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ABSTRACT 
 
 
 

EFFECT OF THERMAL AND PULSED ELECTRICAL FIELDS PROCESSING ON 
THE ANTIPROLIFERATIVE ACTIVITY OF THE MILK FAT GLOBULE 

MEMBRANE ON COLON CARCINOMA CELLS 
 
 

Shu Xu                                                 Advisor: 
University of Guelph, 2013                                 Professor M. Corredig 

 

The present work investigated the effect of thermal and pulsed electric fields (PEF) 

processing on the antiproliferative activity of the milk fat globule membrane (MFGM). 

The processed cream was churned to butter, and MFGM isolates were obtained from 

buttermilk using centrifugation at 70000g for 45min at 15°C. The antiproliferative 

activity of the extracts was tested on human adenocarcinoma HT-29 cells. There was 

up to 52% reduction of cell proliferation in PEF samples, and the effect was 

comparable to that obtained with untreated MFGM or 20 μM C2-ceramide, a 

compound with known antiproliferative activities on cancer cells. Heating decreased 

the anticarcinogenic activity of MFGM isolates, with a critical point between 70°C/ 

30s and 70°C/ 2min. PEF may be a promising method to process valuable bioactive 

ingredients from fat globules in certain controlled temperature, as compared to 

heating, there were less changes in phospholipids composition and less protein 

aggregation. 
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CHAPTER 1 
GENERAL INTRODUCTION AND THESIS OBJECTIVES 

 
 

The nutritional value of many dairy products for both infants and adults is well 

established. Less is known about the specific nutritional properties of buttermilk, the 

by-product of butter manufacturing. As a source of high value ingredients, buttermilk 

has recently drawn attention, because it contains a considerable quantity of 

components derived from the milk fat globule membrane (MFGM). 

In milk, fat is dispersed in the aqueous phase and is surrounded by a thin layer, called 

the milk fat globule membrane. This membrane, consisting mainly of phospholipids 

and proteins, protects fat globules from aggregation, chemical and physical 

degradation (Mather and Keenan, 1998; Dewettinck et al., 2008). In butter processing, 

cream is first separated from skim milk, and then, after cold storage, it is processed 

into butter. In this transformation, also called churning, destabilization of the cream 

occurs. During churning, in the presence of the air, agitation induces the rupture of the 

thin layer of MFGM, the fat is released, and a water phase separates which is known 

as buttermilk. A large portion of the original MFGM remains in the aqueous phase. 

The polar lipids are present at concentrations of 0.1%-0.2% in buttermilk while only 

0.04 and 0.02% in whole raw milk and skim milk, respectively (Rombaut et al., 2005). 

The higher amount of polar lipids present in buttermilk compared to other dairy 

sources continues to draw scientists’ attention to buttermilk as a promising source of 

these functional ingredients. 

Several components derived from the MFGM have shown properties beneficial to 
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health. For example, MFGM derived phospholipids, glycolipids and their metabolites 

have shown anti proliferative properties on cancer cells (Spitsberg, 2005). The present 

research will focus on further understanding the health benefits of the MFGM 

fractions, and, in particular will evaluate whether the anti proliferative properties of 

the MFGM components are affected by heating of the cream. A non thermal process, 

pulsed electrical field, will also be studied, to determine if this process carried out on 

the cream may better preserve the bioactivity of the MFGM.  

Previous studies on the functional properties and health benefits of MFGM have 

mainly focused on compositional differences with processing and on functional 

aspects of individual components rather than the whole system. The present work 

investigated the antiproliferative activity of milk fat globule membrane extracts from 

processed cream. 

The main objectives of this thesis can be summarized as follows: 

I.  To determine if the antiproliferative activity of the MFGM on colon carcinoma 

cells is present in extracts from industrially processed (pasteurized) cream. 

II.  To determine if heating of the cream affects the antiproliferative activity of the 

MFGM extracts, and which temperature may cause decrease in activity. 

III.  To determine if a non-thermal process, pulsed electrical field, may be employed 

to better preserve the biological functionality of the MFGM. 

Chapters 1 and 2 provide the rationale for undertaking this research. Previous studies 

have shown the health benefits of MFGM components; however, it is not fully 

understood how processing may affect the biological functionality. The background 
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information is highlighted in Chapter 2. The methodology and experimental details 

used in this research are described in Chapter 3. Chapter 4 shows the result of the 

effect of heat treatment and pulsed electrical field on the antiproliferative activity of 

MFGM. Chapter 5 gives a general discussion and some recommendations for future 

studies. 
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CHAPTER 2 
LITERATURE REVIEW 

 
 

2.1 MFGM Composition and Structure 

Fat globules are produced in the endoplasmic reticulum, in mammary glands, 

intracellularly (Zaczek and Keenan, 1990), and they are then associated with the 

plasma membrane to form a membrane, the MFGM. This layer, 10-20 nm thick, has 

been well characterized by electron microscopy (Wooding, 1971) and confocal 

microscopy (Lopez et al., 2007). MFGM surrounds the fat globules in raw milk and 

protects them from physical and chemical degradation. The diameter of the fat 

globules varies from 0.2 to 20 µm (Lopez et al., 2007). The lipid core of the milk fat 

globules is composed mainly by triglycerides; The smaller the fat globules, the higher 

the amount of membrane material compared to the core, hence the higher the amount 

of polar lipid compared to the neutral fat. It has also been proposed that the 

composition of the smaller fat globules may be different, with more medium-chain 

fatty acids in the triglycerides core (Fauquant, et al., 2005).  

Since the MFGM originates from the cytoplasmic membrane of mammary secretory 

cells, the most widely recognized model for the structure of the MFGM is typically a 

fluid-mosaic-membrane model (Evers, 2004) (Figure 2.1). There are some major 

structural differences compared to the cytoplasmic membrane. The MFGM is a 

complex tri-layer, which also includes proteins and glycolipids derived from the 

endoplasmic reticulum and other cellular membrane organelles (Keenan and  
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Figure 2.1 - Schematic of the structure of the fat globule and MFGM. The drawing is 
highly schematic and sizes are not proportional. Adapted for Lopez et al., 2010; 
Dewettinck et al., 2008; Danthine et al., 2000 
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Dylewski, 1995).  

The inner monolayer is composed of polar lipids, with protein distributed throughout. 

This very surface active monolayer surrounds the lipid core. Surrounding this 

monolayer is an electron-dense bilayer of polar lipids, which has a backbone in a fluid 

state (Dewettinck et al., 2008). This bilayer also has protein embedded or arranged 

trans-membrane. Some ‘cytoplasmic crescents’ have been observed, between the inner 

monolayer and the outer double layer, filled with cytoplasmic material (Danthine et 

al., 2000; Keenan and Mather, 2006). 

Triglycerides are always present in the extracts, and most of them are derived from 

the contamination of the MFGM during churning and extraction. The lipids content of 

MFGM is mainly polar lipids, consisting of phospholipids and sphingolipids 

(Rombaut et al., 2006; Wooding and Kemp, 1975). Some glycolipids such as 

cerebrosides and gangliosides are embedded in between (Lopez et al., 2010). In 

general, polar lipids form bilayers spontaneously in water. Two esterified fatty acids 

bind with the two hydroxyls of glycerophospholipids, which function as a glycerol 

backbone, leaving the third hydroxyl to bind with a phosphate residue which with a 

various organic group, such as inositol and ethanolamine (Fong et al., 2007). In milk, 

phosphatidylcholine (PC), phosphatidylethanolamine (PE), sphingomyelin (SM), 

phosphatidylinositol (PI) and phosphatidylserine (PS) account for the majority of 

polar lipids of MFGM with proportion 35%, 30%, 22%, 5% and 3%, respectively 

(Vanderghem et al., 2010). There are also traces of glucosylceramide and 

lactosylceramide (Dewettinck et al., 2008). Some lipid rafts, containing 
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sphingomyelin and rich in cholesterol, are asymmetrically located at the outer leaflet 

(Lopez et al., 2010). According to Evers (2004), the phospholipid composition of the 

MFGM is heterogeneous, with the outer leaflet mainly composed of PC and SM, the 

choline-containing phospholipids, as well as the glycolipids, while PE, PS and PI are 

mainly concentrated on the inner leaflet of the membrane. 

Not only the types of phospholipids, but also their relative proportion, vary 

considerably depending on milk origin and processing factors, as well as the 

extraction and analytical methods employed (Evers et al., 2008). It is worth 

mentioning that, MFGM, as a major source of polar lipids, contributes to 60-70% of 

the total polar lipids in milk (Dewettinck et al., 2008). Considering the polar lipid 

proportion in different dairy products, buttermilk and butter serum are the most 

efficient sources for MFGM extraction (Rombaut et al., 2005). 

MFGM contains membrane specific proteins, with a large proportion of them being 

glycoproteins, distributed asymmetrically within the membrane (Deeth, 1997; Mather 

and Keenan, 1975). Many previous researchers have focused on butyrophilin and 

xanthine oxidase (Keenan and Dylewski, 1995), as they are the main protein 

components in the MFGM. The MFGM proteins are considered minor proteins in 

milk, as they are only about 1-4% of the total milk proteins (Vanderghem et al., 

2010).  

Another important protein in the MFGM is Adipophilin (ADPH). This protein is 

located in the inner polar lipid layer because of its high affinity for triglycerides 

(Evers, 2004). Butyrophilin (BTN), which accounts for 40% of the total proteins 
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recovered in the MFGM fraction, is a trans-membrane protein, present in the outer 

double layer, containing glycosylated and phosphorylated amino acid residues. BTN 

is often reported interacting with fatty acids (Keenan et al., 1982; Mather and Jack, 

1993). Dehydrogenase/oxidase (XDH/XO), comprises 12-13% of the total protein, it 

is located mainly in between the inner monolayer and the outer double layers, and 

often reported as interacting with BTN (Danthine et al., 2000; Mather, 2000). 

