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Milk constitutes the primary nutrition for any mammalian neonate. It contains 
many bioactive components that are critical for the health and development of 
infants (Dewettinck et al., 2008). Such bioactive components are mostly located 
at the surface layer of the milk fat globules, called Milk Fat Globule Membrane 
(MFGM). Infant formulas derived from bovine milk can be supplemented with 
MFGM to resemble the composition of human milk and to meet the nutrition 
requirements of infants. Hence, recent studies show an increasing interest in 
MFGM-enriched infant formulas.  

MFGM is not only remarkable because of its nutritional significance, but for 
its technological functionalities. For instance, MFGM provides natural emulsi-
fying and stabilizing properties in milk (Phan et al., 2016, 2014; Corredig and 
Dalgleish 1997, 1998), increases water holding capability in dairy products (Le 
et al., 2011), affects sensory characteristics (Michalski et al., 2007) and provides 
delivery systems for bioactive components (Liu et al., 2013). However, MFGM 
isolation from milk has been economically challenging, leading to the ever pre-
sent need to design new separation methods.  

Hence, the aim of the thesis was to evaluate a filtration process for separation 
of MFGM from milk. In particular, cream microfiltration was adopted prior to 
the traditional buttermaking process in order to separate fat globules from other 
dairy constituents, such as proteins, lactose and minerals. Filtered creams were 
churned, upon which the phases were inverted, resulting in butter and butter-
milk containing MFGM fragments but depleted of other dairy components. The 
term “Ideal butter” is applied herein for such process. 

The thesis consists of four publications. Publication 1 explored the feasibility 
of microfiltration for separating native fat globules from raw milk. Furthermore, 
the use of different diafiltration media was evaluated, along with their effect on 
filtration performance and emulsion characteristics. Moreover, the concept of 
ideal butter was examined in Publication 2. In particular, full fat creams of 
given heat treatment history were microfiltered and churned into butter. The 
microfiltration resulted in 78% separation efficiency (in terms of protein sepa-
ration) and the filtered cream was found suitable for buttermaking with no neg-
ative consequences in the buttermaking process. The pH was observed to have 
a drastic effect on filtration performance. Furthermore, it was found crucial to 
optimize the microfiltration process in order to avoid shearing of fat globules 
and losses of MFGM. Publication 3 subsequently compared microfiltration 
and conventional centrifugal separation. Both processes yielded a 93% separa-
tion of proteins and nearly impurity-free MFGM. However, intense processing 
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and flow conditions were observed to damage the MFGM. Microfiltration was 
proposed as a potential separation method for scaling-up. Lastly, Publication 
4 applied the MFGM material from ideal buttermilk as a natural component to 
model emulsions and investigated the interactions with protein and its emulsi-
fying properties. MFGM proved to be surface active and was capable of produc-
ing relatively stable emulsions. Hence, MFGM is proposed as a functional ingre-
dient for future food applications and infant formulas. An outline of the work 
conducted in the above publications is illustrated in Figure 1.  

 

 
Figure 1. Outline of the main subjects of the thesis and their corresponding publica-
tion numbers. Schematics: yellow droplets represent milk fat globules surrounded by 
layer of milk fat globule membranes (purple), small blue spheres represent serum pro-
teins, lactose and minerals.  
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Milk is an oil-in-water emulsion comprising 3-4% fat in an aqueous phase con-
taining proteins, lactose and minerals. Nearly all of the milk fat exists in dis-
persed, separate fat globules with diameters between 0.1 and 15 μm (Yao et al., 
2016; Lu et al., 2016). The fat globule core consists primarily of triacylglycerols, 
which represent more than 98% of the milk lipids, whereas diacylglycerols, 
monoacylglycerols, free fatty acids, polar lipids, sterols and fat-soluble vitamins 
are a minor part of milk lipids. It is now recognized that the minor part of milk 
lipids is nutritionally significant, which has been the subject of a growing re-
search interest. For instance, a myriad of health-promoting effects has been at-
tributed to milk polar lipids (Dewettinck et al., 2008). 

The fat and aqueous phases of the milk do not mix–like water and oil (Fig. 2). 
Hence, the fat globules in milk are enclosed in a natural membrane, milk fat 
globule membrane (MFGM), which stabilizes and protects them from enzymatic 
degradation.   

 

 
Figure 2. Emulsion oil droplets dispersed in water.  
 

Most of the minor lipids in milk, including polar lipids, are located in MFGM. 
Moreover, the exclusive composition and structure of MFGM provides specific 
technological, nutritional and biological functions to milk fat globules. In par-
ticular, it provides natural emulsifying and stabilizing properties (Phan et al., 
2016), enhances water holding capacity and acts as a delivery system for bioac-
tive components (Liu et al., 2013; Le et al., 2011). Moreover, various important 
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biological functions such as antimicrobial and antiviral activities, gut matura-
tion and development of the central nervous system in the neonate have been 
associated to the MFGM (Gallier et al., 2015; Contarini and Povolo, 2013; 
Dewettinck et al., 2008).  
 

 
Figure 3. Milk fat globules and enveloping membranes: (A) Schematic illustration of 
milk fat globule membrane (MFGM). The core, the fat globule, is surrounded by a po-
lar lipid trilayer (tail-and-head molecules in yellow) interspersed with various pro-
teins and enzymes (purple, blue and red (left)). Membrane fragments can be detached 
from the interface (right). (B) Milk fat globule size distribution (Michalski et al., 2001). 
(C) Confocal microscopy image of milk fat globules surrounded by glycoproteins and 
lipids (Gallier et al., 2012). (D) Transmission electron microscopy of MFGM (Gallier et 
al., 2012). (E) Organization of polar lipids in the MFGM (Zheng et al., 2014). (F) Sche-
matic illustration of the trilayer MFGM structure interspersed with proteins (Lopez et 
al., 2011). Figures B-F modified from Jukkola and Rojas (2017). All figures reproduced 
with permission from the respective sources.  
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MFGM is certainly the most diverse fraction of milk. The structure of MFGM 
is vastly complex and dynamic, which is characteristic of biological membranes 
(Jukkola and Rojas, 2017). In its native form, MFGM is highly structured with 
main components comprising a complex mixture of proteins, glycoproteins, en-
zymes, neutral lipids, polar lipids and cholesterol. Furthermore, the structure of 
the membrane encompasses a trilayer phospholipid structure: first and closest 
to the core, is a monolayer surrounded by a layer of proteins and, atop, a phos-
pholipid bilayer interspersed with proteins and cholesterol (Fig. 3).  

The main lipids in MFGM can be divided into phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), phosphatidylinositol (PI) and phosphatidylserine 
(PS), and sphingolipids such as sphingomyelin (SM) and cholesterol. Most rel-
evant MFGM proteins comprise mucin 1, xanthine oxidase (XO) cluster of dif-
ferentiation 36 (CD36), periodic acid and shiff (PAS) 6/7, adipophilin, bu-
tyrophilin (BTN), and proteose peptone 3 (PP3) (Lu et al., 2016; Fong et al., 
2007; Le et al., 2009). The outer phospholipid bilayer is divided into liquid-or-
dered domains, rich in sphingolipids and cholesterol, and liquid-disordered do-
mains of glycerophospholipids (Lopez et al., 2010). A substantial amount of PC 
and SM likely occurs in the outer part of the bilayer whereas PE is located in its 
inner domain (Fig 3E). Some of the polar lipids associate strongly with the 
MFGM structure while others are more lossely bound. Cholesterol interacts 
mainly with SM and contribute to the packing of the lipids. Glycoproteins and 
glycolipids are heterogeneously distributed on MFGM (Gallier et al., 2012), 
whereas PAS 6/7, mucin 1, XO and PP3 are found at the external part of the tri-
layer structure. The inner monolayer consists of PI and PS and electron-dense 
coating of proteins, which interconnects different layers of MFGM. For instance, 
BTN is most likely located at the internal part of the membrane which interacts 
covalently with XO (Heid and Keenan, 2005). 

Overall, the organization of MFGM components govern the functional prop-
erties of the bio-membrane and the chemical reactions that occur on the surface 
of fat globules. 

