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Heat treatments are the established food technology for commercial processing of  milk. However, degradation of  valuable nutri-
ents in milk (as proteins) and its sensory characteristics occur during these processes due to substantial heat exposure. The most 
important reactions that occur during milk heat treatment are the whey proteins denaturation, its interactions with the casein 
micelles and aggregation/dissociation of  the casein micelles. Microfiltration represents an emerging food processing technology 
allowing gentle milk preservation at lower temperatures for similar, or better, nutritive value, microbial removal, and shelf  stability. 
Thus, the aim of  this work is to review the existing studies on the effects of  microfiltration on milk proteins by comparing with 
the effects of  heating treatments.
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INTRODUCTION 

The proteins are important constituents of  the human diet 
since they are the principal source of  nitrogen and essential 

amino acids. The properties and functionality of  the protein de-
pend on its amino acid composition and arrangement of  the pep-
tide bonds that stabilize the structure.1 The functional properties 
of  the proteins are related to various general characteristics such 
as molecular moisturizing, surface activity and type of  protein-pro-
tein interactions, facilitated by the partial unfolding of  structures.2 
Milk proteins play an important role as functional ingredients in 
foods, acting as emulsifying, foaming and gelling agents.3

	 Milk is a complex food from a molecular composition 
perspective which constitutes an important part of  a human’s 
diet, mainly because of  its high nutritional value. Milk consists of  
various protein fractions, such as casein micelles and several whey 
proteins with different molecular weights.4 Caseins representing 
approximately 80% of  the total protein fraction in milk. These 
proteins have excellent surfactant properties in emulsions and 
foams, gelling properties, and thermal resistance to denaturation5 

because of  their lack of  complex secondary and tertiary structure. 
However, the casein micelles are composed of  the proteins αS1-, 
αS2-, β-, and κ-caseins, and salts of  Ca, P, Mg, and Zn.1 In fresh 
milk, the caseins are present in the form of  essentially spherical 
particles containing many protein molecules and amorphous calci-
um phosphate; these particles have in average 150 nm of  diameter 
with sizes ranging from 15 to about 1000 nm in diameter. Apart 
from κ-casein, which is mostly found on/or near the external sur-
face of  the micelle, the caseins appear to be more or less evenly 
distributed within the micelle.6 Casein micelles are in colloidal sus-
pension in milk and are approximately 100 times larger than whey 
proteins (0.003 to 0.010 μm), which are soluble in milk.7 However, 
the whey proteins are typical globular, highly structured proteins, 
most of  which have been isolated, crystallized, and well character-
ized. The lactoglobulin fraction contains immunoglobulins G, A, 
and M, which are present at very high-levels in colostrum and play 
very important protective roles. The lactalbumin fraction contains 
two main proteins, α-lactalbumin and β-lactoglobulin, and several 
minor proteins, including blood serum albumin, lactoferrin, and 
vitamin-binding proteins; it contains several peptide hormones 
and about 70 enzymes.1

http://dx.doi.org/10.17140/AFTNSOJ-5-157
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	 Heat treatment can damage the biological properties of  
milk components, impair protein availability, and promote intoler-
ance and allergy.5,7 It is now well established that high-temperature 
processing, especially ultra-high temperature (UHT), causes a se-
ries of  effects on milk such as loss of  available lysine,8,9 and aggre-
gation and denaturation of  protein.10-13 As a result, many chemi-
cal changes could also occur,14-16 in addition to modifications on 
functional properties of  milk proteins.6 These changes inevitably 
affect the renneting, emulsifying, and foaming properties of  the 
dairy products based on the processed milk.17-20

	 The rise of  alternative technologies, such as microfiltra-
tion, can help prevent these problems while also assuring food 
safety. Membrane processes are increasingly used in the dairy in-
dustry for bacteria removal by microfiltration.21 Microfiltration 
(MF) has gained significant attention in recent years as a processing 
method for the removal of  microorganisms from milk.22-29 With 
the advancement of  membrane filtration technology, the use in the 
dairy industry has become more technically and economically fea-
sible.30-32 Furthermore, the MF process may preserve the bioavail-
ability of  the thermosensitive and active milk components, such 
as bioactive peptides, vitamins, and antioxidants. However, works 
that studied the effects of  the microfiltration processes on milk 
proteins properties are scarce.
	
	 Therefore, this work aims to review the existing studies 
on the effects of  milk microfiltration on milk proteins by compar-
ing with the effects of  heating treatments, like pasteurization and 
UHT technology. In other words, our work aims to review the ap-
plication of  milk microfiltration technology to obtain milk with 
better safety and quality which does not have its original features 
transformed by thermal processes.
 