Glycosylated proteins such as mucin 1 (MUC 1) are also important as they are mainly 

peripheral proteins exposed in the outer layer, and are possibly implicated in 

recognition and signaling functions (Mather and Keenan, 1998; Dewettinck et al., 

2008). Periodic acid-Schiff (PAS) 6/7 and proteose peptone 3 (PP3) are other minor 

proteins in MFGM which are only loosely attached on the exterior of the membrane 

(Mather, 2000; Dewettinck et al., 2008). According to Mather (2000), BTN, ADPH 

and XDH/XO, form a non covalent supra-molecular complex, which greatly 

contributes to the maintenance of the membrane structure.  

Depending on the source and the isolation procedure, the amount of MFGM protein is 

reported to range between 25-60% of the whole MFGM, and only about 1% in total 

milk protein (McPherson and Kitchen, 1983; Singh, 2006). There is also evidence in 

the literature that enzymes derived from cytoplasmic crescents may be derived from 

contamination during isolation (Keenan et al. 2006). Caseins and the other skim milk 

derived proteins (β-lactoglobulin, α-lactalbumin), may also be present as a 

contaminant.  
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2.2 Changes with Processing 

The MFGM composition can be altered by many physiological factors (Lopez et al., 

2010). In addition, after milk harvesting, mechanical and environmental factors can 

affect the composition, such as diet and breed. In particular, separation, agitation, 

aging, homogenization and temperature changes have a substantial impact on the 

structure of MFGM, with the most representative change to be interactions between 

MFGM materials and proteins from aqueous phase, such as caseins and their fractions, 

as well as whey proteins (Figure 2.2). Homogenization and heat treatment are the 

most discussed in the literature as common unit operations in dairy processing. There 

is general agreement that agitation and homogenization are more important factors 

than heating to induce compositional changes in the MFGM. Gas bubbles are 

involved and greatly affect the interface of fat globules when agitation is applied. The 

combination of different processing methods such as heating and homogenization has 

also been reported to have a greater impact on MFGM than each single factor alone 

(Lee and Sherbon, 2002). However, there is little agreement on the losses in 

composition and structural changes of the MFGM during processing, because of 

differences in the isolation methods employed in the literature. The measurement of 

ζ-potential has been used as a tool to assess changes in the MFGM with processing 

(Michalski et al., 2002). Others (Evers, 2004) employed a titration method to measure 

“free fat” as an indication of the damage of MFGM.  
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Figure 2.2 - Processing effect on MFGM. Inspired by Mulder and Walstra 1974 and 
Danthine et al., 2000 
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2.2.1 Homogenization 

Commercial milk is usually homogenized and heat treated to ensure safety 

and stability. Homogenization is an established technology in dairy processing and it 

is employed to modify the globule sizes and obtain a more homogeneous distribution  

of fat globules. After homogenization, the particle size distribution of the fat globules 

changes from 0.2 to 20 µm, originally, to <4 µm, because of shear and turbulent 

forces (Lee and Sherbon, 2002; Lopez et al., 2007). The very small fat globules 

should not be affected by the shear forces as their sizes are much smaller than the 

sizes of gap in the homogenizer that allows product flowing out. Homogenization 

disrupts the MFGM along with fat globules, and there is a substantial increase of 

surface area to be covered by surfactant material. Some MFGM components may be 

released in to the continuous phase (Keenan et al., 1983). As the original MFGM 

material is not sufficient to fully cover all the fat droplets, some other surface-active 

components are adsorbed (Michalski et al., 2002). Casein micelles, the major protein 

present in milk, are partially disrupted during homogenization, and participate in the 

formation of the new interface (Michalski and Januel, 2006). The protein content on 

the new MFGM after homogenization increases approximately 3.5 fold, mainly due to 

the binding of casein micelles and their fragments (Lee and Sherbon, 2002). On the 

contrary, very little whey protein is adsorbed without the assistance of heating, neither 

α-lactalbumin nor β-lactoglobulin (Lee and Sherbon, 2002). Earlier reports do not 

show a considerable amount of native MFGM material loss (Keenan et al., 1983). 

During homogenization, lipase enzymes may also be released from complexes and 
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activated, causing oxidation and rancidity (Korhonen and Korpela, 1994).  

 

2.2.2 Heating 

Heating treatment is the most common unit operation used in dairy processing to 

decrease the bacterial counts, improve safety and extend shelf-life of dairy products.  

It is well established that heating causes the denaturation and association of serum 

proteins, especially β-lactoglobulin (Dalgleish and Banks, 1991). Ye et al. (2004) 

have reported the association between β-lactoglobulin and MFGM via 

sulphydryl-disulphide interactions. The interactions continue to increase with heat 

treatment from 60°C up to 80°C, and then reach a plateau. The maximum 

β-lactoglobulin concentration is 1.0 mg/g fat which is very impressive considering 

there is only about 1% β-lactoglobulin in milk (Corredig and Dalgleish, 1996; Ye et 

al., 2004). The association of α-lactalbumin with the MFGM has also been reported, 

with a much lower plateau level reached at 0.20-0.25 mg/g fat, and assumed occurring 

via sulfydryl-disulfide exchange (Corredig and Dalgleish, 1996; Ye et al., 2004).  

Ye et al. (2002) also reported aggregation of BTN and XO after heating at 60°C, with 

the aggregates remaining within the membrane. In contrast, there is partial loss of 

PAS 7 and a total loss of PAS 6 at 80°C heating, and these proteins are released in the 

serum phase with heating (Evers, 2004). However, it is worth mentioning that 

previous authors have shown that PAS 7 is stable on the MFGM during heating, in the 

absence of whey proteins (Ye et al., 2002; Ye et al. 2004). Bermúdez-Aguirre (2008) 

observed a granular surface on fat globules after thermal treatment at 63°C for 30 min, 
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a widely accepted low-temperature-long-time batch pasteurization method, and this 

microstructural change was attributed to the interaction between MFGM and casein 

micelles. A small quantity of κ−casein also associates with the MFGM with heating 

by disulphide bonding (Houlihan et al., 1992; Ye et al., 2004).  

Although about 20% of lipid seems to be released from the MFGM in the continuous 

phase with heating, there is no alteration on the MFGM surface area or fat globule 

size (Lee and Sherbon, 2002). However, it is quite possible that the MFGM structure 

may have changed, due to the direct exposure of phospholipid molecules in the 

aqueous phase, and the re-arrangements occurring because of changes in the attractive 

and repulsive forces with heat treatment (Morin et al., 2007).  

 

2.2.3 Pulsed Electrical Fields (PEF) 

Thermal treatment, such as pasteurization has been the traditional approach to reduce 

pathogens in dairy products for more than a century. However, the application of heat 

in milk may induce undesirable chemical and physical effects. Pulsed electrical field 

(PEF), as an emerging processing technique, has drawn a lot of attention. In brief, the 

exposure of liquid or semi-liquid food under a high voltage pulse of electrical fields 

for a very short duration can effectively inactivate microorganisms and enzymes. The 

presence of ions contributes to the good electrical conductivity of the matrix, which is 

then adequate for PEF treatment (Zhang et al. 1995). The most recognized 

mechanisms for PEF induced microorganism inactivation are electrical disruption of 

cell membranes or cell membrane electroporation (Zimmermann, 1986; Castro et al., 
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1993).  

According to electrical breakdown theory (Zimmermann, 1986), the cell membrane 

can be considered as a capacitor full of dielectric materials. As the external electrical 

fields on both sides of the cell membrane becoming stronger, the potential difference 

between both sides accumulates, and this induces a tendency for the membrane to 

reduce its thickness. Above a threshold of 1 V, pores form in the membrane 

irreversibly (Zimmermann, 1986). The cell membrane eventually breaks down as the 

conductive solution within the pores induces electrical discharge. The details 

underlying the mechanism behind membrane pore formations are still not fully 

understood.  

Another mechanism has been proposed for the efficacy of PEF on microorganism 

inactivation. As the cell membrane is responsible for substance transfer in and out of 

cells, PEF affects permeability. The electroporation theory points to the fact that high 

voltage electrical pulses can greatly affect that semi-permeability of cell membranes, 

causing an increased concentration of small molecules into cells. As a consequence, 

the microorganisms swell, rupture and cause leakage of cellular contents (Castro et al., 

1993; Vega-Mercado et al., 1996). Recently, microscopic studies on model systems 

treated with PEF showed perforation (Sanchez-Moreno et al., 2005) and  

morphological changes to the cells (Picart et al., 2002), suggesting the PEF effect on 

cell membranes. However, this mechanism also requires further investigation. 

PEF treatment effects on some bioactive molecules such as enzymes and proteins 

were also investigated. Enzymes maintain their unique three-dimensional structures 
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via non covalent interactions such as hydrophobic interactions, hydrogen bonds, ionic 

bonds, van der Waals forces, as well as covalent interactions such as disulfide bonds. 

All those interactions reach a complex mutual equilibrium to form stable structures 

which lead to their specific functions. PEF has inactivation effect on enzymes by 

polarizing the charges which induces protein unfolding and inactivation (Barsotti and 

Cheftel, 1999).  

According to Perez and Pilosof (2004), bovine β-lactoglobulin concentrate without 

further purification was PEF treated at 12.5 kV/cm for 10 pulses. Partial denaturation 

and structural changes in β-lactoglobulin with covalent bonds were observed (Perez 

and Pilosof, 2004). Yang et al. (2004) applied PEF treatment with field strength of 

34.2 kV/cm to crystallized, pepsin powder without further purification. Pepsin also 

seems to be inactivated with a partial secondary structure change, mostly β-sheet, 

which is very similar to heat-induced pepsin inactivation (Yang et al., 2004). A similar 

result of significant secondary structure change of peroxidase and polyphenol oxidase 

was observed after their buffer solutions were PEF treated (Zhong et al., 2007). 