Milk fat globules are subjected to physical and biochemical changes upon han-
dling and processing of milk. Their biological and technological functionality 
depends greatly on the quality of the interface in terms of composition and or-
ganization (MFGM vs. serum proteins) (Garcia-Moreno et al., 2014; Berton-
Carabin et al., 2013). Therefore, any change occurring on the surface of the fat 
globules might affect their interactions, stability, shelf-life and many of the 
physical properties associated with dairy products (Jukkola and Rojas 2017). 

The fat globules in milk are subjected to colloidal instabilities, including 
creaming, aggregation and coalescence. The physical-chemical principles gov-
erning emulsion and milk stability involve the classical theories of electrostatic 
and steric stabilization. Electrostatic stabilization results from the presence of 
electrostatic charges on the surface of the droplets, whereas steric stabilization 
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arises from the presence of macromolecular barriers on the droplet surface. Un-
der weak electrostatic and steric forces, the particles tend to aggregate and floc-
culate by van der Waals and other interactions (McClements, 2009). However, 
at physiological pH the particles in milk (fat globules and proteins) carry a net 
negative electrostatic charge and are thus a strong source for stabilization of 
milk, including its fat globules. In order to fully exploit its potential, it is im-
portant to understand the physicochemical and colloidal properties of MFGM 
and the challenges related to its processing.  

S

ρ η

In addition to colloidal instabilities, MFGM is subjected to interactions with 
lipid molecules and proteins, for instance upon pasteurization and homogeni-
zation, which affect its surface properties. Furthermore, MFGM can be released 
from fat globules upon exposure to air during churning, agitation, freezing, 
thawing and upon interaction with polar solvents used to suspend the system. 
More specifically, the loss of membrane is caused by instabilities such as coales-
cence, rupture of fat globules or migration. The released MFGM fragments are 
enriched in the aqueous phase of milk such as in skimmed milk, buttermilk and 
butter serum (Rombaut et al., 2006; Bourlieu et al., 2018) along with some val-
uable components (Michalski et al., 2005). Moreover, released MFGM causes 
other surface-active components, mainly serum proteins, to adsorb to the sur-
face of the fat globules and form a new coverage. As discussed before, MFGM is 
responsible for many of the functional and nutritional properties of milk fat. 
Therefore, any loss of MFGM from the fat globule surface will directly affect the 
functional properties of milk (Scott et al., 2003). For instance, the type of fat 
globule surface (MFGM versus serum proteins) have been shown to affect their 
digestion and bioavailability (Gallier et al., 2017). 

Despite the potential benefits of MFGM, it is far from being industrially used 
in dairy products, given that technological processes often disrupt MFGM and 
affects its functionality (Holzmüller and Kulozik, 2016; Corredig and Dalgleish, 
1998). Furthermore, several efforts have been applied to examine the isolation 
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of MFGM, but the efficiency of such isolation has remained limited, mainly be-
cause of process-induced depletion and the presence of impurities (serum pro-
teins). The effectiveness of the process is reduced considerably if fat globules are 
damaged before MFGM isolation, by creating exposed MFGM fragments that 
bind caseins, making it difficult for them to be washed out completely.  

MFGM isolation has been examined using centrifugal separation – a mechan-
ical processing based on differences in particle velocities under centrifugal 
fields. MFGM isolation is commonly performed through a four-step process in-
cluding separation of the fat globules, cream washing (often by using multiple 
cycles), discharge of MFGM from washed cream and collection of MFGM mate-
rial. Despite its usefulness, centrifugal separation induces high shear stress that 
can remove surface proteins and phospholipids from MFGM and cause fat glob-
ule coalescence (Zheng et al., 2014; Britten et al., 2008). Moreover, such sepa-
ration leads to the enrichment of low-density particles, such as fat globules in 
milk, but is not selective to proteins. In order to yield high MFGM recovery, 
processing often requires large volumes of aqueous washing solutions. 

Unlike centrifugal separation, microfiltration is a pressure-driven process that 
separates components by size exclusion through a porous separation membrane 
(Fig. 4). Microfiltration has been adopted for fractionation of milk components, 
for instance for fractionation of milk proteins and removal of bacteria (i.e., cold 
pasteurization) (Beolchini, 2005; Hoffman et al., 2006; Hurt and Barbano, 
2010; Piry et al., 2012; Adams and Barbano, 2013). Furthermore, microfiltra-
tion was reported to produce less damage to shear-sensitive milk components, 
providing an alternative method for MFGM separation compared to centrifugal 
separation. However, skim milk is often used for milk membrane filtration pro-
cesses and, due to fat-induced membrane fouling, microfiltration of fat-contain-
ing dairy fluids is mainly limited to defatting of whey (Golbandi et al., 2013). 
 

 
Figure 4. Schematic illustration of the microfiltration (MF) process. Yellow droplets 
represent fat globules in the stream whereas the blue circles represent proteins. 
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Membrane filtration has been applied to fractionate milk fat populations into 

small and large globules (Goudedranche et al., 2000; Michalski et al., 2006) and 
for separation of anhydrous milk fat into fractions with different melting points 
(Abbas et al., 2006). However, microfiltration of dairy, fat-rich fluids is limited 
by membrane fouling. Fouling poses a major challenge in all applications re-
lated to membrane filtration of milk. Moreover, fouling and concentration po-
larization are related to the deposition of a layer on the membrane’s surface and 
to the narrowing of the pores, which negatively affect the selectivity and filtra-
tion performance by means of flux reduction (Guerra et al., 1997; Fouladitajar 
et al., 2015). Concentration polarization, the formation of a dense, multicompo-
nent layer at the walls of the filtration membrane, has remained one of the most 
important challenges in pressure-driven membrane processes (Tashvigh et al., 
2015). One way to prevent particle deposition and minimize fouling is to utilize 
a higher shear at the membrane-liquid interface, which can be accomplished by 
adopting high cross-flow velocities (4–8 m/s) (Guerra et al., 1997). In addition 
to shear stress, microfiltration performance can be controlled by means of the 
transmembrane pressure (TMP) and permeate flux (Gésan-Guiziou et al., 1999). 
Furthermore, to enhance filtration performance, diafiltration (DF) is commonly 
used in dairy processing, which mainly involves washing out permeating com-
pounds with DF medium. Herein, the “retained” solution in microfiltration, e.g. 
cream and milk, is called retentate while the permeating fraction is called “per-
meate”. 

In the traditional buttermaking process, cream is churned into butter upon 
which the side stream, buttermilk, is separated from the solid fraction of butter. 
The volume of the buttermilk side stream is roughly half of the initial volume of 
the cream used for buttermaking. The composition of the buttermilk resembles 
that of skimmed milk, comprised of small traces of fat, protein, lactose and milk 
minerals. Moreover, the cream churning process disrupts the milk fat globules, 
and the resulting MFGM fragments are released into the aqueous phase of but-
termilk. Therefore, buttermilk that is rich in functional constituents from 
MFGM is of great relevance to industry and consumers. Despite the numerous 
attempts to fractionate and concentrate MFGM fragments from buttermilk 
(Corredig et al., 2003; Rombaut et al., 2006; Fauquant et al., 2014), isolation of 
such components is challenging because of the complexes they form and the size 
similarity with proteins (Dewettinck et al., 2008). 

We propose a new method, ideal butter, for producing MFGM material with-
out the aid of chemicals and avoiding side streams. In particular, raw bovine 
cream is microfiltered prior to buttermaking to separate proteins and milk fat 
globules (Figure 1 and 4). Then, the microfiltered cream is churned according 
to the normal butter making procedure and MFGM is released from the fat glob-
ule surface into the resultant (ideal) buttermilk. The ideal buttermilk may con-
tain MFGM without other milk components, such as proteins, allowing it to be 
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utilized without the need for further purification steps. The ideal butter process 
provides a scalable method for MFGM isolation for the dairy industry where 
membrane filtration techniques are already adopted. 

To conclude, the objectives of the present study included the examination of 
microfiltration of fat-containing dairy fluids, such as whole milk and cream, for 
its potential in MFGM isolation. Moreover, the filtration process was incorpo-
rated in conventional butter making process to convert the current buttermilk 
side stream into a functional one, rich in MFGM. The open questions considered 
in this thesis included:  

 
1. Is microfiltration suitable for the separation of fat globules from other 

dairy constituents? 
2. How does the filtration process and permeation of proteins affect the 

colloidal stability of milk? 
3. Can the filtered cream be churned into butter? Does the absence of 

proteins affect the phase inversion process? 
4. How much of the original MFGM can be recovered in cream? Is there 

a difference between microfiltration and centrifugal separation meth-
ods?  

