

was a delay in the aggregation time for casein micelles when comparing untreated and 

microfluidized milk. This may support the hypothesis that the structural rearrangements 

occurring during microfluidization affected the binding with polyphenol molecules, 

hence affecting the aggregation behaviour of the casein micelles.  

The results shown in Figure 6.5, contrasted to those of the CMP release (Figure 6.4) 

led to the conclusion that the association of polyphenols with the casein micelle hindered 

the secondary stage of the rennet induced aggregation, by creating steric or charge 

repulsion upon collision of the casein micelles.  At the milk pH (pH 6.7) some of the –

OH groups of curcumin and resveratrol may be un-protonated causing higher electrostatic 

repulsion on the surface of the casein micelles. However, no differences were measured, 

within the error, for zeta potential (data not shown).  In addition, it is understood that 

calcium bridging plays a role in the secondary stage of aggregation of casein micelles 

during renneting (Sandra et al., 2012; McKinnon, & Chandrapalla, 2006) and a possible 

cause of the delay in aggregation may be that the polyphenols themselves may hinder the 

ionic interactions normally occurring in milk, either by chelating calcium themselves, or 

by their presence on the surface of the micelles.   
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The rheological measurements shown Figure 6.5 clearly demonstrated that the gel 

development was similar between untreated and microfluidized milk. The G′ value 

measured after 45 min from the gelation point is summarized in Tables 6.4 and 6.5.  

Statistical analysis indicated that by increasing the concentration of curcumin and 

resveratrol, gel firmness decreased significantly (p< 0.001), suggesting that the presence 

of polyphenols affected bonds formation in the network. The effect of microfluidization 

was significant in the case of samples containing low concentration (50 µM) of curcumin 

(Table 6.4). In this case, the G’ value was higher in the microfluidized milk than in the 

untreated milk. However, it did not show any difference at the higher concentrations of 

curcumin or in the case of resveratrol. This may indicate, once again the difference in the 

type of association between curcumin and resveratrol with casein micelles.   

The hypothesis that the presence of polyphenols affected not only the gelation point 

but the number of bonds and the formation of the structure was supported also but the 

differences in the value of tan δ. There were higher values of tan δ in milk samples 

containing polyphenols (Table 6.4 and 6.5), indicating significantly higher 

rearrangements in the gel network. Both concentration and microfluidization significantly 

increased the tan δ value (p< 0.001), but the results clearly showed a significant increase 

with increase in polyphenol concentration.  

In the case of microfluidized milk, the preliminary stages of aggregation of the by 

DWS are shown in Table 6.4 and 6.5 for curcumin and resveratrol, respectively. The 

DWS gelation experiments confirmed the trends obtained during the rheology 
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experiments: when the concentration of polyphenols increased, there was a delay in the 

aggregation time.  Figure 6.6 illustrates the development casein micelles were also 

followed using diffusing wave spectroscopy (DWS), as shown in Figure 6.6. These 

measurements were carried out on separate batches of milk, hence were not compared 

statistically with the rheological data, and were analyzed by one way ANOVA, as only 

microfluidized samples were subjected to DWS experiments.  

The average values of the aggregation time measured of the radius and the turbidity 

parameter (1/l*) measured using DWS for microfluidized milk with or without 

polyphenols.  The aggregation point, defined graphically as the cross over of the 

normalized radius over time, was slower with increasing amount of curcumin and 

resveratrol added (Table 6.4 and 6.5, respectively). 

Figure 6.6 also depicts the changes in the turbidity parameter (1/l*) for 

microfluidized milk control (with no polyphenol) as well as for milk containing curcumin 

(Figure 6.6C) and resveratrol (Figure 6.6D).  The 1/l* (values are normalized) has been 

shown to increase significantly when at least 80 % of κ-casein is released from the 

micelles (Sandra et al., 2007). The increase in 1/l* for control microfluidized milk 

occurred at an earlier time than for samples with 200 µM curcumin and the difference 

was larger at the higher (400 µM0 curcumin concentration (p< 0.001). In the case of 

resveratrol, the time of onset was also significantly different (p<0.01) for resveratrol 

containing samples compared to control microfluidized milk samples. The change in the 

1/l* has been previously attributed to a change in the spatial correlations between the 
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casein micelles (Sandra & Dalgleish, 1995), and in the case of polyphenols, the beginning 

of these changes occurred later than for control samples, in spite of the similar release of 

CMP from the surface of the casein micelles (see Figure 6.4). Figure 6.6 also shows that 

there was a very different 1/l* behaviour between curcumin and resveratrol containing 

milk, with milk containing curcumin showing a large change in turbidity in the gelled 

samples compared to the initial value. This may indicate a larger structural rearrangement 

in the samples containing curcumin, compared to those containing resveratrol. 