Proteins Functional Properties

The functionality of  food proteins refers to the physical and 
chemical properties that influence the performance of  the pro-
teins of  food systems during processing, storage, preparation, 

and consumption. These characteristics influence the quality and 
sensory characteristics of  food.2 The functional properties of  
food proteins can be classified into three main groups: hydration 
properties, which are dependent on protein-water interactions 
(water absorption and retention, wettability, swelling, adhesion, 
dispersibility, solubility and viscosity); properties that are related 
to protein-protein interactions (precipitation and gelation); and 
surface properties (surface tension, emulsification and foaming 
characteristics).33

	 Defining and measuring protein functionality starts at 
the level of  protein structure. A simple model for protein dena-
turation is:

N ↔ I → D 

In this model, a native (N) structure is reversibly converted to an 
intermediate (I) state where the tertiary structure is changed but 
much of  the secondary structure remains, and further unfold-
ing produces a denatured (D) state. There are various molecu-
lar properties associated with each state that have an impact on 
functional properties (Table 1). According to Foegeding and Da-
vis,34 molecular weight and primary structure will not be changed 
during the denaturation process and are considered constants. 
The isoelectric point can vary due to intermediate and denatured 
(unfolded) structures exposing charged amino acids to new lo-
cal environments. The main changes are in a secondary and ter-
tiary structure that can alter the surface exposure of  amino acids. 
This cumulates in an increase in interaction potential, favoring 
aggregation, and the loss of  structural epitopes for allergenicity. 
Therefore, determining the specific structural transitions during 
folding/unfolding for food proteins is essential to understand the 
molecular basis of  functionality.34

	 Milk proteins are commonly used as food ingredients in 
food products not only for their nutritional properties but also for 
their functional and technological characteristics.35 Milk proteins 
have a high nutritional value compared to other proteins, because 
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Table 1. Molecular Properties Associated with Native (N), Intermediate (I) and Denatured (D) Structures of Proteins34

Properties of the 
native state Key factors Change in N → I Change in I → D

Molecular weight Determines general polymer properties No No

Isoelectric point Determines phase stability Possible due to altered 
pKas of functional groups

Possible due to altered pKas 
of functional groups

Primary structure

Sequence of non-polar, polar and 
charged amino acids No No

Sequential epitopes No No

Bioactive peptides No No

Secondary 
structure

Amount of α-helix, β-sheets and other 
structures Very little Yes

Tertiary structure
Overall structure Yes Yes

Structural epitopes Yes Yes

Surface topology
Groupings of non-polar, polar and 
charged amino acids in 
surface-assessable space

Yes Yes

http://dx.doi.org/10.17140/AFTNSOJ-5-157
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of  their relatively high content of  essential amino acids and bet-
ter digestibility.1 Milk consists of  various protein fractions: casein 
micelles (d 50, 3=180 nm, isoelectric point: pH 4.6) and several 
whey proteins with different molecular weights (d=2-6 nm, iso-
electric point: pH~5).4

Casein Functional Properties 

Caseins are one of  the most important and complex proteins in 
milk. These proteins have excellent surfactant properties in emul-
sions and foams, gelling properties, and thermal resistance to 
denaturation5 because of  their lack of  complex secondary and 
tertiary structure. However, the casein micelles are composed of  
four individual gene product component, denoted αS1-, αS2-, β-, 
and κ-caseins, which differ in primary structure, type and degree 
of  post-translational modification, and salts of  Ca, P, Mg, and 
Zn.35 The remainder of  the micellar solids consists of  inorganic 
material, collectively referred to as colloidal calcium phosphate 
(CCP) or micellar calcium phosphate (MCP).36 Casein micelles 
(0.02 to 0.40 μm in diameter) are in colloidal suspension in milk, 
and are approximately 100 times larger than whey proteins (0.003 
to 0.010 μm), which are soluble in milk.7

	 The internal structure of  a casein micelle consists of  a 
protein matrix in which calcium phosphate nanoclusters are dis-
persed (Figure 1). Attached to the surface of  the nanoclusters 
are the centers of  phosphorylation (nearby 3-5 phosphorylated 
amino acid residues) of  the caseins. The tails of  the caseins, much 
larger than the CCP clusters, then associate to form a protein 
matrix, which can be viewed as polymer mesh. The association 
of  the tails is driven by a collection of  hydrophobic interactions 
(weak interactions). The association is highly cooperative and 
originates in the weak interactions. It is the cooperative that leads 
to a stable casein micelle. Invariably, k-casein is thought to limit 
the process of  self-association leading to stabilization of  the na-
tive casein micelle.36