5. What is the functionality of MFGM-rich ideal buttermilk, and could it 
be used as a natural emulsifier in dairy emulsions? 
 

Question 1 is covered in Publication 1, whereas Publication 2 aims to elu-
cidate Questions 1-3. Publication 3 examines Question 4 and also addresses 
Questions 2. Question 5 is considered in Publication 4.  

 
The hypotheses of this work include: 
 

a) The overall filtration performance depends on the nature (relative to 
their original condition) of the milk or cream in the feed. The interac-
tions between milk fat globules and proteins and their accumulation 
on the surface of the filtration membrane increases with heat treat-
ment. Increased shear decreases colloidal stability and filtration 
throughput due to desorption of MFGM, increased particle size and 
formation of free fat.  

b) MFGM is disrupted by the butter churning process, leading to phase 
inversion, from o/w to w/o. Loss of proteins decreases cream stability 
and facilitates the phase inversion due to a more limited competitive 
adsorption and stabilization of the interface. 

c) MFGM is expected to be surface active, even after its disruption into 
membrane fragments present in buttermilk. Such fraction can be de-
ployed in emulsions without the need of additional emulsifiers. 

 
The following section describes the experimental approaches adopted to ad-

dress these hypotheses.
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This section outlines the most important materials and experimental methods 
employed in this research work. After describing the materials, the most rele-
vant methods adopted in the publications are explained. Emphasis is given to 
the materials and methods that are most essential to the discussion and conclu-
sions of the thesis. 

3.1.1 Milk based components 

Milk and cream were collected from dairy plant (Valio Ltd., Riihimäki, Finland) 
and used as a raw material for filtrations. Raw bovine milk (fat 4.4%, protein 
3.5%, dry matter 13.4%, pH 6.8) was used in Publication 1, whereas cream (fat 
41 %, protein 2.0 %, dry matter 45%, pH 6.7) was adopted in rest of the publi-
cations. Moreover, raw and pasteurized (75 °C, 20 s) creams were compared in 
Publication 2, whereas only pasteurized cream was used in Publication 3. 
Raw cream was again applied for microfiltration in Publication 4 followed by 
pasteurization after separation to minimize the effect of heat treatment on fil-
tration performance.  
 
Non-pasteurized skim milk ultrafiltration permeate (SMUF) was collected from 
a dairy plant (Valio Ltd., Äänekoski, Finland) and used as a diafiltration media 
in Publication 1.  
 
Bovine casein (Sigma-Aldrich, Merck KGaA, Germany) was employed in model 
emulsion experiments in Publication 4.  

3.1.2 Other materials 

Ultrapure water and 50 mM saline were used as diafiltration media in Publi-
cation 1. Deionized water was used for diafiltration in Publication 2-4. 
 
Fluorescent stains were utilized for imaging in a confocal laser scanning micro-
scope (CLSM) in Publication 2 and 4. Nile red (Sigma-Aldrich, St. Louis, US), 
acridine orange (Sigma-Aldrich, St. Louis, US) and wheat germ agglutinin 
(WGA) Alexa fluor 488 conjugate (Thermo-Fisher Scientific, Eugene, OR, US) 
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were used for staining fat, protein and glycosylated components in the sample, 
respectively.  
 
Commercially available sunflower oil Lecithin (Unilec SF-DP, UAE) and sodium 
azide (Sigma-Aldrich, Merck KGaA, Germany) were used for the emulsion stud-
ies in Publication 4. All the chemicals used were of analytical grade.  

3.2.1 Microfiltration 

Two types of microfiltration units were adopted by the thesis. First, a benchtop 
system was employed in Publication 1 (Sartoflow Study, Sartorius Stedim Bi-
otech GmbH, Goettingen, Germany) equipped with single channel tubular ce-
ramic membrane (Membralox T1-70, Pall Corporation, Port Washington, NY) 
with 1.4 μm pore diameter and 0.005 m2 filtration surface area. Then, a uniform 
trans-membrane pressure (UTMP) filtration system (Tetra Alcross®, Tetra 
Pak, Denmark) equipped with multichannel tubular ceramic membrane (Mem-
bralox, Pall Corporation, France), 1.4 μm pore diameter and 0.24 m2 filtration 
surface area was used in Publication 2, 3 and 4. 

 
Before and after each filtration, the system was cleaned according to a three-
step washing procedure including base-acid-base steps at temperatures 75°C, 
50°C, 75°C, respectively. In particular, the temperature of the washing solution 
was raised accordingly, and the washing solution was added to the feed. After 
25 min, the permeate valve was opened and circulated to the feed for a total 
washing time of 40 min per cycle, followed by flushing with water after each 
washing cycle. Pure water flux was determined at the end of each washing pro-
cedure by circulating the retentate and permeate to the feed using a feed pump 
(Fig. 4) and recording the pressure values upon standardized flow conditions. 
Finally, the water was displaced with 50°C deionized water or other diafiltration 
solution to eliminate contamination with tap water. 
 
A constant-volume type diafiltration was adopted for raw milk microfiltration 
by diafiltrating the milk with saline, water or SMUF as the permeate was col-
lected so that the net amount of feed remained constant (Publication 1). The 
amount of diafiltration was allowed to reach 200% of feed weight before ending 
the process. TMP and permeate flux was constantly measured for further anal-
ysis.  
 
Water was used as a diafiltration media for cream microfiltration. First, a stage-
wise diafiltration procedure was adopted in Publication 2 by diluting the 
cream with 50% of water of the feed weight and concentrating the cream to its 
initial volume. Overall, four cycles were completed, starting with dilution and 
ending with concentration. Hence, 50%, 100%, 150% and 200% diafiltration 
points were obtained for sample withdraw. Two different TMPs, 0.4 bar and 0.6 
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bar, were used in the experiment and kept constant upon processing. A stage-
wise three cycle diafiltration was adopted in Publication 3 in ratio 1:10 for 
each cycle. The filtration was operated at 0.6 bar TMP. Finally, to produce 
MFGM material, unpasteurized cream was diafiltered 1:10 with water followed 
with pasteurization at 75°C (Publication 4). The different diafiltration meth-
ods applied are summarized in table 1. 

 
Table 1. Outline of the diafiltration (DF) methods operated in the thesis.  

Publication 1 2 3 4 
Feed Raw milk Raw and pas-

teurized cream 
Pasteurized 
cream 

Raw cream 

Type of DF Continuous Stagewise Stagewise in 
cycles 

Continuous 

DF % of feed 
weight 

200 200 3 x 900  
= 2700 

900 

 
The cross-flow velocity was adjusted >5 m/s and the average flux was calculated 
as flow per total membrane surface area. The filtration temperature was kept 
50-55°C in all of the experiments and three replicates were performed for each 
filtration. After the treatments, creams were stored 5-8°C for further processing 
or analysis.  

3.2.2 Centrifugal separation  

The magnitude of MFGM rupture under influence of microfiltration processing 
and shear was compared to that of traditional centrifugal separation. Centrifu-
gal separation was implemented in three washing cycles similar to that of mi-
crofiltration in Publication 3. In particular, bovine cream was diluted 1:10 
with water and separated (~200 L/h) into skim and cream fractions using a disk 
stack centrifugal separator (Frau CN2S, Italy) equipped with 51 disks (55 x 51 
mm, 52°). The washing-separation process was repeated three times, and sam-
ples were collected after each cycle. The temperature was kept 50-55°C upon the 
whole process and the experiments were conducted in triplicate.   

3.2.3 Butter making  

Cream and filtered cream were churned into butter to evaluate the effect of pro-
tein content on butter formation (Publication 2). A precise time-temperature 
ripening process was performed to allow partial crystallization of the fat before 
churning. In particular, creams were heated to 19°C in a temperature-controlled 
water bath (Incubator PT 1000, Aerne analytic, Germany) for two hours, fol-
lowed by cooling to churning temperature of 12 °C. Creams were churned (ELBA 
30, Elecrem, France) into butter immediately after the crystallization process. 
The phase inversion and formation of butter granules were visually controlled 
through a transparent window on the churn. After churning, buttermilk was 
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drained out and the granules were worked into butter. Churning time, temper-
ature, buttermilk and butter amount were recorded, and samples were taken 
from each fraction. Three replicates were performed for each experiment.  
 