However, it is important to point out that some research demonstrated that the effects 

of PEF on dairy products or proteins are reversible, making PEF treatments different 

from thermal treatments (Hemar et al., 2011, Lin et al., 2012). 

         

2.2.4 PEF Processing Effects on Milk 

The potential utilization of PEF in milk and milk products has been studied. Most of 

the research has focused on the quality and safety aspects, mainly on the inactivation 
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efficiency of bacteria and enzymes. However, only a few reports are available on the 

effect of PEF on processing or nutritional functionality.  

Michalac et al., (2003) reported no significant changes on several physico-chemical 

properties including pH, electrical conductivity, particle size, viscosity and density of 

raw skim milk after applying 34.7 kV/cm electrical field strength for 188 µs with 

temperatures <52°C. On the contrary, Floury et al. (2006) reported a significant 

decrease of viscosity and enhanced coagulation properties of raw skim milk when 

treated at a high intensity of 45~55 kV/cm for 2.1~3.5 µs of cumulative treatment 

time, with temperature <50°C. Others (Yu et al., 2009) also supported that PEF 

treated milk shows an altered rennet coagulation time which is between raw and 

thermally treated milk. In all cases, the PEF treatment seemed to vary the coagulation 

properties to a lower extent than heating. Shamsi (2008) demonstrated that the 

coagulation properties of raw milk treated with 35~50kV/cm for 19.2 µs, at a 

temperature no higher than 60°C, were significantly less than that of various heat 

treated milk, including low temperature and long time or high temperature short time  

pasteurization as well as a high treatment at 97°C for 10 min. Hemar et al. (2011) 

observed that the milk viscosity and the size of casein micelles decreased after 

applying 45 kV/cm for 20 µs at a temperature no higher than 30°C, on raw skim milk 

and milk concentrates. However, they suggested that this effect is due to the 

mechanical treatments applied to milk during PEF, as a similar effect were observed 

after turning off the PEF device, only allowing skim milk to flow through the feed 

pump (Hemar et al., 2011), which is still a point of discussion, as Xiang et al. (2011) 
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observed a shear-thinning behavior and significantly increased consistency of the milk 

as the energy field intensity or number of pulses increased, with heating temperature 

no higher than 35℃.   

Even in the case of the effect of PEF on casein micelles and fat globule sizes, there 

are still conflicting reports. Floury et al. (2006) reported a reduction of casein micelle 

size after treatment at 45~55 kV/cm for 2.1~3.5 µs, at a temperature no higher than 

50°C. Nonetheless, Shamsi (2008) observed no significant changes in the size of fat 

globules or casein micelles after treating at 35~38kV/cm for 19.2 µs, with a 

temperature no higher than 60°C. This was confirmed by Garcia-Amezquita et al. 

(2009) who claimed a similar ζ-potential between PEF treated and raw milk.  

Much less is reported on the effect of PEF on bioactive compounds in milk or milk 

products. Recently, Mathys et al. (2013) investigated the impact of PEF on five raw 

milk components, lactoferrin, immunoglobulin A, immunoglobulin G, transforming 

growth factor-β1 and transforming growth factor-β2. The PEF was carried out to a 

specific energy of 244 kJ/kg, which is strong enough to inactivate E. coli and L. 

innocua. The results showed more than 85% of lactoferrin, 56% of immunoglobulin A, 

80% of immunoglobulin G and 89% of transforming growth factor-β1 were preserved, 

compared to the concentrations present in the original raw milk. In addition, no 

significant losses of transforming growth factor-β2 were detected (Mathys et al., 

2013). The authors claimed PEF shows great potential to minimize the impact of 

processing on bioactive molecules. There is no record on the PEF processing effect on 

MFGM, and it will be the main focus of the present research. 
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PEF is a non-thermal technology, and heating is not required during PEF treatment. 

However, many studies report an increase in bacteria inactivation when PEF is 

combined with heating. This was shown, for example, with Listeria inactivation 

(Sepulveda et al., 2005); in this case, treatment temperature variations have more 

effect on the effectiveness of Listeria inactivation than electrical field density or 

number of pulses. The authors suggested that heat induces a phase transition in the 

cell membrane and reduces its thickness, improving the efficacy of the PEF induced 

disruption (Sepulveda et al., 2005). Further studies are needed to optimize the synergy 

between the electrical fields and temperature effects.  

 

2.3 MFGM Health Benefits 

Many studies have reported the health effects related to the consumption of the 

different components in MFGM, namely, lipids, proteins, or glycoconjugates. The 

effects reported in the literature include anticarcinogenic, antimicrobial and immune 

regulatory properties. In particular, focus of the present research will be the 

antiproliferative activity of the MFGM components on cancer cells.  

The MFGM components have shown in vitro and in vivo antiproliferative activity 

against colon cancer cells (Snow et al., 2010; Zanabria et al., 2013). This effect has 

been attributed to the sphingolipids and their metabolites, sphingosine and ceramide 

(Snow et al., 2010). Sphingomyelin (SM) contains a spingoid base with an amide 

bonded fatty acid. Its bioactive metabolites, ceramide and sphingosine greatly impact 

cell growth, survival and apoptosis (Akalin et al., 2006; Hertervig et al, 2003; Merrill 
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et al, 2001). These results have been confirmed with animal studies reporting a 

reduction of aberrant crypt foci in diets rich in sphingolipid (Dillehay et al., 1994; 

Snow et al., 2010). In addition, orally administered SM, at amounts similar to those 

present in food, inhibit the early phase of colon carcinogenesis in mice (Vesper et al., 

1999). Lemonnier et al. (2003) demonstrated tumor reduction by feeding SM to mice 

both before and after tumor initiation. Similar inhibition effect was observed in rodent 

models (Schmelz, 2004). Duan et al. (2003) suggested the important role of the 

enzyme sphingomyelinase in bioactivity, as this enzyme transforms SM to ceramide.  

In terms of human colon cancer cell lines, apopotosis is induced in HT-29 and 

HCT-116 cancer cells by sphingosine and ceramide. This effect is dependent on 

concentration (Ahn and Schroeder, 2002), and the exposure of these components to 

the cells causes chromatin and nuclear condensation, as well as DNA fragmentation 

(Ahn and Schroeder, 2002).  

The anticancer effect does not seem to be limited to the colon. Simon et al. (2010) 

observed the effect of sphingolipids on inhibition of growth of breast cancer cells. 

Another protein present in MFGM, the fatty acid binding protein is reported to inhibit 

breast cancer cell growth at very low concentration (AVIS et al., 2001; Spitsberg et al., 

1995). 

Other bioactive properties have been attributed to MFGM components. For example, 

it has been hypothesized that BTN may be related to suppression of multiple sclerosis 

by modulating T-cell response (Dewettinck et al., 2008; Mana et al., 2004). XDH/XO 

has direct antibacterial effect in the gastrointestinal tract, with protection from various 
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pathogens such as E. coli O157:H7 or Listeria monocytogens (Beuchat et al., 2006). 

MUC 1 is reported to be immune-protective and antiadhesive to Helicobacter pylori 

in a mouse model (Fox and Wang, 2007). In the gut, PAS 6 and PAS 7 contribute 

higher resistance to rotavirus infection (Kvistgaard et al., 2004). Some lipid 

components derived from the MFGM extracted from buttermilk or whey cream have 

also shown infectivity inhibition of rotavirus in vitro (Fuller et al., 2013). Amongst 

the other phospholipids present in MFGM, PC has been shown to protect the human 

gastrointestinal tract against toxic agents (Anand et al., 1999). It is also a necessary 

molecule for synthesis of neurotransmitters, memory function and brain development 

(Dewettinck et al., 2008; Szuhaj and Nieuwenhuyzen, 2003). Although the amount of 

PS present in MFGM is low, it is involved in positive neural effects of aging and 

shows anti-Alzheimer properties (Crook et al., 1992; Hashioka et al., 2007). 

Sphingolipids, and SM in particular, are significant for neuronal cells growth and 

differentiation (Buccoliero and Futerman, 2003). Finally, sphingolipid metabolites 

have also been shown to regulate cholesterol metabolism that restrain its absorption in 

intestine (Noh and Koo, 2004).  

Cells can synthetize sphingolipids, thus dietary supplementation is not necessary. 

Lopez et al. (2008) demonstrated that a polyunsaturated fatty acids rich diet can result 

in a higher value of phospholipids in milk, hence in MFGM. When the size of the 

native milk fat globules is smaller, there seems to be a considerable increase in the 

portion of SM and unsaturated fatty acids (Lopez et al. 2008).  

To date, most researchers focused on the bioactive properties of single components of 
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the MFGM. Although there are evidences of a possible anticarcinogenic property of 

MFGM components, few researchers have reported the health benefits of MFGM 

system as a whole. Recently, Zanabria et al. (2013) reported apoptosis of HT-29 

human colon cancer cells induced by native MFGM isolates free from 

lipopolysaccharide. It is possible to hypothesize that when the structure of the MFGM 

is altered by processing factors such as agitation, homogenization and pasteurization, 

the loss of phospholipids and adsorption of casein and whey proteins may affect the 

health-related attributes of MFGM. Not much has been reported on this topic, and this 

will be the focus of the present research.  
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CHAPTER 3 
EXPERIMENTAL DETAILS 

 
 

3.1 Samples Preparation  

3.1.1 Cream Collection 

Fresh raw cream (about 40% fat) and industrially pasteurized cream (about 40% fat, 

heated at 80°C for 16 s) were obtained from Gay Lea Foods (Guelph, ON, Canada) 

immediately after separation. The pasteurized cream was heated at 80℃ for 16 s in 

the factory. Neither cream samples were not homogenized. Immediately after 

collection the cream was placed in an ice bucket. Further treatments were conducted 

in the laboratory.  