	 Caseins exhibit specific interactions with calcium ions 

and salts. Because of  their primary structures and specific tertia-
ry, these proteins undergo post-translational phosphorylation.35,37 
This modification results in the formation of  anionic clusters of  
the calcium-sensitive casein while a single residue is phosphory-
lated in k-casein, which is insensitive to calcium. The calcium-
sensitive caseins, αs1-, αs2- and β-caseins are so called because 
of  its extremely low solubility in the presence of  Ca2+.38 It is very 
probable that these caseins have evolved from a common ances-
tral gene, while the k-casein has arisen from a different gene.35

	 Casein has a long history as essential ingredients for 
food and due to its open and flexible structure, caseins have 
different functionality. It can be widely used in several kinds of  
products.1 The casein has excellent solubility and thermal stability 
at pH above 6.35 Moreover, due to their amphiphilic structure, 
these proteins are useful for emulsifying, water binding, thicken-
ing, creaming/foam, and gel formation.2,38 The products based 
on commercial casein available as food ingredients are acidic ca-
sein, casein obtained by enzymatic coagulation, caseinates and 
coprecipitates.35 The functionality of  these commercial products 
depends on the type of  food in which they are added.35

	 One of  the simplest ways to alter the functionality of  
the proteins is by mild heat treatments that alter protein structure 
and cause aggregation but do not result in large scale protein 
precipitation.34 Denaturation controlled or partial during various 
isolation steps is generally desirable, as it helps in maintaining an 
acceptable protein solubility, which is often a prerequisite for the 
functionality of  these proteins in food products.2

	 Proteins are often isolated using isoelectric precipitation. 
The casein micelles are destabilized irreversibly by isoelectric pre-
cipitation.38 These collapses of  the micellar structure of  casein 
are due to several factors, including the solubility of  colloidal cal-
cium phosphate and the change in the balance of  hydrophobic 
and electrostatic interactions between different types of  casein.39 
The composition of  the precipitated proteins usually changed, 
compared with materials in their native form. These changes at 
the molecular level may have an impact on protein functionality.39

	 Studies have shown the relationship between the struc-
ture of  the casein modified by the processing and its functional-
ity.33,40-42 According to Raikos39 the degree of  protein denaturation 
induced by heat treatment, under the given chemical environ-
ment, was concluded to be the key factor which determines the 
interfacial functionality of  milk proteins with subsequent effects 
on the emulsion properties. In these and other modifications, i.e., 
Maillard type reactions to form protein/sugar adjuncts, deamida-
tion, enzymatic crosslinking or enzymatic hydrolysis, usually alter 
the functionality of  the protein.34

Whey Proteins Functional Properties

Whey proteins constitute 20% of  the proteins in milk and rep-
resent an excellent source of  functional proteins of  high nu-
tritional value.35 The most important are the globular proteins 
β-lactoglobulin (β-LG; approximately 3.2 g/L) and α-lactalbumin 
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Figure 1. Model Structure of the Casein Micelle Showing a More-or-less Homogeneous 
Protein Matrix Containing Calcium Phosphate Nanocluster-like Particles (•) Distributed with 
a Mean Spacing of 18 nm. There is No Distinct Hairy Layer, but Rheomorphic Polypeptide 
Chains Provide Steric Stabilization in the Outermost Limits of the Particle37
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(α-LA; approximately 1.2 g/L), representing 70 to 80% of  the 
whey proteins. Besides these, the whey also contains serum al-
bumin (BSA; approximately 0.4 g/L) and immunoglobulins (Ig; 
approximately 0.7 g/L), which are derived from blood.39 Whey 
proteins are very desirable as nutritional ingredients due to its 
high concentration of  sulfur amino acids.35

	 β-Lactoglobulin is a globular protein with a monomer 
molecular weight of  18.4 kDa and accounts for about 50% of  
the protein in bovine whey isolate. The secondary structure is 
composed of  16% α-helix, 58% β-sheet and 25% random coil.35 
Native β-LG has nine strands that are folded into two β-sheets: 
sheet 1 contains strands B, C and D, and part of  strand A (A1); 
sheet 2 contains strands E, F, G and H, part of  strand A (A2) and 
strand I. One side of  sheet 1 is hydrophobic and the other side 
is hydrophilic. Sheet 2 is also hydrophobic on one side and faces 
the hydrophobic side of  sheet 1, thus creating a very hydropho-
bic cavity, which is nevertheless filled with water. There is also 
another hydrophobic region on the side of  sheet 2, where the 
three-turn helix lies above it and along strands F, G and H. β-LG 
has two disulfide bonds and one free Cys(CysH).43 