MFGM material in Publication 4 was produced by churning of the microfil-
tered cream followed by freeze drying (Alpha 1-4 LDplus, Martin Christ Ge-
friertrocknungsanlagen GmbH, Germany) of the resulting buttermilk.  

3.2.4 Emulsion preparation 

Model food emulsions were formulated with 2% (w/v) MFGM-rich ideal butter-
milk powder and 10% sunflower oil (Publication 4). The emulsions were sup-
plemented with casein (0.1%) and/or calcium (30 mM). The pH of the water 
phase was adjusted to 5.8, 6.8 or 7.8 and 0.05% sodium azide was added to pre-
vent microbial spoilage. Finally, the emulsions were sonicated (5x20 s, 40%, Ul-
trasonic Sonifier S-450, Branson Ultrasonics Corporation, USA) on ice bath. 
The headspace of the emulsion vials was flushed with nitrogen gas and left for 
storage at ambient temperature, protected from light. Three replicates were per-
formed for each center point (pH 6.8). 

3.2.5 Analysis 

Particle sizing and Zeta Potential 
 
The particle size distribution of the samples was determined by a light scattering 
method using a Mastersizer 2000 (Malvern Instruments, Malvern, UK) accord-
ing to (Ye et al., 2011). A refractive index of 1.458 and 1.473 was adopted for milk 
fat (Publication 1, 2 and 3) and sunflower oil (Publication 4), respectively. 
The measurements were performed after dilution in water.  
 
The zeta potential of the milk fat globules was measured by using a dynamic 
light scattering instrument (Zetasizer, Nano series ZS90, Malvern Instruments) 
according to (Michalski et al., 2001). Samples were diluted in water (Publica-
tion 1) or saline (Publication 3) and measured in a Malvern Dip Cell.  
 
Three readings were made from each individual sample and the measurements 
were run in triplicate.   

Composition  
 
Dry matter content was analysed gravimetrically by drying the samples over-
night at 105 ° (Le et al., 2011). Total fat content was analysed according to the 
extraction method of Röse-Gottlieb (ISO 1211, IDF 1:2010). The Kjeldahl 
method was used to determine the total nitrogen and a conversion factor 6.38 
was adopted to calculate the protein content in the sample, according to the 
standards (ISO 8968-1:2014, IDF 20-1:2014). Alternatively, the protein content 
was obtained spectrophotometrically using the Bradford dye-binding method 
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(Protein Assay, Bio-Rad Laboratories Inc., Hercules, CA) with standard protein 
curve of skim milk powder (Publication 1).  
 
Protein identification was performed by gel electrophoresis (SDS-PAGE). Thin 
layer chromatography (TLC) and gas chromatography were adopted to separate 
lipid classes and analyse their concentration, respectively (Publication 3). 

Microstructural analysis 
 
Confocal laser scanning microscopy, CLSM (Leica TCS SP2, Leica Microsys-
tems, Germany) was adopted to estimate the process-induced changes on the 
fat globules (Publication 2). Samples were dual stained with Nile red (0.05% 
in acetone) and acridine orange (0.5% in deionized water) to evaluate the inter-
actions with fat globules and proteins, according to Gallier et al. (2010)  and 
Garcia et al. (2014). Briefly, the samples were diluted to 1:10 in phosphate-buff-
ered saline, PBS. Then, 10 μL of Nile red and acridine orange was added per 1 
ml of sample with a staining time of at least 20 min (protected from light). Then, 
the sample was mixed (50:50) with 0.5% agarose (Top Vision LM, Thermo-
Fisher Scientific, Spain) and approximately 10 μL of the mix was pipetted on 
microscopy glass. Finally, a cover glass was sealed to inhibit drying and the 
sealed sample was allowed to set in dark for 20 min prior to imaging. Compara-
ble staining procedure was adopted for staining fat and glycoproteins, except 
WGA (50 μl, 1 mg/ml in PBS) was applied instead of protein dye according to 
Lopez et al. (2010). Argon laser excited the samples at 488 nm and emission 
wavelengths were collected between 550–650 nm, 515–530 nm and 493–540 
nm for Nile red, acridine orange and WGA, respectively. A 63X oil-immersion 
lens (Leica, Germany) was used for objecting the samples. Dual-stain images 
were produced by merging two individual images from different channels.  

The microstructure of emulsions was assessed with CLSM (Publication 
4) by staining the oil droplets with Nile Red according to the staining procedure 
described above. At least 10 individual images were collected for each sample.  
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This section highlights the most important results of the thesis and their rele-
vance. First, the role of different factors on milk and cream microfiltration per-
formance is reported. Secondly, a description of the process-induced changes 
on the milk fat globules is provided. Moreover, the effects of microfiltration and 
centrifugal separation on MFGM are discussed. Then, the functional properties 
of MFGM are evaluated based on its emulsifying properties. Finally, a discus-
sion of the ideal butter process and the outcome of the thesis is presented. A 
detailed presentation of each of the components of the thesis is provided in Pub-
lications 1-4.  

4.1.1 Diafiltration media 

The effect of diafiltration with water, skim milk ultrafiltration permeate (SMUF) 
and saline (50 mM) on permeate flux was examined upon raw milk microfiltra-
tion (Publication 1). The permeate flux obtained at the beginning of the filtra-
tion remained at the same level with saline and water. In contrast, it decreased 
with time when SMUF was used (Fig. 5). The decreased flux in SMUF diafiltra-
tion was associated with the higher dry matter content and viscosity – both crit-
ical parameters in microfiltration. Moreover, the dilute concentration of the sa-
line prevented the reduction of the flux, previously attributed to saline diafiltra-
tion (Jimenez-Lopez et al., 2011; Carpintero-Tepole et al., 2014). High concen-
trations of saline may dissociate the casein micelles, which increases milk vis-
cosity and affects the filtration performance.  

The differences in filtration performance can be explained by the change in 
ionic equilibrium. The ionic strength of milk was reduced with water and low 
concentration saline diafiltration. As a consequence, the fat globules and caseins 
were subjected to increased repulsive forces (Liu and Guo, 2008; Carpintero-
tepole et al., 2014). Increased electrostatic repulsion most likely limited packing 
of the concentration polarization layer and inhibited fouling on the filtration 
membrane. Hence, the concentration polarization layer was looser if particles 
were adsorbed under electrostatic repulsion forces. Overall, water was sug-
gested as diafiltration media for further studies, as previously proposed for the 
washing of milk fat globules upon centrifugal separation (Le et al., 2009; Kathri-
arachchi et al., 2014).  
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Figure 5. Permeate flux for unpasteurized and pasteurized milk and cream upon 
microfiltration processing time. Diafiltration (DF) with water was adopted in all ex-
periments, except when skim milk ultrafiltration permeate (SMUF) or 50 mM saline 
was used for diafiltering milk. Diafiltration was performed with amount of 200% of 
the feed volume unless indicated otherwise (900% or 3 x 900%). TMP = transmem-
brane pressure in bars.  
 

The permeate flux decreased with increasing filtration time and cycles, as ex-
plained by concentration polarization. Moreover, concentration of the feed in-
creased at the end of each filtration cycle, thus decreasing permeate flux (Fig. 
5). The highest permeate flux for cream microfiltration was recorded when high 
amounts of diafiltration water were used. Evidently, dilution of cream with wa-
ter decreased concentration and increased permeate flux. 

Microfiltration at a transmembrane pressure <1 bar is advisable to avoid com-
pression of the deposit layer (Gesan-Guiziou et al., 1999). However, profound 
differences in permeate fluxes were observed between a TMP of 0.4 and 0.6 bar 
(Publication 2). Moreover, filtration with lower TMP increased the filtration 
time significantly by lowering the permeate flux (Fig. 5). Filtration with lower 
TMP was attributed to the formation of a concentration polarization layer and 
reversed flow (hysteresis), whereas the higher TMP (0.6 bar) increased filtration 
throughput without the compression expected at pressures above 1 bar. 