 

3.1.2 Heat Treatment 

Fresh untreated cream samples were heated in a temperature controlled water bath 

with different temperature/time combinations: 50°C/10 min, 60°C/10 min, 60°C/2 

min, 70°C/2 min and 70°C/30 s. Samples were preheated in another water bath held at 

a temperature 10°C higher than the required temperature, with gentle mixing until 

samples’ temperature was reached, and then immediately transferred to the water bath 

setting at the required temperature. The samples were heated in 50 mL centrifuge 

tubes (Fisher Scientific, Mississauga, ON, Canada). After heating, cream samples 

were immediately cooled in an ice bucket.  All the treatments were repeated at least 

three times (three batches of cream). All samples were analyzed by SDS-PAGE and 

31P NMR (see below).  



23 
 

3.1.3 PEF Equipment and Treatment 

The PEF system utilized in this thesis included a pump, an oscilloscope for control 

and monitoring, an electrical field treatment reactor prototype chamber, a 

pre-treatment heating/cooling unit, a post-treatment cooling unit and a temperature 

regulation system, as shown in Figure 3.1. The PEF generating system (PPS 30, 

University of Waterloo, Waterloo, ON, Canada) was custom built and assembled with 

an electrical field reactor prototype which was engineered at University of Guelph. 

The system was connected with a two-channel digital storage oscilloscope (TD 1012, 

Tektronix Inc., Beaverton, OR, USA). The processing chamber (Figure 3.2) consisted 

of two co-axially arranged electrodes with a 0.21 cm electrode gap. The electrodes, 

which can be cooled or heated by an external jacket, are cylindrical and surrounded 

by a plastic coating made of an autoclavable insulated chemical-resistant material. At 

the edge of the stainless steel electrodes there are autoclavable gaskets to guarantee no 

leakage. The total volume of the electrical field reactor jacket is 790 cm3. The inner 

electrode exposes 37.43 cm2 treatment surface area and outer electrode exposes 39.54 

cm2 treatment surface area by surrounding the inner one. The capacity of the 

processing chamber is 44 cm3, including 24.93 cm3 volume allowing product exposure 

to electrical pulses when passing between the two electrodes. 

The high-voltage pulse generating system contains two charging capacitors, which 

have a capacitance of 0.31 μF, connected with a thyratron switch (TM-27). The 

generating system can generate monopolar exponential decay pulses with a pulse 

width of 1.5 μs which can be measured by a high voltage probe (P6015A, Tektronix  
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Figure 3.1 - Schematic of the basic components of a PEF treatment system used in this research.  Adapted from Gonzalez (2010), 
Barbosa-Canovas and Altunakar (2006).
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Figure 3.2 - Schematic of Co-axial PEF Processing Chamber, modified from 
Gonzalez (2010), and Jiahui et al. (2009). 
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Inc., Beaverton, OR, USA). 

At a flow rate of 25 mL/min, unprocessed cream forms laminar flow, driven by a 

peristaltic pump (Masterflex pump drive 7524-40, Cole Parmer Instrument Co., 

Vernon Hills, IL, USA) along with an extended pump head (Masterflex Easy Load II 

pump head 77201-62, Cole Parmer Instrument Co., Vernon Hills, IL, USA). The 

cream flows through a tubing made by peroxide-cured silicone (Masterflex L/S 16, 

Cole Parmer Instrument Co., Vernon Hills, IL, USA). The water circulates in the 

reactor jacket through a larger size tubing (Masterflex L/S 35, Cole Parmer 

Instrument Co., Vernon Hills, IL, USA) connected to a water bath to control the 

temperature of the jacket circulation system. Temperature, before and after the 

treatment in the processing chamber, was measured at the inlet and outlet point of the 

processing chamber and recorded by a portable wireless data-logger 

(OM-SQ2020-2F8, Omega, Stamford, CT, USA), connected to T-type thermocouples 

(TMTSS-040G-6, Omega, Stamford, CT, USA). The temperature of circulating water 

at the entrance and exit of the chamber jacket was also measured, as well as that of the 

processed product in a cooling bath (NESLAB RTE 7, Thermo Fisher Scientific Inc., 

Newlington, NH, USA), where the tubing was immersed. The cooling step caused a 

decrease in product temperature to approximately 10°C. 

The heat-assisted PEF processing of fresh raw cream was carried out using 37 kV/ cm 

electrical field strengths with pulse frequency to be 19Hz, for a treatment time of 

1705 μs. The maximum temperature in the reactor was carefully controlled under 

either 50°C or 65°C. Processed cream samples were kept cold in an ice bath.  
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PEF control treatments were carried out by heating the fresh raw cream in a waterbath 

at 50°C and 65°C. The heating time in this case was longer (3 min), than the actual 

passage time in the PEF chamber (166 s). Samples were preheated in another water 

bath held at a temperature 10°C higher than the required temperature to ensure rapid 

come up time,  and then immediately transferred to the water bath setting at the 

required temperature (50 or 65°C) for 3 min. The samples were heated in 50 mL 

centrifuge tubes (Fisher Scientific, Mississauga, ON, Canada) to ensure rapid heating, 

along with manual agitation. After heating, cream samples were immediately cooled 

in an ice bath. All the treatments were repeated at least three times (three batches of 

cream).   

 

3.1.4 MFGM Isolation 

The MFGM isolates were obtained from the water phase (buttermilk) separated 

during a butter making process. A bench-size churn (Figure 3.3) was employed to 

obtain butter and buttermilk. Fresh raw cream, industrially pasteurized cream, heat 

treated cream or PEF treated cream were kept refrigerated at 4°C overnight and 

churned at 10°C until apparent phase inversion occurred; this usually took between 15 

and 30 s, depending on the volume of cream processed. The butter grains were 

separated from the water phase (buttermilk) using a cheese cloth.  

The MFGM was obtained from buttermilk as previously reported to the literature 

(Corredig and Dalgleish, 1997). Sodium citrate, 2% (w/v), was added in the 

buttermilk to break the structure of casein micelles. Then the buttermilk was kept at  
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Figure 3.3 - The bench-size churn employed in this research. 
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4°C overnight. Treated buttermilk was centrifuged at 70000g for 45 min at 15°C 

(Optima LE-80K, Beckman Coulter). After discarding the supernatant, the pellets 

were washed with MilliQ water. The pellets were re-suspended and re-centrifuged 

under the same conditions. The resulting pellets were resuspended in a small amount 

of MilliQ water and freeze dried. Freeze dried sample were stored at -20°C. Figure 

3.4 briefly summarises the isolation process. 

 

3.2 Effect of MFGM on Carcinoma Cells Growth  

Human adenocarcinoma HT-29 cells (CRIFS culture collection, Guelph, ON, Canada) 

were maintained in Dulbecco’s modified Eagle medium (DMEM, Invitrogen, Canada) 

in 25-cm2 or 75-cm2 flasks (Corning Inc., Corning, NY, USA) at 37℃ with 5% 

CO2 and sustaining humidity. 10% heat-inactivated fetal bovine serum (Invitrogen, 

Canada Inc. Burlington, ON, Canada), 1% (v/v) penicillin-streptomycin (Invitrogen, 

Canada Inc. Burlington, ON, Canada) as an antibiotic solution and 2 mM L-glutamine 

(Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) were added to DMEM. 

Pre-warmed culture medium was changed every two days until the HT-29 cell 

monolayer showed 80-90% confluency. Cells were reseeded weekly applying a 0.25% 

trypsin solution containing 1 mM EDTA-4Na (Invitrogen, Canada Inc. Burlington, 

ON, Canada) for 5 min.  

Trypan blue (0.4% v/v) was applied to stain and disperse detached cell suspension, 

which was then counted with a haemocytometer to determine the volume of cell 

suspension to deposit into a new cell suspension dilution for reseeding (approximately  
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Figure 3.4 - Schematic of the process of preparation of MFGM isolates. 
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5×104 cells/mL). The viable cells were distinguished from the stained cells (non 

viable) and were maintained for 19-29 passages to ensure constant vitality. 

To follow the proliferation of the cells in the presence of MFGM isolates, DNA 

synthesis was followed. BrdU (5-bromouracil-2'-deoxyuridine) is a synthetic analogue 

of thymidine (5-methyluracil-2'-deoxyuridine) (Figure 3.5) which can be used to 

determine synthesis of new DNA. DNA labeled by BrdU can be recognized and 

bonded by Anti-BrdU-POD, a monoclonal antibody conjugate with linked peroxidase, 

which is then quantified by spectrophotometry. In this work the Cell Proliferation 

ELISA BrdU (colorimetric assay) kit (Roche Applied Science, PQ, Canada) was 

employed.  

The freeze dried MFGM samples were dissolved with MilliQ water at a 2 mg/mL 

final concentration for all cell culture experiments just before use and kept at 4℃.  

HT-29 cells were seeded 2×103 per well in a clear 96-well microplate (Corning Inc., 

Corning, NY, USA). After 24 h, pre-warmed medium mixed with reconstituted 

MFGM solution was exchanged to reach a final MFGM concentration of 400, 200 or 

100 µ g/mL. N-acetyl-D-sphingosine, with known anticarcinogenic properties, 

C2-Ceramide (Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) was applied as 

positive control. Some wells contained water instead of MFGM fractions and were 

used as negative control samples. Wells with no cells were also included as blanks.  