	 The α-LA accounts for about 20% the protein in bovine 
whey, has a molar mass of  14.2 kDa, and is stabilized by four di-
sulfide bonds and does not contain a free thiol group. However, 
one of  the disulfide bonds (Cys6-Cys120) is more sensitive to 
cleavage than the other three because of  its lower inherent stabil-
ity.44 The protein also exists in a number of  environment-depen-
dent conformations, including the holo (native, calcium-bound) 
form, which is the major form in milk.43

	 The BSA is a single polypeptide of  582 amino acid resi-
dues with a molecular weight of  66,433 Da and exists in a mul-
tidomain structure with complex ligand-binding specificities.43 It 
is characterized by an overall oblate shape and consists of  three 
domains (I, II and III), each stabilized by an internal network of  
disulfide bonds. The primary structure has 17 disulfide bridges 
that hold the molecule in a structure consisting of  nine loops. It 
contains one free thiol group, Cys34. The secondary structure is 
composed of  76% helix, 10% turn, and 23% extended chain, and 
no β-sheet.2

	 Whey protein denaturation is one of  the main effects 
of  milk heating which causes modification on the chemical and 
nutritional properties.45 The concentration or isolation of  whey 
protein, which represent excellent functionality and nutritional 
properties, is economically feasible for use as the basis of  many 
dairy products, cheese, and other protein ingredients.35 Whey 
protein ingredients are used for a variety of  functional applica-
tions in the food industry.3,46-48 The milk proteins and particularly 
whey proteins are commonly used as emulsifying and foaming 
agents in diverse food products thanks to their unique interfacial 
properties.49

	 Unlike the caseins, whey proteins are unstable to heat 
and this influences the physical and chemical properties of  milk 
products.43 On the other hand, the manufacture of  most dairy 

products involves heat treatment.35 Studies have been conduct-
ed on the mechanism of  denaturation and aggregation of  whey 
proteins during heating and on ways of  preventing such changes 
which are critical to improving their stability.45

Effects of Heat Treatments on Milk Proteins Structure

Heat treatment of  milk and milk products is an essential opera-
tion in commercial dairy processes in order to provide acceptable 
safety and shelf  life.50 The most important reactions that occur 
during milk heat treatment are the whey proteins denaturation, its 
interactions with the casein micelles and aggregation/dissociation 
of  the casein micelles.51 Denaturation alters several important 
properties of  proteins from the viewpoint of  food technology. 
The denatured protein is generally less soluble or even insoluble, 
promotes an increase in feed viscosity and the reactivity of  their 
side groups are intensified.2

	 The denaturation also affects the three-dimensional 
conformation and functional characteristics of  the milk proteins 
besides the degree of  heat denaturation varies depending on the 
intensity of  the thermal treatment applied.35 Changes in protein 
conformation can affect the thermodynamics of  binding with 
water because they may change the availability of  polar sites or 
hydration sites. The transition from the compact globular con-
formation of  the protein molecule for random conformation can 
result in an increase of  the available surface area and exposure 
peptides and amino acid side chains.52

	 Among the milk proteins, whey proteins are the most 
thermolabile. As been described in the literature, susceptibility of  
whey proteins to heat denaturation results from their high level 
of  secondary and tertiary structure.35,43,53-55 Because denaturation 
of  whey proteins occurs rapidly at temperatures above 70 °C, 
commercial heat treatments denature at least a portion of  these 
proteins.35 The functionality of  whey proteins is very sensitive 
to the extent of  denaturation. Major whey proteins exhibit ther-
mostability to structural unfolding in the order α-lactalbumin<al
bumin<immunoglobulin<β-lactoglobulin. However, the thermal 
unfolding of  α-lactalbumin is reversible so that denaturation, as 
measured by irreversible changes, indicates an order of  increasing 
the thermostability of  IgG<serum albumin<β-lactoglobulin< 
α-lactalbumin.56,57 The thermal behavior of  the whey proteins 
is ruled primarily by the properties of  β-lactoglobulin, which 
are affected by the pH, lactose, sodium chloride, calcium, and 
other ions.58 In particular, β-lactoglobulin and serum albumin 
command protein aggregation via thiol-disulfide exchange and 
oxidation-reduction reactions during the heat treatment.55 Swais-
good35 report that β-lactoglobulin, are considerably less soluble 
and more sensitive to precipitation by calcium ions than are their 
native counterparts when denatured.