4.1.2 Heat treatment 

Raw and pasteurized (75°C, 20 s) creams were used for microfiltration to eval-
uate the effect of heat treatment on filtration performance (Publication 2). 
Pasteurized cream was found to reduce the permeate flux, which affected the 
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overall processing time and, subsequently, exposure to shear (Fig. 5). Moreover, 
the permeate flux was found to decrease already at the beginning of the filtra-
tion, suggesting that the relatively mild pasteurization modified the milk fat 
globule surface by protein adsorption.  

Heat treatment is known to cause protein conformational changes and in-
creased hydrophobicity (Qi et al., 1997, Kelly and Zydney, 1994). Moreover, 
heating cream may result in aggregation and in the decline of filtration flux. 
Hence, it was expected that adsorption of proteins not only enlarged the size of 
the fat globules but also made them more hydrophobic, thus facilitating the con-
centration polarization on the filtration membrane. Point of notice is that the 
relatively low pasteurization temperature was likely insufficient to denature the 
whey proteins (Laiho et al., 2015). However, minor changes in the proportion of 
inert (native) to interactive (denatured) whey proteins, and their attachment to 
casein micelles, may have an influence on deposition layer formation and vis-
cosity. In addition, some of the MFGM proteins are known to denature at tem-
peratures above 60 °C (Sharma et al., 2015). Previously, the hydrophobicity of 
MFGM was reported to increase by protein adsorption (Haddadian et al., 2017). 
Therefore, the hydrophobicity of unpasteurized cream was likely lower com-
pared to that of pasteurized cream, which facilitated filtration performance and 
protein permeation. The mechanism of protein association on the surface of fat 
globule was attributed to a combination of association types. In particular, pro-
tein adsorption may result from protein-protein interactions with MFGM pro-
teins. Furthermore, the attractive interactions between polar lipid head groups 
and charged protein amino acids may promote protein-lipid interaction. Like-
wise, van der Waals forces and steric effects may take place at the interface and 
hydrophobic effects may result from the hydrophobic domains of the proteins 
and phospholipids. 

4.1.3 pH 

Diafiltration with water was found to affect cream and milk pH by increasing it 
from about 6.7 to 7.2 (Publication 1 and 2). Moreover, the pH of cream was 
found to fluctuate upon microfiltration (Publication 2). In particular, the pH 
temporarily decreased when water was added in the stage-wise diafiltration pro-
cedure, whereas it increased gradually upon the concentration phase (Fig. 6). 
The pH of the deionized water adopted in the filtration was 6.1. Therefore, the 
decrease in pH immediately after increasing water addition was attributed to 
the lower pH of water and dilution of the pH-affecting components. The in-
crease in pH was explained by permeation of proteins and soluble minerals, as 
well as dissolution of colloidal calcium phosphate (Gonzalez-Jordan et al., 
2015). More specifically, a decrease in protein and mineral concentration upon 
diafiltration reduced the buffering capacity, which would otherwise inhibit fluc-
tuations in pH. Furthermore, a decrease in ionic strength favoured dissolution 
of colloidal calcium phosphate to balance the salt equilibrium. Overall, loss of 
buffering capacity and increase in soluble phosphates gave rise to cream pH 
upon each diafiltration stage. Previous studies support such interpretation of 
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dissociation of colloidal phosphates in milk and increase in pH upon diafiltra-
tion with water (Alexander et al., 2011). 

The natural adjustment of cream pH upon microfiltration affected the filtra-
tion performance. Increased cream pH was observed to enhance permeate flux, 
thus decreased filtration time (Publication 2). In contrast, a decrease in pH 
reduced permeate flux, explained by fouling of the filtration membrane. Inter-
estingly, the delayed permeate flux was restored and the membrane fouling 
layer diminished if the filtration pH was raised from 6.5 to 7.1 by addition of 
NaOH. Such phenomenon indicates a substantial impact of electrostatic inter-
actions on cream microfiltration performance: higher pH values increase colloi-
dal repulsion and reduce aggregation. Previous observations support our find-
ings (Jimenez-Lopez et al., 2011). Moreover, casein micelle deposition was re-
ported to decrease under low ionic strength conditions upon skim milk micro-
filtration (Jimenez-Lopez et al., 2011) and higher pH was found to reduce flux 
decline upon bovine serum albumin microfiltration (Kelly and Zydney, 1994). 
 

 
Figure 6: Fluctuation in temporal permeate flux upon cream microfiltration as af-
fected by pH and addition of diafiltration water (indicated with water droplet icons).  

4.1.4 Protein permeation 

Besides permeate flux, the filtration performance was evaluated in terms of pro-
tein permeation: the higher the protein permeation, the more effective the sep-
aration efficiency and the higher the MFGM purity in buttermilk. Moreover, 
permeate flux correlated strongly with protein permeation and the highest pro-
tein mass flow was achieved with the highest permeate flux (Publication 2).  

As for permeate flux, heat treatment of cream was found to lower protein per-
meation, explained by adsorption of proteins on the surface of fat globules and 
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aggregation (section 4.1.2). Moreover, the highest protein permeation was 
achieved when unpasteurized cream or milk was used as a raw material for fil-
tration (Fig. 7).  

The permeation of proteins between diafiltration stages was most effective 
upon the first dilution-concentration stage, followed by a gradual decline upon 
the following stages. Theoretically, the maximum separation of cream serum 
proteins is 98-99% (since MFGM-proteins comprise 1-2% of milk proteins (Juk-
kola and Rojas, 2017)), whereas 93% protein separation was achieved in the ex-
periments in the thesis (Publication 3). Hence, it can be argued if the maxi-
mum separation efficiency is achievable with microfiltration or other separa-
tion-based method. Moreover, the protein permeation upon diafiltration 
showed a gradual decrease in the diafiltration stages, indicating that addition of 
more diafiltration steps would not result in a higher permeation (Publication 
1 and 2). The protein separation remained incomplete despite the extensive di-
afiltration used (Fig. 7).  In addition, increasing the amount of diafiltration so-
lution is not economically nor ecologically meaningful. Especially when the fil-
tration performance is evaluated based on the volume of diafiltration solution 
needed per unit mass of separated protein. Furthermore, increasing the diafil-
tration stages and processing time enhance MFGM disintegration, thus de-
crease MFGM yield (Publication 3). Hence, it is advisable to optimize the mi-
crofiltration process in terms of diafiltration volume and type of addition as well 
as MFGM purity and yield.  

Lower concentration of the milk increased filtration performance in terms of 
protein separation, compared to that of cream. Moreover, approximately 7 
times more diafiltration water was used for cream in order to achieve a protein 
permeation similar to that of milk (Fig. 7). Hence, concentration of the feed 
plays a significant role in protein permeation. The type of diafiltration adopted 
for milk and cream filtrations vary (continuous or stagewise) and different fil-
tration rigs are often employed for milk processing. Therefore, the results for 
protein permeation undermine a rigorous comparison. However, it is well 
known that both concentration and diafiltration contribute significantly to fil-
tration performance (Fouladitajar et al., 2015). Furthermore, the dilution of the 
feed affected the efficiency of the protein permeation. In particular, only 47% 
protein permeation was achieved in raw cream microfiltration when the cream 
was diluted with a diafiltration volume of 200% of the feed volume at the begin-
ning of the filtration (Publication 4, Fig. 7). In contrast, 78% permeation was 
achieved when the same amount of diafiltration (200%) was operated in smaller 
sections (50% each). Compared to the filtration surface area, a high dilution de-
creases the efficiency of protein permeation by increasing the filtration volume. 
Hence, the permeating compounds are less likely to encounter the filtration 
pores and permeate through them. Overall, it is advisable to limit any extensive 
dilution, within the limits of the concentration effect to flux, to allow effective 
protein permeation. The efficiency of the microfiltration in terms of protein per-
meation and diafiltration volume remains as a subject for optimization.  

 



20 

 
Figure 7. Ratio of protein permeation (mass in permeate/total mass) upon milk and 
cream microfiltration as influenced by the type (continuous or stagewise) and amount 
of diafiltration used (%) compared to the feed volume.

4.2.1 Particle size 

The measured particle size distribution of the feed followed that reported for 
milk and cream (Yao et al., 2016, Michalski et al., 2001). Moreover, the size of 
the fat globules varied between ~1-15 μm and a smaller fraction of casein mi-
celles was prominent around ~0.1 μm. Microfiltration with 1.4 μm membrane 
cut-off is therefore expected to remove particles with mean sizes below 1.4 μm, 
comprising up to 30% of the number of fat globules in milk (Kessler, 2002).  