All treatments and controls were run in triplicate. After 24 h incubation, the 

treatments were replaced with pre-warmed fresh medium to reduce non-specific 

binding and decrease background noise (Zanabria et al., 2013). Indeed, the presence  
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Figure 3.5 - Molecular Structures of BrdU and Thymidine. 
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of a protein coat on fixed cells may interfere with BrdU detection (Padet et al., 2009). 

BrdU reagent (10 µL/well) was added and incubated for 2 h. After that, DNA was 

denatured by adding 200 µL/well EtOH-HCl FixDenat solution and mixture was 

incubated for 30 min, and antibody binding solution (100µL/well), washing solution 

(300µL/well) and substrate solution (100µL/well) were added as per manufacturer’s 

instructions (Roche Applied Science). Before adding antibody binding solution, a 

filtered 2% (w/v) bovine serum albumin solution in phosphate buffer solution was 

applied (200 µL/well), as a blocking buffer. Washing steps were carried out 7 times to 

reduce the background noise. After adding 50µL/well 1M sulfuric acid as stopping 

solution, the 96-well plate was measured at 450 nm with a Multilabel Counter (Wallac 

1420 Victor Perkin-Elmer Life Sciences, Peterborough, ON, Canada).  The 

absorbance value directly related to the quantity of DNA synthesis, hence, to the cell 

proliferation. All values were expressed relative to the negative control (media only).  

 

3.3 Analytical Methods 

3.3.1 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

The protein composition in the MFGM fractions isolated from raw, pasteurized, PEF 

or thermally treated cream was determined by SDS-PAGE under reducing conditions.  

The experiments were performed utilizing a Bio-Rad electrophoresis unit (Bio-Rad 

Power Pac HC, Mississauga, ON, Canada). Aliquots (5 mg) of freeze-dried MFGM 

samples were dissolved in the sample buffer as previously reported (Corredig and 

Dalgleish, 1998). The samples were denatured in SDS buffer containing 
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2-mercaptoethanol  heated at 95℃ for 10 min. Mixtures were then centrifuged 

(Eppendorf centrifuge 5410D, Brinkmann Instrument Inc., Westbury, NY, USA) at 

2000 rpm for 3 min, before loading the samples onto the gels. A solution of 

polypeptides with known molecular weights was also loaded as standard. The gels 

were stained with Coomassie blue, destained with 45% methanol and 10% acetic acid. 

The intensity of the protein bands was measured using a scanner (Bio-Rad Gel Doc 

EZ Imager, Mississauga, ON, Canada) and evaluated with Image Lab Software 

(version 3.0, Bio-Rad).  

 

3.3.2 Phospholipids Determination: 31P NMR Spectroscopy 

NMR spectroscopy is a widespread technique to obtain structural and compositional 

information by detecting molecules’ chemical shift. Normally, the nucleus is spinning 

on its axis. In the presence of a magnetic field, this axis of rotation will precess 

around the magnetic field. If nucleus absorbed the energy, then the angle of precession 

will change. A chemical shift is induced when resonant frequencies of the nuclei 

existing which can be detected and analyzed depending on different chemical 

environment that varies amounts shielded protons in a molecule.  

By quantifying the single phosphorus in various head groups and fatty acid chains, 31P 

high resolution NMR spectroscopy is convenient to quantify phospholipids and 

lyso-phospholipids (Sotirhos et al., 1986). The molecular environment of the 

phosphorous atom generates various unique chemical shifts. Non-phospholipids 

contaminants were automatically ruled out of the spectra. Because it does not require 
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complicated component separation, NMR spectroscopy is considered more 

advantageous than high performance liquid chromatography (Larijani et al., 2000). 

For magnetic resonance field-frequency stabilization, deuterated solvents are required 

to provide a deuterium reference signal (Meneses and Glonek, 1988). EDTA 

complexes with monovalent cations are also required to avoid the line-width 

reduction induced by the competing reaction between monovalent and polyvalent ions 

(Helmerich and Koehler, 2003, Estrada et al., 2008). Many parameters, such as 

counter ion type, phospholipid concentration, lipids proportion, solvent composition, 

pH and temperature can influence line-width and chemical shift of phospholipids 

resonance (Larijani et al., 2000; Estrada et al., 2008). 

Various concentrations in 5 phospholipids: L-α-phosphatidylcholine (PC) and 

L-α-phosphatidylethanolamine (PE) from egg, L-α-phosphatidylserine (PS) from 

porcine brain, sphigomyelin (SM) from bovine milk (Avanti Polar Lipids) and 

L-α-phosphatidylinositol (PI) (Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) 

from soybean, were applied as standards.  

In this thesis, approximately 50mg of all freeze dried MFGM were weighed to in a 15 

mL centrifuge tube (Fisher Scientific, Mississauga, ON, Canada). 1 mL of 0.1M NaCl 

and 4 mL CHCl3/CH3OH (2:1 by vol) were added to dissolve the sample. After 

shaken vigorously for 1 min, the mixed solution was centrifuged (Heraeus Multifuge 

X1R centrifuge, Thermo Fisher Scientific, Waltham, MA, USA) at 2000rpm for 15 

min at a room temperature to ensure phase separation. The lower organic phase was 

collected and transferred to another 15 mL centrifuge tube (Fisher Scientific, 
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Mississauga, ON, Canada). 1 mL of 0.1M NaCl and 4 mL CHCl3/CH3OH (2:1 by vol) 

was added in that new centrifuge tube then centrifugation under the same condition. 

The addition and centrifugation were repeated 3 times in total. After the third time of 

centrifugation, the accumulated organic phase (approximately 12 mL in total) was 

transferred into a glass tube and evaporated in a nitrogen evaporator (Zanntek 

Analytical Evaporator, Glas Col, Terre Haute, IN, USA) at room temperature. The 

purified, dried lipids of MFGM were stored at -20°C until future sample preparation.  

A ternary solvent with CDCl3/CH3OH/K4EDTA (100:40:20 by vol) was used to 

dissolve lipids from freeze-dried MFGM samples or phospholipids standards. A 

K4EDTA solution was prepared by dissolving K4EDTA reagent (Sigma-Aldrich 

Canada Ltd., Oakville, ON, Canada) in MilliQ water to reach a 0.2M concentration. 

The glass vials with gently mixed sample solvent were stored overnight at room 

temperature to ensure clear phase separation. Precisely 600µL of the lower organic 

phase was collected and transferred into a 5 mm NMR tube (Sigma-Aldrich Canada 

Ltd., Oakville, ON, Canada) by a Hamilton syringe (Hamilton Company, Reno, NV, 

USA) with 2µL of triethyl phosphate added also by a Hamilton syringe as the internal 

reference. In spectra, all the peak areas were measured against those of the internal 

standard. 

A Bruker AVANCE Ⅲ 600 MHz instrument (Figure 3.6) operating at 243 MHz for 

31P was employed in this work. The key component of the spectrometer was a 5 mm 

probe, with deuterium field frequency stabilization and automatic field-homogeneity 

adjustment capability to keep temperature stable. Spectra were acquired at 10000 Hz 
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sweep width, 50  µs pulse width, 30°pulse angle, 10 s relaxation delay, 2 s 

acquisition time and 6.5 µs prescan delay under 297 K. There were 600 scans for the 

MFGM samples and 16 scans for the phospholipids standards. All measured chemical 

shift and line-widths were referenced to triethyl phosphate. The weights of different 

MFGM samples before lipid extraction were also considered. 

 

3.4 Statistical Analysis 

Three separate batches of cream were processed and the data are presented in this 

thesis as averages. Statistical analysis was carried out using R (version 2.15.1, R 

Foundation for Statistical Computing, Vienna, Austria) and Microsoft Excel 7.0 

software. Analysis of variance (ANOVA) was carried out to analyze data from various 

experiments and multiple comparisons of treatments by means of Tukey (HSD). 

Differences between means at p<0.05 are considered to be significant. 
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Figure 3.6 - The Bruker 600 MHz NMR instrument used in this thesis for 
phospholipids analysis 
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CHAPTER 4 
RESULTS AND DISCUSSIONS 

 
 

4.1 Effect of Cream Pasteurization on Composition and Bioactivity of MFGM 

Isolates 

4.1.1 Protein Composition 

MFGM was isolated from buttermilk prepared with raw (untreated) cream and cream 

pasteurized at (80°C for 16 s), collected from a local dairy (Gay Lea Foods, Guelph, 

ON, Canada). The extracts were analyzed using Dumas (FP 528, Leco Instruments 

Ltd., Missisauga, ON, Canada) and SDS-PAGE under reducing conditions as shown 

in Table 4.1 and Figure 4.1.  

The samples showed an increase on total protein content in 9 major polypeptide bands. 

Separating bands will be discussed in this chapter. In the untreated MFGM isolate 

(Figure 4.1, Lane 2), the most abundant bands present were identified as major 

MFGM proteins; serum derived proteins were present only in trace amounts. Most of 

the polypeptides migrated in the range of 50 to 200kDa, including XO (145kDa), 

BTN (67kDa), PAS 6 and PAS 7 (50 and 47 kDa, respectively) (Mather, 2000). In 

addition, there was a small portion of the proteins representing some large aggregates 

which remained unresolved at the top of the gel. Very small amounts of 

β-lactoglobulin, α-lactalbumin and caseins were also present, possibly resulting of the 

effect of shear during churning of the cream. It has been previously shown that shear 

and mechanical treatments may cause some association of serum derived  
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 Fresh Raw Industrially 

Pasteurized 

Total Protein (% w/w) 62.86±1.71 70.36±0.70 

 

 

 

Table 4.1 - Total protein of MFGM isolates from untreated (fresh raw) and 
industrially pasteurized cream at 80°C for 16 s measured by Dumas. 
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Figure 4.1 - SDS-PAGE of molecular mass standards (Lane 1), MFGM isolates from 
untreated (Lane 2) and industrially pasteurized cream at 80°C for 16 s (Lane 3). 
Arrow indicates the direction of migration. Results represent three independent 
experiments. 