	 The degree of  heat denaturation of  the whey proteins 
varies depending on the intensity of  the thermal treatment of  the 
milk in during the processing of  different products.59 The kinet-
ics of  thermal denaturation of  whey proteins is complicated, with 
a significant effect on the ranges between 80-100 °C.60 The dena-
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turation reaction shows a non-linear Arrhenius relationship; there 
is a noticeable change dependent on the temperature around 80-
90 °C for both α-LA and β-LG. The apparent activation energy 
is in the range of  260-280 kJ.mol-1 for β-LG and 270-280 kJ.mol-1 

for the α-LA at temperatures below 90 °C.56,57 At higher tempera-
tures the activation energy is lower, ranging from 54 to 60 kJ.mol-1 
for β-LG and 55 to 70 kJ.mol-1 for the α-LA, indicating chemical 
interactions (aggregation).60 

	 Pasteurization or UHT processing causes partial, irre-
versible unfolding of  β-lactoglobulin, thereby exposing hydro-
phobic surface and the sulfhydryl group. The subsequent interac-
tion with κ-casein, stabilized by a sulfhydryl-disulfide interchange, 
alters the surface properties of  casein micelles (Figure 2).55 Ac-
cording to Fox1 the κ-casein, in particular, has the ability to react 
with sulfhydryl group of  denatured whey proteins, possibly in 
these form: [κ-CN]-SH+HS-[β-lactoglobulin]+O2→[κ-CN]-S-S-
[β-lactoglobulin]+H2O[κ-CN]-SH+SS=[α-La]→[κ-CN]-S-S-[α-
La]-SH. These complexes are co-precipitated with caseins when 
the whey is separated from caseinic phase, resulting in an increase 
of  the N content and in the size of  casein micelles.43 There-
fore, the heat-induced association of  whey protein (especially 
β-lactoglobulin) with casein micelles alters micelle properties and 
also increases heat stability.35

	 On the other hand, the α-lactalbumin does not present 
SH groups but present four S-S/mol groups. In order to connect 
α-lactalbumin with the κ-casein, these S-S groups must first be 
broken by oxygen. Besides being more heat resistant, the func-
tional group of  α-lactalbumin is more difficult to connect to 
the κ-casein, so it is strongly relevant to the thermal stability of  
milk.55

	 Oldfield, Singh, and Taylor61 suggested that there are at 
least three possible kinds of  denaturation of  β-LG that can as-

sociate with the micelles: (i) β-LG monomer unfolded, (ii) self-
aggregating β-LG and (iii) aggregate LG β-/α-LA. The relative 
association rate of  these species with the casein micelles depends 
on the heating gradient, which in turn affect the relative rates 
of  breakdown and formation of  different aggregated species. At 
higher temperatures and faster heating rates, all whey proteins 
begin to unfold in a very short period of  time, thus presenting an 
opportunity for more monomers of  unfolded β-LG to auto ag-
gregate, which in turn could make an association with the caseins 
micelles less efficiently. These β-LG aggregates could protrude 
from the surface of  the casein micelles promoting a steric ef-
fect for new β-LG associations. Furthermore, these aggregates 
may have their reactive sulfhydryl groups within the array, and 
thus unavailable for sulfhydryl-disulfide transfer reactions with 
κ-casein micelle. The formation of  β-LG unfolded can be pro-
moted by long periods of  heating at low temperature or by heat-
ing at a slow rate until the desired temperature. These monomeric 
molecules of  β-LG enter the capillary layer of  κ-casein and have 
easier accessibility to the sulfhydryl group.

	 Besides time and heating temperature, several other 
factors influence the extent of  association of  denatured whey 
proteins with the casein micelles, which include the pH of  the 
milk prior to heating, the soluble calcium and phosphate concen-
trations and the concentration of  solids in milk.55 According to 
Swaisgood35 pasteurization (71.7 °C for 15 s) or UHT process-
ing (142-150 °C for 3-6 s) irreversibly increases the amount of  
colloidal calcium phosphate at the expense of  both soluble and 
ionized calcium and soluble phosphate. Consequently, the pH 
also decreases, due to the release of  protons from primary and 
secondary phosphates. The calcium transformed in tertiary cal-
cium phosphate does not come entirely from the serum because 
heating also causes dissociation of  calcium bound to protein. 
Thus, pasteurization, and especially sterilization, affects the size 
distribution of  micelles, leading to an increase in the abundance 
of  both large and small micelles. Moreover, heat treatments of  
increasing severity are accompanied by increased production of  
dehydroalanine residues, due to β-elimination of  disulfide bonds 
and phosphoseryl residues, increased deamidation of  asparaginyl 
and glutaminyl residues, and increased Maillard browning. Cross-
linking of  protein during heating can result from the reaction of  
dehydroalanine residues with ε-amino groups of  lysyl residues to 
form lysinoalanine or reaction with sulfhydryl groups of  cysteinyl 
residues to form lanthionine. 