As expected, heat treatment was determined to increase the mean particle size 
of cream due to protein association (Fig. 8). In addition, diafiltration solution 
affected the shielding effect via particle repulsion (section 4.1.1). The shielding 
was strong when water was used for diafiltration, thus protecting the fat glob-
ules from coalescence. Furthermore, SMUF decreased the apparent particle 
charge due to high counterion concentration, which screened repulsive forces 
and caused the fat globules to coalesce. Similar observation was previously re-
ported in washing fat globules by centrifugal separation (Holzmüller et al., 
2016). Moreover, loss of small fat globules upon microfiltration is expected to 
increase the mean particle size. However, longer processing of cream generally 
decreased its mean particle size: the longer the microfiltration processing time, 
the more markedly the reduction in mean particle size (Fig. 8). The decrease in 
size was attributed to shearing or deflocculation of the milk fat globules under 
the increased shear field and flow conditions (Publication 3).  

The process-induced size reduction was partly inhibited when high amounts 
of diafiltration solution were employed. In particular, diafiltration with 200% 
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water volume resulted 5-6 h processing time in cream microfiltration and ~1 μm 
reduction in fat globule size (Publication 2). However, when more than 10 x 
(2700%) diafiltration water was adopted, under a similar processing time, the 
size of the fat globules was reduced only by 0.3 μm (Publication 3). The higher 
dilution of the cream was expected to increase the separation distance between 
surface-active material (proteins) and the fat globules. Therefore, the interac-
tion of the proteins and fat globules upon shearing was not fast enough to allow 
stabilization at the interface, hence restricting the size reduction.  

Previously, microfiltration was reported to cause less damage to milk fat glob-
ules compared to that of other separation methods, such as centrifugal separa-
tion (Brans et al., 2004). However, microfiltration was shown to reduce milk fat 
globule particle size with increasing processing time (Publication 2). There-
fore, to elucidate the difference of these processes, microfiltration and centrifu-
gal separation were compared in terms of protein separation; in addition, their 
effect on milk fat globule size was examined in Publication 3. Despite their 
similar performance in protein separation, a drastic difference in milk fat glob-
ule particle size was observed. Interestingly, centrifugal separation increased 
the mean particle size, whereas microfiltration resulted in the opposite effect 
(Fig. 8). This observation was attributed to the different flow mechanisms. 
Moreover, the estimated energy dissipation rate for microfiltration and centrif-
ugal separation was ~1200 W/kg and, and ~60 W/kg, whereas the turbulent 
eddy sizes were~6 μm and ~13 μm, respectively (Publication 3). Hence, the 
flow conditions in centrifugal separation favoured aggregation and coalescence, 
whereas those of microfiltration induced deflocculation and shearing. 

 

 
Figure 8. Changes in the mean milk fat globule particle size upon processing. The 
effect of heat treatment (raw and heat), diafiltration (DF) with water and skim milk 
ultrafiltration permeate (SMUF), microfiltration (MF) or centrifugal separation (CS) 
process and diafiltration amount (high and low) is plotted versus processing time.  
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4.2.2 Zeta potential  

The surface charge of the milk fat globules was assessed by means of electro-
phoretic mobility and zeta potential measurements. The zeta potential of the fat 
globules decreased upon processing (Table 2), implying an increase in colloidal 
stability due to increased repulsion (Schramm, 2014). However, increase in neg-
ative zeta potential might indicate a damage of MFGM surface or incorporation 
of serum proteins (Michalski et al., 2002; Le et al., 2009). Furthermore, accu-
mulation of free fatty acids (FFA) on MFGM has been shown to decrease the 
zeta potential (Bourlieu et al., 2012). In addition, incorporation of air and wash-
ing have been shown to release MFGM components and lower the zeta potential 
(Le et al., 2009). 
 
Table 2. The effect of separation processes on milk fat globule surface charge as meas-
ured by the zeta potential (ς). Diafiltration (DF) with saline (50 mM), skim milk ultra-
filtration permeate (SMUF) and water was applied for microfiltration of milk, 
whereas water was used for washing cream upon microfiltration and centrifugal sep-
aration. Samples were collected in fractions with increasing processing as indicated 
by numerals.  

  Milk, ς (mV)   Cream, ς (mV) 

  Saline DF SMUF DF Water DF   
Microfilt-
ration 

Centrifugal 
separator 

Feed -29.9±1.4 -29.2±2.4 -27.6±3.0  -18.8±1.6 -18.8±1.6 
Fraction 1 -31.4±2.6 -31.3±2.2 -30.3±1.7  -22.8±1.7 -22.0±0.5 
Fraction 2 -33.4±1.7 -31.0±2.1 -29.8±3.3  -23.9±1.7 -24.1±1.6 
Fraction 3 -33.6±3.1 -33.5±2.4 -31.2±2.4  -22.8±1.7 -27.3±1.0 
Fraction 4 -36.4±2.8 -33.9±1.4 -31.5±1.9       

 
Diafiltration with different solutions was found to affect the zeta potential of 

the milk fat globules, Publication 1. In particular, the decrease in zeta poten-
tial was strongest in diafiltration with saline, followed by SMUF and water, re-
spectively (Table 2). The difference was explained by ionic strength of the dia-
filtration solutions. In particular, SMUF retains the ionic equilibrium and min-
eral composition of milk with 6.75 g/L salt concentration (Le et al., 2009), 
whereas saline comprised only 2.92 g/L NaCl. Therefore, the increase in nega-
tive zeta potential in SMUF diafiltration resulted from changes on the MFGM 
surface, such as partitioning of MFGM components or incorporation of FFA 
from free fat. Instead, the decrease of zeta potential in saline diafiltration was 
attributed to the changes in ionic balance of milk. In particular, lower salt con-
centration and addition of NaCl promoted calcium binding to chloride, which 
increased the amount of soluble phosphate and lowered of the zeta potential. 
Diafiltration with water limited the colloidal damage due to enhanced electro-
static double layer and fat globule repulsion, as no counter-ions were involved. 
Instead, the increase in negative zeta potential was attributed to the slow disso-
lution of colloidal phosphates. Overall, water was suggested for diafiltration to 
avoid fat globule coalescence and losses in MFGM material. 
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The process-induced MFGM damages were estimated based on changes in 
zeta potential upon microfiltration and centrifugal separation (Publication 3). 
The zeta potential was found to decrease under both processes. However, the 
decrease was more pronounced in centrifugal separation compared to that of 
microfiltration, which reached a plateau after the first washing cycle (Table 2). 
Therefore, it was expected that the decrease in zeta potential upon microfiltra-
tion was caused by the decrease in mineral composition, which made the fat 
globules more negatively charged. Upon microfiltration, the zeta potential did 
not decrease in further washing cycles, since all the minerals were permeated. 
In contrast, the zeta potential continued to decrease upon centrifugal separa-
tion, implying changes in MFGM structure and possible losses of MFGM com-
ponents or formation of FFA upon fat globule damage. 

The challenges related to MFGM damage evaluation from zeta potential evo-
lution has been noted because of its non-linear relationship with the surface 
coverage and partitioning of MFGM components (Evers, 2004). Hence, a de-
crease in zeta potential does not necessarily indicate increased repulsion, as 
shown in this study. Therefore, estimation of the changes occurring in MFGM 
is further discussed in the following sections.  

As discussed previously, the reduction in particle size and zeta potential can be 
taken as indicative of the disruption of native milk fat globules and changes in 
MFGM. Such changes and their effect on MFGM functionality were further as-
sessed by microstructural evaluation, compositional and surface activity analy-
sis and emulsification experiments. 

4.3.1 Microstructural observations 

Confocal laser scanning microscopy (CLSM) revealed microstructural changes 
in the milk fat globules upon processing (Publication 2). Moreover, the CLSM 
images confirmed a decrease in milk fat globule particle size with increasing fil-
tration processing time (Fig. 9), as was also observed by the particle size meas-
urements (4.2.1). A long processing time was proposed to cause fat globule rup-
ture, due to increased shear exposure, whereas only limited decrease in size was 
noticed with shorter processing time. 