 

 

 

proteins in the MFGM (Corredig and Dalgleish, 1998). It is important to note that 
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citrate was used during separation of the MFGM from the casein micelles, and this 

would have disrupted the casein micelle structure and kept them in solution during 

centrifugation (Corredig and Dalgleish, 1997).  

On the other hand, MFGM from industrially pasteurized samples, as presented in 

Figure 4.1, Lane 3, in addition to the MFGM proteins, showed a marked increase of 

serum derived proteins in the samples, especially κ-casein and β-lactoglobulin. The 

presence of these proteins in heated cream was in full agreement with previous reports 

on the heat induced interactions of κ-casein and β-lactoglobulin with MFGM proteins 

(Dalgleish and Banks, 1991; Houlihan et al., 1992; Ye et al., 2004). It is indeed 

known that during heating these proteins denature, form aggregates and interact via 

hydrophobic and disulphide bridging with cysteine containing proteins on the MFGM 

(Ye et al., 2004). It is important to note that in the pasteurized cream sample, little 

α-lactalbumin was recovered, as previously reported (Corredig and Dalgleish, 1998).  

 

4.1.2 Phospholipids Composition 

Phospholipids analysis was carried out using 31P NMR spectroscopy. The profiles of 

five phospholipids standards, PC, PE, PI, PS and SM, each with triethyl phosphate 

included as an internal reference are shown Figure 4.2. The chemical shifts δ of the 

five standard classes and the internal reference were summarized in Table 4.2. Some 

phospholipids standards show more than one peak (PI and SM), and some show 

overlap. The appearance of the individual standards agreed with previous studies  
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Figure 4.2 - Individual profiles analyzed by 31P NMR spectroscopy of the five 
commercial phospholipids standards, including PC (Phosphatidylcholine), PE 
(Phosphatidylethanolamine), PS (Phosphatidylserine), SM (Sphigomyelin) and PI 
(Phosphatidylinositol), each with triethyl phosphate included as an internal reference. 
Analysis results were the representative of three different concentrations of each 
standard.  
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Lipid Chemical Shifts δ (ppm) Peak Width (ppm) 

PC -1.441 0.00885 

PE -0.566 0.02025 

PI (peak #1) 0.045 0.01734 

PI (peak #2) -0.611 0.01966 

PI (peak #3) -0.884 0.01687 

PS -0.636 0.02362 

SM (peak #1) -0.473 0.01133 

SM (peak #2) -0.674 0.01276 

Triethyl Phosphate -2.050 0.00915 

 

 

 

Table 4.2 - Chemical shifts (δ) and Peak widths analyzed by 31P NMR spectroscopy 
of the five phospholipids standards, including PC (Phosphatidylcholine), PE 
(Phosphatidylethanolamine), PS (Phosphatidylserine), SM (Sphigomyelin), PI 
(Phosphatidylinositol), and triethyl phosphate. Results were the representative of three 
independent experiments. 

 

 

 

(Helmerich and Koehler, 2003; Estrada et al., 2008; Garcia et al., 2012). 
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As identification and quantification of the compounds in a mixture would require 

peak separation, a mixture of the five standards was prepared, mixing all the solutions 

as in the same volume proportion. Figure 4.3 summarizes the 31P NMR profile of the 

mixture.  

When the mixture of standard was compared to the spectra of individual 

phospholipids, it was clear that some of the chemical shifts overlapped, thus 

obstructing a thorough distinction of each phospholipids component. The overlapping 

peaks included PE, PS and PI. In addition, the first peak for PI in isolation, as well as 

the the lowest peak in Figure 4.2 disappeared, mainly because its signal was much 

lower as diluted 1:5 from the individual standard solution. Hence, the mixture of 

phospholipids was employed as the reference to evaluate the chemical shifts in the 

samples.  

In addition to modifications to the phosphate groups environment in a mixture 

compared to an isolated compound, it is important to note that the evaluation of the 

individual peaks in the mixture was also clearly hindered by the variation in the 

concentration of the phospholipids in a mixture. Figure 4.4 illustrates the variation in 

a 31P NMR spectrum of the same sample of MFGM isolate, from untreated cream, at 

two different concentrations. These results clearly illustrate that chemical shifts of 

phosphate groups are very sensitive to the environment and their self association, 

hence, slight changes such as temperature, pH and more importantly, concentration. 

Figure 4.4 shows the 31P NMR spectra of a fresh sample of raw MFGM isolate, and  
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Figure 4.3 - 31P NMR spectroscopy of the a mixture of five commercial 
phospholipids standards solution, including PC (Phosphatidylcholine), PE 
(Phosphatidylethanolamine), PS (Phosphatidylserine), SM (Sphigomyelin) and PI 
(Phosphatidylinositol) (7:5:5:10:10, by weight). Analysis results were the 
representatives of two independent experiments. 
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Figure 4.4 - Phospholipid profiles analyzed by 31P NMR spectroscopy of the MFGM 
isolates extracted from fresh raw cream as in (A) phospholipids solution concentrated 
by evaporating at room temperature for 1h and (B) original phospholipids solution 

 

 

 

 

 

the same isolate after gentle evaporation under a nitrogen until the remaining volume 
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in the NMR tube was approximately two third of that of the original sample. There 

were some obvious peak shifts, especially the range shared by different classes of 

phospholipids (-0.70 to -0.55 ppm). Hence, only the major peaks not affected by 

major shifts were identified, and total peak area was employed to evaluate changes 

during processing. Indeed, the total area was fully proportional to the concentration of 

phospholipids.  

A comparison between the phospholipid profiles analyzed by 31P NMR spectroscopy 

of the MFGM isolates extracted from fresh raw cream and industrially pasteurized 

cream is shown in Figure 4.5. Triethyl phosphate was also included as internal 

reference, but it is not shown in this figure. The peaks were identified using the 

standard spectra (Figures 4.2 and 4.3). The overlapping peaks from both samples were 

very similar to the mixture of five standards, except one high frequency unknown 

peak observed in both samples, which could not be identified. This may be a 

lysophospholipid peak present in the MFGM. The most distinct peak in the extracts 

from raw and industrially pasteurized samples was PC, with a shift at -1.476 ppm and 

-1.466 ppm, respectively.  

Overall, the spectra were very similar between untreated and pasteurized MFGM, 

with small shifts for several peaks. The reason behind the peak shifts could not be 

fully identified, due to the complexity of the matrix. Compared to the control standard 

mixture PI (peak #1), the lowest PI peak disappeared in the samples, similarly to those 

of the mixed standards. PI (peak #3), the highest PI peak at -0.845 ppm significantly  
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Figure 4.5 - Phospholipid profiles analyzed by 31P NMR spectroscopy of the MFGM 
isolates extracted from (A) industrially pasteurized cream and (B) fresh raw cream 
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Figure 4.6 - 31P NMR spectroscopy quantification of total phospholipids, PI (peak #3) 
and PC from MFGM isolates extracted from fresh raw cream and industrially 
pasteurized cream. Data were highly reproducible, with less than 2% variation. 
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decreased, as well as the peak at -0.605 ppm, shared by PE and PI.  

The area of PI and PC as well as the total phospholipids areas were employed to 

quantify the changes occurring to the phospholipid concentration in the MFGM 

isolates obtained from untreated and pasteurized cream. As shown in Figure 4.6. The 

results were expressed using the percentage comparing to the fresh raw sample as 

100%.   

Figure 4.6 clearly demonstrates that the total peak area, as well as PC and PI all 

showed a decrease in the total phospholipids compared to the MFGM from raw cream. 

In the case of PC, there was a significant reduction to 50% of the original peak, while 

in the case of PI (only peak #3), the reduction was to 79% of the original peak. Both 

of these peaks were indicative of a reduction of the total phospholipids, estimated at 

about 32% reduction from the concentration in the control untreated MFGM. 

It has been reported that the MFGM has heterogeneous phospholipids composition 

with PE, PS and PI mainly concentrated in the inner leaflet of the bilayer membrane, 

while the choline-containing phospholipids, PC and SM are mainly located at the 

outer leaflet (Evers, 2004). The inner leaflet is oriented towards the lipid core, on the 

other hand, the outer leaflet is exposed to the outside of the membrane which is easier 

to have interactions with the proteins from serum phase, such as casein micelles and 

β-lactoglobulin, as well as to be released into solution during heating. Heat treatment 

of the cream seems to destabilize the amphiphilic phospholipids, and the results 

shown in Figure 4.6 would support a reduction of PC and SM in the pasteurized 

MFGM.  
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4.1.3 Antiproliferative Activity of the MFGM Isolates on HT-29 Colon 

Carcinoma Cells 

It has been recently reported that MFGM isolates from untreated cream induce 

apoptosis of HT-29 human colon cancer cells (Zanabria et al., 2013). In this case, 

milk was obtained from hand milked cows, and was taken during the MFGM isolation 

to avoid contamination with lipopolysaccharide (Zanabria et al., 2013). The present 

work employed MFGM from untreated bulk cream, and compared its bioactivity from 

that of MFGM from pasteurized cream.  