	 Due to the growing consumer demands for better re-
tention of  the nutritional value, sensory attributes, and longer 
shelf  stability of  milk, the emerging technologies processes have 
become more interesting for the dairy industry.62 One of  these 
emerging technologies that no present the changes in proteins 
functionality that the heat treatment presents, is the microfiltra-
tion process (MF).63 Incorporation of  MF in the milk manufac-
turing process can improve the microbial and sensory quality of  
milk.31,64 Moreover, generally enable high flow rates, improve the 
yield, reduce the processing costs and shown higher quality com-
pared to conventional heat treatments.62

58Review | Volume 5 | Number 2|

Figure 2. MEffect of Heating Milk at 90 °C. The Native β-lactoglobulin (β-LG) Dimer 
Dissociates and the Monomer Undergoes Internal Disulfide-bond Interchange to Give 
Reactive Monomers that React with k-casein (k-CN) at the Surface (Outer Region) of the 
Casein Micelle. Native β-LG Monomers can also form an Adduct with α-lactalbumin (α-LA), 
which then Gives Rise to α-LA Dimers and α-LA:β-LG Dimers. In the Severely Heat-treated 
Samples, αs2-CN also forms Disulfide Bonds with Other Proteins55
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Predicting the Effect of Microfiltration on the Properties of Milk 
Proteins

The commercial processing of  milk are carried out almost en-
tirely by heating temperature processes.62 Pasteurized milk cur-
rently has a short shelf  life (about 14 days) due to the presence of  
remaining bacteria,65 their enzymes66 and somatic cells67,68 that are 
not eliminated by this process. On the other hand, UHT treated 
milk has a longer shelf  life, but there is major damage to the mo-
lecular structure of  milk proteins. It has been reported that heat 
temperature processes can lead to several changes in milk, includ-
ing denaturation of  whey proteins, the interaction of  whey pro-
teins with caseins, inactivation of  indigenous enzymes, as well as 
the destruction of  certain nonstarter lactic acid bacteria.22 There-
fore, as reported by Elwell and Barbano24 there is a desire in the 
fluid milk processing industry for an HTST pasteurization pro-
cess that will produce fluid milk with a refrigerated shelf  life of  
60 to 90 days. Nevertheless, there are other technologies currently 
being researched that may eventually replace the pasteurization 
or the UHT processes.69 These include the membrane filtration 
process, i.e. microfiltration technologies.70 

	 The microfiltration represent an emerging food pro-
cessing technology in several coutries allowing gentle milk pres-
ervation at lower temperatures and shorter treatment times for 
similar, or better, microbial inactivation and shelf-life stability 
when applied in a hurdle approach compared to heat temperature 
processes.62 This process is based on the selective permeability 
of  a membrane for one or more of  the constituents of  the liq-
uid. Selectivity depends on both the type of  membrane (different 
cut-off) and process conditions.70-72 The liquid submitted to this 
process is divided into two fractions: the fluid retained by the 
membrane (i.e., the retentate), which results in a higher concen-
tration of  the components having a bigger size than the average 
pore diameter of  the membrane, and the liquid going through the 
membrane (i.e., the permeate or the microfiltrate) (Figure 3).73

	 However, as related by Brans et al,31 whole milk is a com-

plex and challenging feed for microfiltration membranes because 
of  the broad particle size distribution (1 nm-20 µm) coming from 
the fat globules and natural and/or seasonal variations in compo-
sition. Bacteria spores and somatic cells present in raw milk are 
not affected by the HTST heat treatment used in the processing 
of  most dairy products, whereas they can be physically removed 
by microfiltration. If  not removed or killed, spores can compro-
mise the quality and shelf  life of  milk and other dairy products, 
such as milk powder and cheese.68 At the same time, high somatic 
cells count can lead to increased proteolytic and lipolytic activity 
in milk, thus compromising the flavor, texture, and shelf  life of  
dairy products.74-77 Alternatives to already existing “cold steriliza-
tion” processes based on cross-flow microfiltration with ceramic 
membranes28 are being the focus of  milk microfiltration. In the 
case of  “cold sterilization”, today’s commercially available tech-
nology based on fine ceramic filters, still has to be combined with 
final heat treatment in order to guarantee the safety of  the final 
product. Furthermore, due to the fact that the bacteria and spores 
are smaller than fat globules, the milk needs to be skimmed be-
fore the membrane process in order that the microfiltration can 
be effective against the milk pathogens and spores.78 On the other 
hand, the smaller the ceramic pores, the higher the microbiologi-
cal quality in the final product but on the process side, unfor-
tunately, more fouling occurs due to milk proteins retention in 
the membrane and, thus, decreases the productivity of  the whole 
operation.79