The expected release of MFGM material was evaluated by studying WGA-la-
belled glycosylated components in fat globule membranes. Figure 9 reveals that 
a significant quantity of MFGM material remained in the fat globules after the 
filtration process. Most likely, diafiltration with water protected the fat globules 
from rupture and evident losses of MFGM material due to increased repulsion. 
Nevertheless, it is likely that water diafiltration releases some membrane com-
ponents due to its solubilizing effect and associated interactions. Moreover, the 
triple-layer structure of MFGM might pose challenges in the observation of sur-
face component desorption by exposing glycosylated components from the in-
ner layers upon desorption phenomena. Hence, any changes in the molecular 
scale cannot be assessed appropriately.  
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The relatively mild pasteurization treatment was confirmed to induce protein 
adsorption on the surface of fat globules (Fig. 9B). Pasteurization at 55-60°C is 
known to cause protein adsorption on the surface of fat globule (Sharma et al., 
2015; Houlihan et al., 1992; Singh, 2006). However, the protein interaction was 
no longer apparent after microfiltration, due to several possible factors: i) most 
of the proteins permeated upon processing, and ii) low protein concentration 
and lack of sensitivity of the CLSM limited the assessment. Furthermore, iii) 
MFGM might comprise limited available binding sites for protein association 
(Ye et al., 2004). If such bindings sites are occupied or released upon processing, 
no further association occurs. Overall, the microstructural estimation indicates 
that changes in MFGM structure can be minimized if unpasteurized cream is 
used for filtration and the process is operated under optimal efficiency in terms 
of processing time. Further methods are needed to estimate the extent of MFGM 
damage. 

 

 
Figure 9. Confocal laser scanning microscopy images of (A) raw cream (B) pasteur-
ized cream, microfiltered cream with (C) short processing time and (D) long pro-
cessing time. Fat droplets stained with Nile red (red), proteins with acridine orange 
(green) and glycosylated compounds with WGA (cyan).  
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4.3.2 Partitioning of MFGM components 

Both protein and polar lipid fraction in MFGM were analysed to evaluate the 
process-induced changes in MFGM composition. Proteins were analysed by 
electrophoresis to compare the relative amount of MFGM proteins and serum 
proteins and to determine the partitioning of membrane-associated proteins 
upon processing (Publication 3 and 4).  

Figure 10 shows an increase in the intensity of the bands for high-molecular-
weight proteins, indicating that MFGM proteins were concentrated upon pro-
cessing, not released. Previously, centrifugal separation was reported to release 
MFGM proteins, such as XO, due to coalescence upon washing (Holzmüller et 
al., 2016). However, results obtained here suggest that the cream protein frac-
tion became concentrated with high-molecular-weight MFGM proteins, such as 
XO, Muc1, BTN, adipophilin and PAS6/7. As expected, the intensity of casein 
decreased when unpasteurized cream was used as raw material instead of pas-
teurized cream (Publication 4), due to incorporation of serum proteins on 
MFGM upon pasteurization (Hansen et al., 2018).  

 

Figure 10. SDS-PAGE protein profiling of (A) processed creams from microfiltration 
(MF) and centrifugal separation (C) upon 1-3 washing cycles, and of (B) milk fat glob-
ule membrane (MFGM) material derived from buttermilk. The protein concentration 
of each lane was ~10 µg. Numerals in (A) indicate the relative intensity of the bands. 
Std = molecular weight standard, Rf = reference cream, Muc1 = mucin 1, XO = xan-
thine oxidase, LP = lactoperoxidase, LF = lactoferrin, BTN = butyrophilin, Adipo. = 
adipophilin, PAS6/7 = periodic acid and shiff 6/7, CNs = caseins, β-Lg = betalactoglo-
bulin, PP3 = proteose peptone 3, a-La = α-lactalbumin. 
 

The mass balance of polar lipids was conducted to quantify the loss in MFGM 
material. Figure 11 shows the partitioning of polar lipids from cream to perme-
ate and skim fractions after microfiltration and centrifugal separation, respec-
tively. Moreover, the loss of polar lipid mass was strongest upon the first wash-
ing cycle, indicating losses of the smallest fat globules, which comprise relatively 
large surface area and thus high amount of polar lipid (Rombaut et al., 2006). 
In particular, small fat globules, with diameter <1 μm, comprise ~25% of total 
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fat globules in milk, and, among them, up to half of the original milk polar lipids 
may permeate (Kessler, 2002). Overall, the decrease in polar lipid mass after 
three washing cycles was found higher for centrifugal separation compared to 
that of microfiltration (Fig. 11). 

 

 
Figure 11. Polar lipid mass balance for cream (A) microfiltration and (B) centrifu-
gal separation and their respective relative amounts of polar lipids from fat in per-
meate and skim fraction. Percentages correspond to permeation of polar lipids after 
1, 2 and 3 washing cycles and in cumulative total.  

 
The ratio of polar lipid-to-fat was calculated to determine if the polar lipids 

permeated among intact fat globules, as damaged fragments or individual mol-
ecules. After the first washing cycle of microfiltration and centrifugal separa-
tion, 7% and 6% of the permeated fat comprised polar lipids, respectively. Such, 
ratio was expected to result from partitioning of the smallest, intact fat globules 
(Publication 3). The ratio of polar lipid to fat decreased with increasing wash-
ing cycles upon microfiltration due to decrease in small fat globule permeation 
and potential release of polar lipid material from MFGM (Fig. 11). In contrast, 
the ratio remained unchanged at the end of the washing cycle upon centrifugal 
separation, implying that more polar lipids may have been disintegrated upon 
processing. Previously, centrifugal separation was noted to release polar lipid 
material from cream (Zheng et al., 2014). Overall, it can be expected that both 
processes caused desorption of MFGM polar lipid material. 

The loss of polar lipids is expected to shift the original ratio of individual polar 
lipids in MFGM. In previous reports, centrifugation was reported to release 
loosely attached polar lipids, such as PE and PC, whereas SM was reported to 
bear higher resistance to rupture (Zheng et al., 2014; Cheng et al., 2017). Hence, 
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a thorough analysis of the molecular composition of individual polar lipids 
within different fractions remains a subject for further development.  

4.3.3 Surface activity and emulsifying properties 

Dynamic surface tension measurements indicated that the MFGM material de-
rived from ideal buttermilk was surface active (Publication 4). Moreover, 
MFGM lowered the surface tension to approximately the same value (55 mN/m) 
as commercial phospholipid emulsifiers (lecithin) at equilibrium. The results 
indicated a potential of MFGM material in the formulation of emulsions. 

The emulsifying properties of MFGM were examined in model food emulsions 
in the presence or absence of casein and calcium. The emulsions produced with 
MFGM by low shear sonication resulted in mean droplet size of 1.2 μm. The 
droplets were possibly formed differently and destabilized at pH<6 due to de-
creased repulsive surface charge. The stability increased at higher pH or in the 
presence of casein (Fig. 12). The stabilizing effect of casein was partly antici-
pated since proteins and phospholipids have been reported to have synergistic 
effects on emulsion behaviour (McClements and Jafari, 2018; Xue et al., 2014). 
However, compared to that of pure phospholipid emulsifier, lecithin, for MFGM 
the effect of casein on emulsion stability was limited. Moreover, the interaction 
of casein was more pronounced with lecithin where lipids display less repulsion 
and their phase state is expected to be more favourable for interaction compared 
to that of MFGM (Obeid et al., 2019). Overall, the interaction between casein 
and MFGM was anticipated to be limited and very specific (Lopez et al., 2010).  

MFGM-based emulsions were destabilized by addition of calcium, due to de-
crease in electrostatic shielding and coalescence (Fig. 12). Interestingly, the neg-
ative effect of calcium was offset by casein when both were added together. 
Three possible explanations can explain these observations: Firstly, calcium in-
duced flocculation of the emulsion droplets in the presence of casein, thus in-
hibiting droplet coalescence and increased stability. Secondly, adsorption of cal-
cium-casein complexes on MFGM may have increased the surface coverage and 
steric repulsion of the emulsion droplets (Dickinson, 2010). Lastly, MFGM gly-
coproteins may have inhibited the calcium-induced protein flocculation due to 
their calcium binding ability and by blocking the calcium binding sites on casein 
molecules (McCarthy et al., 2014; Müller-Buschbaum et al., 2007; Ye et al., 
2012).  