Figure 4.7 summarizes the results of cell proliferation experiments for MFGM from 

untreated and pasteurized cream, to control treatments (no MFGM) and positive 

control experiments, with C2-ceramide. There was a significant decrease in cell 

proliferation with the addition of MFGM from untreated cream, confirming the results 

reported on lipopolysaccharide free samples (Zanabria et al., 2013). MFGM isolates 

from fresh raw cream showed a 57% cell reduction at 0.4 mg/mL, the highest 

concentration against HT-29 cells. These values of reduction were comparable to the 

reductions achieved by 0.02 mM C2-ceramide.  This compound is a well known 

anticancer compound, which has been well investigated because of its 

antiproliferative properties, impacting cell growth, survival and apoptosis (Akalin et 

al., 2006; Hertervig et al, 2003; Merrill et al, 2001). At 0.2 mg/mL, the 

anticarcinogenic property of the untreated MFGM decreased to a 33% reduction in 

cell proliferation, albeit, statistically significant from the control sample. At lower 

concentrations, 0.1 mg/mL, there was no difference compared to control (Figure 4.7).  
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Figure 4.7 - Effect of fresh raw (native) and industrially pasteurized (80°C for 16 s) 
MFGM isolates on HT-29 cell proliferation. Cell proliferation was measured by BrdU 
colorimetric method. Results were expressed as percentage by comparing to the media 
only control. All results represent three independent experiments, with bars 
representing standard deviations. Within a concentration, different letters indicate 
significant difference at p < 0.05. 
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In contrast with the results obtained with native MFGM isolates, the MFGM samples 

extracted from industrially pasteurized cream showed no decrease in cell proliferation, 

and even a dose-response effect contributing to the growth of cancer cells. This was 

mainly due to the increase in the nutrients and growth factors now present in the 

media.  

At the highest MFGM isolate tested, 0.4 mg/mL, there was an increase of 26% cell 

proliferation. These results point to the importance of the processing history in the 

decrease of the bioactivity of the MFGM isolates. The pasteurization caused 

interactions between MFGM and serum proteins, causing physical and chemical 

changes to the MFGM as well as phospholipids losses. These changes affected the 

antiproliferative activity of MFGM. By comparing the two types of MFGM isolates to 

the media only control, the results also indicated that the antiproliferative activity of 

fresh raw MFGM isolates may have been underestimated by the use of a control 

sample containing only media, as the effect of growth factors was not taken into 

account. However, due to the complex nature of the changes occurring during heating 

of cream and the changes in both composition and structure of the MFGM, a 

pasteurized MFGM may also not be an appropriate control as well.  

 

4.2 Effect of Heating Treatment on the Composition and Bioactivity of the 

MFGM Isolates 

4.2.1 Changes in Protein Composition 

Table 4.3 and Figure 4.8 compares the polypeptide profiles of MFGM obtained from 
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Table 4.3 - Total protein of MFGM isolates from fresh raw cream, heating at 50°C/10 min, 60°C/2 min, 60°C/10 min, 70°C/30 s and 70°C/2 min 
measured by Dumas. 

 

 

 Fresh Raw 50°C/10min 60°C/2min 60°C/10min 70°C/30s 

Total Protein (% w/w) 62.86±1.71 58.63±0.36 46.01±1.13 40.73±2.1 37.47±0.33 
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Figure 4.8 - SDS-PAGE of molecular mass standard (Lane 1), MFGM isolates from 
fresh raw cream (Lane 2), heating at 50°C/10 min (Lane 3), 60°C/2 min (Lane 4), 
60°C/10 min (Lane 5), 70°C/30 s (Lane 6) and 70°C/2 min (Lane 7). Arrow indicates 
the direction of migration. Results are representative of three independent 
experiments. 
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fresh raw and heat treated (50°C/10 min, 60°C/2 min, 60°C/10 min, 70°C/30 s and 

70°C/2 min) cream. As previously discussed (Figure 4.1) in the MFGM isolates 

prepared from untreated cream only traces of casein proteins and the whey proteins 

β-lactoglobulin and α-lactalbumin were noted. Most of the proteins present were 

those usually identified as MFGM proteins, namely XO (145kDa), BTN (67kDa), 

PAS 6 and PAS 7 (50 and 47 kDa, respectively) (Mather, 2000). Similarly as for the 

industrially pasteurized sample (Figure 4.1) little of α-lactalbumin was present in the 

heated samples, in agreement with Corredig and Dalgleish (1998). Small losses were 

noted in the PAS 6/7 protein bands with heating treatment, in accordance with the 

literature (Ye et al., 2002). 

There was a gradual increase in the amount of caseins recovered in the MFGM 

fraction with increased heating treatment. It was concluded that these caseins were 

adsorbed within the MFGM, as buttermilk (the aqueous fraction after fat separation) 

was treated with sodium citrate, which would disrupt intact casein micelles. The 

increase in the casein ratio compared to the total protein in the MFGM shown in 

Figure 4.8, Lanes 3-7, was consistent with previous reports (Bermúdez-Aguirre et al., 

2008), claiming interactions between MFGM and casein micelles after thermal 

treatment as at 63°C for 30 min. In addition Lanes 4-7 also show an increase in the 

κ-casein amount. This is in agreement with Houlihan et al. (1992) and Ye et al. (2004) 

who observed the association of κ−casein with MFGM proteins via disulphide 

bonding. A noticeable amount of β-lactoglobulin was also observed; although not as 

high as what was observed in Figure 4.1 for MFGM isolated from industrially 
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pasteurized cream. The changes in protein composition observed in this study were 

fully consistent with an earlier study that characterized MFGM from buttermilk from 

differently heated cream (Corredig and Dalgleish, 1998).  

The amount of total protein is decreasing, maybe due to the sodium citrate disruption 

of intact casein micelles interacting with MFGM proteins and being washed out 

during centrifugation.  

 

4.2.2 Changes in Phospholipids Composition 

31P NMR spectroscopy was also carried out on the various MFGM samples to 

evaluate possible differences in phospholipid composition, induced by heat treatment 

of the cream. The spectra of MFGM isolates as a function of heat treatment are shown 

in Figure 4.9. Triethyl phosphate (data not shown) was always run as the internal 

reference, to be able to determine the chemical shift of all the peaks. Individual and 

mixed phospholipids standards with different concentration were also run for peaks 

identification.  

PC was the most distinct peak in all the samples around -1.476 ppm. PI (peak #1) was 

present in the MFGM from untreated cream, as well as the sample from cream heated 

at 50°C/10 min. The peak was no longer present in the samples from cream heated at 

the higher temperatures, clear evidence of induced phospholipid loss in the MFGM.  

Chemical shifts were also observed for several peaks.  

Figure 4.10 summarizes the changes in peak area for the main phospholipid peaks as 

well as for the total phospholipids as a function of heat treatment. The results are  
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Figure 4.9 - Phospholipid profiles analyzed by 31P NMR spectroscopy of the MFGM 
isolates extracted from heated treated cream at (A) 70°C/2 min (B) 70°C/30 s (C) 
60°C/10 min, (D) 60°C/2 min, (E) 50°C/10 min, and (F) fresh raw cream. Spectra are 
representative. 
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Figure 4.10 - 31P NMR spectroscopy quantification of total phospholipids, PI (peak 
#3) and PC peak area as a function of processing history of the cream: 50°C/10 min, 
60°C/2 min, 60°C/10 min, 70°C/30 s and 70°C/2 min. Data variation < 5%. Area is % 
of the total peak area for MFGM extract from unheated, raw cream.  
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expressed as a % area compared to that of MFGM isolated from raw cream. There 

was no significant change for the three measured indicators for samples prepared at 

temperatures < 70°C. The PC peak showed the highest reduction to 59%, after heating 

the cream at 70°C/2 min. On the other hand, PI (only quantified with the peak at peak 

#3) decreased 42%. The total phospholipids showed a reduction of 46% after heating 

at 70°C/2 min, compared to the unheated control.  

As previously noted for the samples from industrially pasteurized cream, the peak 

attributed to PC showed the highest decrease when samples were extracted from 

cream heated in the laboratory,  in agreement with the hypothesis that PC is present 

mainly on the outer leaflet of the MFGM thus one of the most susceptible to 

rearrangement during heating (Evers, 2004). 

 

4.2.3 Effect of Heating on the Antiproliferative Activity of the MFGM Isolates 

Previous results (Figure 4.7) clearly demonstrated that the antiproliferative activities 

of MFGM isolate significantly decreased when the MFGM was extracted from 

commercially pasteurized cream. MFGM was then extracted from differently heated 

cream, and Figure 4.11 summarizes the results of the effect of MFGM on HT-29 

human colon cancer cell proliferation. The results were expressed comparing to the 

media only controls as 100%. In general, as the extent of heating increased, the 

antiproliferative activity decreased.  

All heat treated isolates except the extract from cream heated at 70℃/2 min showed 

some significant reduction of cell proliferation compared to control (media only) at  
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Figure 4.11 - Effect of MFGM isolates on HT-29 cell proliferation. MFGM was 
extracted from fresh raw cream or heat treated cream at 50°C/10 min, 60°C/2 min, 
60°C/10 min, 70°C/30 s and 70°C/2 min. Cell proliferation was measured by BrdU 
colorimetric method. All results represent three independent experiments, with bars 
representing standard deviations. Within a concentration, different letters indicate 
significant difference at p < 0.05. 
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the two highest concentrations tested. There was clearly a dose-response as the 

antiproliferative activity decreased at 0.2 mg/mL compared to 0.4 mg/mL, but the 

effect remained significantly different from control, apart from the sample extracted 

from cream at 70°C/2 min. At 0.1 mg/mL, there was no significant antiproliferative 

effect.  

It is also important to point out that, as already shown for the MFGM from 

pasteurized cream, and for MFGM samples extracted from 70°C/2 min heated cream, 

there was a contribution to the growth of the cancer cells. An increase of 16% 

compared to control (media only) was observed when 0.4 mg/mL of sample were 

added to the cells. At lower concentrations this effect was not significant. The critical 

temperature for loss of antiproliferative activity corresponded to that (Figure 4.10) 

attributed to the change in phospholipid concentration measured by 31P NMR 

spectroscopy. Similarly it was concluded, in the case of industrially pasteurized cream 

MFGM, that heating treatment induced interactions between MFGM material and 

serum proteins as well as causing partial loss of phospholipids. It was concluded that 

a critical point for loss of bioactivity and changes in composition was at 70°C 

between 30 s and 2 min. 