	 Membrane processes are used to improve the microbial 
quality of  milk and dairy fluids, as well as are also applied for 
preserving the functional properties of  milk proteins.71 Avalli et 
al73 reported that the mechanic stress of  the transmembrane pres-
sure affects minimally the milk proteins in comparison with heat 
temperature processes. But when the skim milk passes through 
the microfiltration membrane the proteins and minerals tend to 
form aggregates in the pores and this problem may decrease the 
flux and modify its properties and the quantity of  the protein 
in the permeate.80 It has been reported that proteins with low 
internal stability as β-CN, α-LA, BSA, and immunoglobulin (IgG) 
tend to adsorb on all surfaces, even onto electrostatically repel-
ling surfaces.81,82 Thus, proteins with diameters much smaller than 
the membrane pore typically cause pore constriction, while those 
with a diameter comparable to the membrane pore may cause 
pore blocking, and proteins larger than the pores can be retained 
on the membrane surface and cause cake formation.4,83 Gesan-
Guiziou et al84 found that as membrane resistance (fouling) in-
creased, the transmission of  whey proteins decreased during the 
MF of  skim milk. On the other hand, another membrane prop-
erty that needs to be considered is it’s hydrophilic–hydrophobic 
character because this is known to affect the strength of  the in-
teraction between a protein and a surface.78 Specifically, proteins 
tend to adsorb more extensively and less reversibly at hydropho-
bic surfaces than at hydrophilic surfaces.85 According to Gao et 
al,86 ceramic membranes are hydrophilic and this property does 
not preclude the deposition of  proteins onto its surface. As re-
lated by Wang et al85 this behavior may occur because whereas 
proteins tend to unfold and spread their hydrophobic core over 
hydrophobic surfaces, their charged and polar functional groups 
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Figure 3. Components in Milk: Size Indication and Membrane Processes. MF: Microfiltration, 
UF: Ultrafiltration, NF: Nanofiltration, RO: Reverse Osmosis31
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tend to interact with hydrophilic surfaces. In the case of  CN mi-
celles, it is known that the hydrophilic ends of  κ-CN molecules 
are preferentially located at the surface of  micelles, which would 
explain the ceramic membrane–CN interactions.78

	 Investigations on the minor whey protein bovine serum 
albumin (BSA) conducted by Chandavarkar87 and Kim et al88 have 
shown that protein aggregates are formed in shear flow during 
cross-flow filtration, which is deposited on the membrane surface 
afterward. In contrast to BSA, the major membrane foulant dur-
ing whey filtration, β-Lg, is not sensitive to shear forces.89 Kelly, 
Opong, and Zydney,90 as well as Kelly and Zydney91 and Kelly 
and Zydney,92 found that BSA-aggregates catalyze fouling when 
deposited on the membrane. The molecular mechanism involved 
in the fouling reaction was found to be based on the exposure of  
reactive thiol-groups in the deposit. This reactive initial deposit 
then serves as a nucleation site for further thiol oxidation and 
thiol-interchange reactions. Despite the fact that the proteins var-
ied significantly in size, molecular structure and originated from 
various animal protein sources (Table 2), Kelly and Zyndey93 ob-
served that intensity of  membrane fouling was correlated to the 
number of  free thiols of  the respective protein (Figure 4).