The emulsion microstructure was evaluated based on CLSM images. Moreo-
ver, flocculation was apparent in lecithin-based emulsion when supplemented 
with calcium and casein, whereas it was indistinct in the MFGM emulsions. The 
calcium-induced protein flocculation has been reported and cannot be ignored 
(McCarthy et al., 2014; Ye and Singh, 2001). Hence, it was expected that the 
heterogeneity of MFGM interface allowed partial interaction with casein, thus 
causing limited flocculation.  
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Figure 12. (A) MFGM (ideal buttermilk) emulsion microstructure supplemented with 
(B) casein, (C) calcium or (D) both and their respective mean drop size diameter in (i) 
freshly prepared samples and (ii) after 7 days of storage. Stability of the emulsions is 
elucidated by the photo images after 4 months of storage.  

 
The stability of the MFGM-based emulsions, upon long-term storage, was 

found highest in the absence of calcium or calcium and casein, which led to 
emulsion clarification due to coalescence and flocculation (Fig. 12). Overall, 
MFGM was shown to be a potential natural and nutraceutical emulsifier, espe-
cially in dairy products where components such as casein and calcium play a 
significant role. However, further research is needed to estimate MFGM’s emul-
sifying ability and emulsion characteristics prepared by different emulsifying 
processes, e.g. high-pressure homogenization. 

The churning processes of microfiltered cream and unfiltered cream (tradi-
tional) were compared to evaluate the effect of microfiltration on buttermaking 
(Publication 2). The loss of proteins in microfiltered cream was expected to 
affect churning time (Smith et al., 2000). Moreover, the stability of milk was 
found to decrease upon microfiltration and protein permeation (Publication 
1). The decrease in stability was explained by the reduction of the viscosity of 
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the continuous phase, which according to Stoke’s law (Eq. 1) affects creaming 
(Kessler, 2002). The effect of proteins on stability, due to altered viscosity, was 
suggested previously (Sajedi et al., 2014). Therefore, any loss in cream protein 
could enhance the phase inversion upon churning.  

Interestingly, no significant difference was recorded between the churning 
times of cream and microfiltered cream (Table 3). This unexpected observation 
relates to the variation of churning temperature (11.9-12.7°C), which was found 
to correlate negatively with churning time. Previously, the size of milk fat glob-
ules was reported to affect milk crystallization behaviour and the small fat glob-
ules were reported to delay crystallization (Michalski et al., 2004). Hence, one 
could expect that the loss of the smallest fat globules upon microfiltration affect 
crystallization and churning. This subject remains to be elucidated for scale-up 
processing. 

 
Table 3. Comparison of traditional and ideal buttermaking process and their effect 
on butter and buttermilk composition. 

 Butter 
Ideal  
butter 

Butter-
milk  

Ideal 
Buttermilk 

Churning time, min 3.40±0.29 3.41±0.32 - - 
Yield, kg 4.28±0.34 4.23±+0.59 4.55±0.11 4.59±0.50 
Protein, % 0.60±0.03 0.21±0.02 3.28±0.10 0.68±0.10 
Dry matter, % 85.70±0.50 85.50±0.93 9.97±0.27 2.09±0.17 
 
Butter yield was unaffected by the permeation of proteins. In particular, cor-

responding values of butter and buttermilk were obtained from cream with or 
without microfiltration (Table 3). However, small differences in the fat compo-
sition took place, since loss of MFGM (and small fat globules) upon processing 
might decrease the amount of some nutraceutical components, such as CLA 
(Michalski et al., 2005). As expected, microfiltration of cream lowered the pro-
tein content, correspondingly in ideal butter and ideal buttermilk. The dry mat-
ter content in ideal buttermilk was much lower compared to that of buttermilk 
(Table 3).  

The dry matter of ideal buttermilk was expected to be enriched with MFGM 
fragments. Furthermore, the freeze-dried ideal buttermilk consisted of 73.5% 
fat, 16.5% protein and 1.08% ash. Most of the protein was expected to result 
from MFGM (based on the protein profiling, Fig. 10 B). In contrast, the fat frac-
tion was not expected to consist solely of MFGM polar lipids but also of triacyl-
glycerols from small intact fat globules and FFA present in buttermilk. 

Previously, it was argued that the quality of the MFGM depends on its source. 
In particular, butter serum was reported to contain more SM compared to but-
termilk, possibly resulting in different functional or nutraceutical properties 
(Bourlieu et al., 2018). In turn, buttermilk is usually considered as low-value 
side stream and exploitation of the MFGM from buttermilk would be economi-
cally beneficial. Moreover, ideal buttermilk offers a readily available source of 
MFGM, without the need for further separation processes.  

Overall, microfiltration may be considered a scalable method to integrate in 
butter making process, since it is already widely adopted by the dairy industry 
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for instance in processing cheese and whey (Heino et al., 2010). However, the 
quality of MFGM derived from different sources and their functionality remains 
a subject for elucidation. Furthermore, the ideal butter process should be opti-
mized with respect to the intended MFGM application and feasibility. 



31

Ideal butter, a novel process for enhancing MFGM exploitation from butter side 
streams, was developed and examined in this study. As a starting point, it was 
hypothesized that bovine cream can be microfiltered for separation of proteins 
and fat globules. Furthermore, the filtered cream can be churned to butter and 
the resulting buttermilk can be enriched with functional MFGM fragments, 
without need for further purification.  

Microfiltration was proven suitable for protein separation from milk and 
cream. However, the overall filtration performance was affected by the nature 
of the cream in the feed. In particular, heat treatment increased accumulation 
of serum protein on milk fat globules, hence decreasing their permeation upon 
filtration. Moreover, pasteurization increased the hydrophobicity of the cream 
and facilitated concentration polarization on the surface of the filtration mem-
brane.  

Cream stability decreased upon protein permeation. Furthermore, diafiltra-
tion with SMUF decreased colloidal repulsion and favoured coalescence. In con-
trast, pure water was found to increase electrostatic repulsion and limited par-
ticle deposition on the filtration membrane, due to a reduction in ionic strength. 
Therefore, water was suggested for diafiltration media for cream microfiltra-
tion. The quality of water is expected to affect the mineral balance of cream and 
overall performance of the filtration.  

Unexpectedly, the pH of the cream increased upon diafiltration with water 
(despite its relatively low pH). Such effect was explained by the reduction in the 
buffering capacity upon diafiltration and by the decreased ionic strength, fa-
vouring dissolution of colloidal calcium phosphate. Moreover, a higher pH en-
hanced filtration performance by increasing permeate flux. Such phenomenon 
indicates a considerable influence of electrostatic interactions on cream micro-
filtration performance. 

Microfiltration yielded 93% separation of cream proteins and the resultant 
protein fraction was enriched with MFGM proteins. Long processing time in-
creased shear exposure and loss of polar lipids (20%), explained by permeation 
of small fat globules and disruption of MFGM. Microfiltration can be considered 
beneficial compared to centrifugal separation in terms of reduced water con-
sumption. Unlike initially assumed, microfiltration induced higher energy dis-
sipation compared to that of centrifugal separation. Such conditions favour fat 
globule deflocculation and shearing whereas coalescence and flocculation were 
dominant in centrifugal separation.  
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Microfiltered creams were churned into butter. Equal amounts of butter and 
buttermilk were produced by the ideal butter process compared to that of tradi-
tional butter process. The loss of proteins in cream did not affect the phase in-
version, e.g., churning process. The ideal butter and buttermilk yielded signifi-
cantly lower protein content, most from the residual protein in MFGM. The de-
tailed mechanisms of the effect of protein on churning process needs to be ex-
amined under carefully optimized conditions. 

MFGM-rich ideal buttermilk powder was found to be surface active and capa-
ble of forming food emulsions by low sonication method. Such material is of 
interest in formulating nutraceutical food emulsions, including infant formulas. 
A detailed information of MFGM mass balance upon ideal butter process and 
its quality in different fractions (butterserum or buttermilk) are topics for fur-
ther consideration. Overall, the ideal butter method developed in this study 
brings value to dairy processing through novel and scalable cream fractionation 
method, side stream valorisation, and exploitation of MFGM.  
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