 

4.3 Effect of PEF of Cream on the Composition and Bioactivity of MFGM 

Isolates 

4.3.1 Changes in Protein Composition 

Table 4.4 and Figure 4.12 shows the total protein percentage by Dumas as well as 
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Table 4.4 - Total protein of MFGM isolates from fresh raw cream, cream treated by 50°C control, PEF 50°C, 65°C control and PEF 65°C

 Fresh Raw 50°C control PEF 50°C 65°C control PEF 65°C 

Total Protein (% w/w) 62.86±1.71 61.98±0.62 55.53±0.04 58.68±1.50 73.41±1.46 



65 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            1       2       3       4       5                  6 

 

Figure 4.12 - SDS-PAGE of molecular mass standard (Lane 1), MFGM isolates from 
cream treated by 50°C control (Lane 2), PEF 50°C (Lane 3), 65°C control (Lane 4), 
PEF 65°C (Lane 5) and fresh raw (Lane 6). Arrow indicates the direction of migration. 
Results represent three independent experiments 
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protein migration by SDS-PAGE under reducing conditions for MFGM isolates 

prepared from PEF treated cream, at temperatures below 50°C or 65°C. Their 

corresponding thermal controls were also included in the gel. The MFGM isolate 

analysis from Figure 4.1 for untreated MFGM is also shown in Figure 4.12 for 

comparison. 

The total amount of protein of MFGM treated by PEF and their corresponding 

controls vary when comparing to that of fresh raw sample. MFGM treated by PEF 

65°C showed the highest amount of total protein composition, which can be shown in 

more detail by SDS-PAGE as shown in Figure 4.12. 

Similar to the MFGM from fresh raw cream (Figure 4.12, Lane 6), the 50°C control 

sample (Lane 2) showed only traces of the serum proteins and caseins. The major 

bands were assigned to XO (145kDa), BTN (67kDa), PAS 6 and PAS 7 (50 and 47 

kDa, respectively) (Mather, 2000), as for previous results (Figures 4.1 and 4.4). The 

migration of the MFGM isolate from PEF treatment at 50°C (Lane 3) showed no 

differences from the 50°C control or fresh raw sample. Very little α-lactalbumin was 

recovered in all the isolates analyzed. On the other hand, some differences could be 

noted in the samples treated at 65°C, control and PEF treated (Lanes 4 and 5). As in 

the case of the 50°C control, also for the 65°C control sample, a small amount of 

caseins were recovered in the gel. On the other hand, in the PEF sample heated at 

65°C (Lane 5), the amount of caseins decreased, and a significant band of 

β-lactoglobulin appeared. This showed for the first time an effect of PEF on the 

interactions between β-lactoglobulin and the MFGM. According to Hemar et al. 
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(2011), a reduction of the size of casein micelles and sample viscosity were observed 

after 45 kV/cm field strength for 20 µs of PEF treatment, applied on raw skim milk 

and milk concentrates with temperature < 30°C. They also observed the same effect 

after turning off the PEF device, and then attributed the changes to shear stress from 

the circulation process during PEF treatment (Hemar et al., 2011). It is important to 

note that the control in this study was not sheared, and heating was conducted in the 

water bath, and therefore the effect of shear on the β-lactoglobulin interactions at 65℃ 

can not be ruled out, although they were not present at 50°C.  

 

4.3.2 Changes in Phospholipids Composition 

PEF induced phospholipids compositional change was determined by 31P NMR 

spectroscopy. Figure 4.13 represents the profiles of samples PEF treated at different 

temperatures, as well as their corresponding controls. Triethyl phosphate was included 

as an internal reference. According to previously analyzed individual and mixed 

phospholipids profiles, some phospholipids peaks are sharing a similar range of 

chemical shifts, resulting in incomplete resolution of all peaks. Hence, the total peak 

area and the area of the major peaks were used to measure changes in phospholipids 

composition.  

The overall appearance of the four PEF samples was very similar, but showed some 

chemical shifts compared to that of the samples from the untreated MFGM extract.  

However, the total area still showed no significant difference (p < 0.05) from the 

untreated control.   
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Figure 4.13 - Phospholipid profiles analyzed by 31P NMR spectroscopy of the MFGM 
isolates extracted from cream treated with (A) PEF 65°C, (B) 65°C control and (C) 
PEF 50°C, (D) 50°C control 
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Figure 4.14 - 31P NMR spectroscopy quantification of total phospholipids, PI (peak 
#3) and PC from MFGM isolates extracted from fresh raw cream, 50°C control 
treated cream, PEF 50°C treated cream, 65°C control treated cream and PEF 65℃ 
treated cream. Data variation < 5%. Area is % of the total peak area for MFGM 
extract from unheated, raw cream. 
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The unknown peak around -0.490 ppm, similar as all previously tested MFGM 

samples, was still highlighted in the four PEF related samples. There was also one 

unknown peak around -0.335 in all four samples, maybe due to the spontaneously 

formed phospholipids micelles. Around -1.451 ppm, PC still served the most 

distinguishing peak as previous samples’ analysis. There are some unnoticeable peak 

changes, such as with the SM (peak #1) which is not apparent in PEF 65°C treated 

sample but is quite obvious in other three samples’ profile. 

As previously demonstrated, only three indicators, PI (peak #3), PC and total 

phospholipids were quantified to provide an overall trend on the phospholipids  

compositional change. As in Figure 4.14, all four PEF related samples were expressed 

as percentage by comparing to the fresh raw sample as 100%. No substantial changes 

were observed in the samples, apart from the control treated at 65℃. That effect 

maybe due to the heating time in the water bath applied to the thermal controls, which 

was slightly longer than the actual time applied in the PEF chamber. It was concluded 

that the PEF samples not only have quite similar phospholipids amount compared to 

their corresponding control, more importantly, very similar to the fresh raw cream.  

 

4.3.3 Effect of PEF Treatment on the Antiproliferative Activity of the MFGM 

Isolates 

Figure 4.15 summarizes the effect of the MFGM isolates prepared from PEF treated 

cream on the proliferation of HT-29 colon cancer cells. As expected from the findings 

on the effect of heating, MFGM isolated from cream heated to 50°C did not show a  
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Figure 4.15 - Effect of MFGM isolates on HT-29 cell proliferation extracted from 
fresh raw cream, 50°C control treated cream, PEF 50°C treated cream, 65°C control 
treated cream and PEF 65°C treated cream. Cell proliferation was measured by BrdU 
colorimetric method. All results represent three independent experiments, with bars 
representing standard deviations. Within a concentration, different letters indicate 
significant difference at p < 0.05. 
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decrease in bioactivity. The corresponding PEF sample treated at 50°C also showed a 

43% reduction in cell proliferation, similarly to the corresponding control and the 

fresh raw sample. The samples treated with PEF at 65°C showed a significant 39% 

cell reduction, and again similar to that of the 65°C control sample. These results 

seem to point to the effect of heat and not the electrical fields on the decrease in 

bioactivity of the isolate.  

Consistent with the results presented above (Figure 4.7 and Figure 4.11), with a 

decrease in the concentration of MFGM there was a decrease in the biological effect. 

At the two lowest concentrations, the cell reduction remained approximately 

equivalent among all PEF related sample and the fresh raw sample. At the 0.2 mg/mL 

sample concentration, there is still significant cell reduction observed among all the 

samples. However, the anticarcinogenic properties of the MFGM isolates were lost 

when applying 0.1 mg/mL to the cells.  
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CHAPTER 5 
GENERAL CONCLUSIONS 

 
 

Milk has been widely acknowledged as a natural source of components with 

biological activity. The biological benefits of some minor components, such as those 

present in the MFGM, still remain unexplored. Many studies have investigated and 

discussed some MFGM components as functional compounds, but few have studied 

the effect of processing history on the bioactivity.  

This work firstly confirmed that MFGM isolated from bulk tank cream shows activity 

against proliferation of colon cancer cells. This was shown before for very controlled 

cream samples, and it was important to demonstrate that the effect is conserved during 

milking and cold storage. However, the results also showed that this bioactivity is not 

maintained in MFGM fractions obtained from industrially pasteurized cream. It is 

important to point out that in all the studies, the same process of isolation was carried 

out. The results pointed to important differences in composition as a function of 

processing changes. With heating, there was a change in the composition of the 

MFGM isolate, with more caseins as well as β-lactoglobulin aggregation. In addition, 

there was a clear loss of phospholipids. Higher extent of heating resulted in higher 

recoveries of caseins and β-lactoglobulin and a larger decrease of phospholipids. For 

phospholipids, the results point to a critical treatment between 70°C/30s and 

70°C/2min, which causes a substantial decrease in the amount of phospholipids. This 

critical processing point seems to be fully in line with a change in the biological effect 

of the MFGM isolate on HT-29 colon cancer cells. Between those temperatures, 
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indeed, there was a loss in the antiproliferative activity of the isolated.  

This work also demonstrates the potential of PEF as a means to produce a 

microbiologically safe product, while maintaining the biological functionality of the 

MFGM. PEF carried out at 50°C showed no differences in composition from control 

samples, and maintained the bioactivity of the MFGM isolates to levels comparable to 

those of untreated MFGM.  

Although this research suggests that the amount of phospholipids in the MFGM 

fraction is critical to maintaining the bioactivity of the MFGM, more research is 

needed to understand which components are responsible for the antiproliferative 

effect. In addition, future research should focus on the effect of PEF on compositional 

changes of the MFGM, as the present work showed for the first time that PEF induces 

aggregation of β-lactoglobulin during treatment at 65°C. 
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