 

 

 

 

 

 

 

 



133 

 

 

 

 

N
o
rm

al
iz

ed
 r

ad
iu

s

2

6

10

control

200 µM

400 µM

A

N
o
rm

al
iz

ed
 r

ad
iu

s

2

6

10

control

200 µM

500 µM

B

C D

Time (min)

0 40 80 120

N
o
rm

al
iz

ed
 1

/l
*

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

C

Time (min)

0 40 80 120

N
o
rm

al
iz

ed
 1

/l
*

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6
D

 

 

Fig. 6.6  Development of radius (A,B) (normalized), and  normalized 1/l* (C,D) 

measured by diffusing wave spectroscopy for microfluidized milk with different 

concentrations of curcumin (A,C) and resveratrol (B,D). Runs are representative of three 

replicate experiments. 
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6.5 Conclusions 

This research brought further evidence that microfluidization changes the structure of 

casein micelles, by causing a higher affinity for both curcumin and resveratrol. These two 

polyphenol molecules show very different association behaviour with the casein micelles: 

curcumin seems to be able to reach the interior of the micelles, while resveratrol shows 

more limited association, and it probably associates mostly with the surface of the casein 

micelles. In both untreated and microfluidized milk, the presence of polyphenol 

molecules significantly affect rennet induced gelation, by delaying the gelation time and 

affecting the formation of bonds within the network.  Although curcumin may be more 

associated with the inner core of the casein micelle, both polyphenols strongly affected 

the surface interactions during rennet-induced gelation.  
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CHAPTER 7 
General Conclusions 

Caseins are avid binders of polyphenols, such epigallocatechin gallate (EGCG), 

resveratrol, and curcumin. The nature of binding between these bioactive compounds 

depends on their hydrophobicity and the number of hydroxyl groups on the polyphenols. 

The incorporation of the bioactive molecules in casein micelles seems to be beneficial, by 

protecting them against adverse chemical reactions, interactions with other components 

in the food, and perhaps by increasing their bioefficacy. The results from this study 

clearly demonstrated that casein micelles can incorporate polyphenols, confirming former 

studies by other groups showing binding of hydrophobic compounds such as vitamin D2 

and curcumin (Livney & Dalgleish, 2009; Sahu et al., 2008).  The present thesis clearly 

showed the difference in the binding behaviour between curcumin and resveratrol,  and it 

was concluded that while curcumin is able to penetrate the core of the micelles,  

resveratrol has less affinity for the hydrophobic sites, instead, it can be bind in the core of 

the micelles through the water channels. 

This thesis also demonstrated that processing of milk (heating, cooling, static high 

pressure and microfluidization) alters the surface or the internal structure of the casein 

micelles resulting in increased incorporation and modified form of binding of curcumin 

and resveratrol with casein micelles. For instance, it was shown that heat-induced whey 

proteins aggregation on the surface of casein micelles through heating milk at 80°C for 

10 min, increased capacity of milk proteins to bind curcumin with an increase in the 

unspecific binding. It was also demonstrated that the release of β-casein caused alteration 
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to the core of the casein micelles, without any effect on the colloidal calcium phosphate 

composition and any changes in the surface properties of the micelles. These internal 

rearrangements lead to an increase in the affinity of the hydrophobic sites for curcumin (a 

hydrophobic molecule)  and resveratrol (a hydrophilic molecule) in the inner core of the 

micelles with an increase in β-casein depletion. This work clearly confirmed that β-casein 

plays a role in stabilizing internal structures in the casein micelle and its release causes an 

increase in the micellar size by increasing the hydration and repulsion occurring within 

the water pockets present in the inhomogeneous inner structure of the casein micelles.  

The results from this research clearly showed that inner core of casein micelles 

undergoes rearrangements during application of static high pressure and 

microfluidization. It was indeed possible, by using curcumin and resveratrol, to probe 

structural changes occurring during microfluidization, which had never been reported 

before.  In the case of static high pressure, the results indicated that the persistent 

rearrangement of the amino acid residues induced by high-pressure treatment result in an 

increase in the amount of curcumin association with milk proteins. However, by release 

of pressure and storage of milk after one week, curcumin starts to release from the 

micelles. This did not happen in the microfluidized casein micelles.  

This research brought further evidence that in both untreated and microfluidized 

milk, the presence of polyphenol molecules significantly affect rennet induced gelation, 

by delaying the gelation time and affecting the formation of bonds within the network. 

However, the behavior of casein micelles incorporated with resveratrol is different 
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comparing to curcumin, as resveratrol strongly affected the surface interactions during 

rennet-induced gelation.  

The present research project contributed to better understanding the behaviour of 

casein micelles when treated by different processing in combination with polyphenols 

and during the rennet coagulation process. Further research is needed to explain the 

practical aspect of application of casein micelles for delivery of bioactive compounds in 

terms of various functionalities such as acid gelation, emulsification and foaming 

properties of casein micelles.   
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