	 Like as BSA, β-Lg contains one free sulfhydryl group 
(Table 2). Hence, membrane fouling based on thiol-interchange 
reactions as well as thiol oxidation probably also applies for β-Lg 
or other whey proteins. This reaction pathway via thiol/disulfide 
reactions is known for β-Lg aggregation during thermal process-
ing.94 Additionally, for the major whey protein β-Lg it was found 
that gel network formation is facilitated in the presence of  calci-
um.95,96 Based on this, Marshall, Munro, and Trägårdh97 assumed 
that calcium-induced cross-linking was involved in β-Lg deposit 

formation.98

	 Besides these properties, Kühnl et al99 related that the 
microfiltration flux during cross-flow filtration depends on the 
pH of  milk and showed that the casein micelles where size con-
stant in the pH 5.9-6.8 range. Acidification of  milk from pH 6.8 
to 5.9 leads to a strong reduction of  hydrophilic repulsion be-
tween casein micelles while the micelle size remains the same.99  
In addition to acidification, this behavior can also be described 
by a model which incorporates van der Waals and electrostatic 
interactions as well as hydrophilic and hydrophobic Lewis Acid-
Base interactions. In accordance, Steinhauer et al4 reported that 
a less repulsion between casein micelles, in turn, results in a flux 
drop, i.e. that change in colloidal interaction is a basic problem in 
cross-flow filtration.

	 In addition, minerals are found in association with ca-
sein, whey protein, and fat globule membranes.35 Furthermore, 
the minerals in the whey phase of  milk are present as free ions, 
salts, or in association with whey proteins. According to Svanborg 
et al,100 these minerals may pass through the MF membrane, and 
their distribution after MF fractionation will influence the func-
tional properties of  the fractions. For example, the treatment of  
milk with MF will increase the calcium (Ca) content and the buff-
ering capacity of  the retentate, therefore delaying the pH reduc-
tion during traditional cheese making.101 As reported by Kaombe 
et al102 for pasteurized milk, the temperature of  the MF process 
also may influence the Ca content on dialysates and permeates. 
On the other hand, even relatively mild heat treatments, such 
as HTST, could most likely affect the composition and protein 
yield of  the MF permeate. Increasing the temperature is expected 
to decrease the viscosity of  the permeate,103 and if  no change 
in membrane resistance occurs the transmembrane pressure re-
quired to maintain a constant flux is expected to decrease as the 
temperature is increased.104 Moreover, heat denaturation of  whey 
proteins may also change the performance of  the membranes 
during MF.100

	 Hurt et al104 clarified that increasing the temperature of  
MF from 50 to 65 °C could also cause denaturation of  whey 
proteins and possible association with casein (CN) micelles. Long 
et al105 reported that only 3.4% of  β-Lactoglobulin was associ-
ated with κ-CN after 20 min at 65 °C, and thus when they was 
covalently associated, the yield of  whey protein in the permeate 
would be reduced. In addition, aggregates of  β-LG and α-LA 
have also been found when heated at 75 °C,106 being unable to 
pass through the MF membrane. It was shown that whey protein 
hydrophobicity increases as a consequence of  protein unfolding, 
e.g. under heat-treatment.107 Another reason for protein unfold-
ing and an increase in hydrophobicity is surface denaturation, as it 
is reported for the adsorption of  several proteins including β-LG 
at hydrophobic surfaces. Unfolding was found to increase when 
repulsive electrostatic interaction forces were reduced.108 It can 
be assumed that hydrophobic whey protein aggregates can po-
tentially serve as adsorption sites and induce protein unfolding 
during deposit layer formation on membranes. Steinhauer et al109 
confirm that β-LG and its heat-induced aggregates are the major 
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Table 2. Molecular Characteristics of whey Proteins11,98

Protein Size 
(kDa) pI -SH -S-S- Concentration 

in whey (g/L)
Mass 
portion (%)

β-Lactoglobulin 18.3 5.13 1 2 3 60

α-Lactalbumin 14.2 4.2-4.5 0 4 1.2 20

Bovine serum 
albumin 66.4 4.7 1 17 0.4 3

Immunoglobulin G 161 - - - 0.6 10

Lactoferrin 76.1 9 0 17 0.02 <0.1

Figure 4. Impact of whey Protein Aggregates on Membrane Fouling110
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species made responsible for membrane fouling, forming a high-
ly reactive deposit and accelerate membrane fouling (Figure 4). 
Therefore, deposited aggregates serve as nucleation sites for thiol 
oxidation and disulfide reactions between deposited particles and 
native protein. Some works confirm this theory since aggregates 
formed during whey heat-treatment enhance membrane foul-
ing.97,110-112

	 Briefly, the microfiltration is an emerging technology 
that can improve the quality of  milk and dairy products once 
that changes in protein properties do not occur as far as in milk 
produced by heat treatments. The most important reactions that 
occur during milk heat treatment are the protein denaturation of  
whey proteins, its interactions with the casein micelles and ag-
gregation/dissociation of  the casein micelles. The microfiltration 
also has the advantages of  retaining spores of  microorganisms 
and somatic cells that no are affected by heat treatments, that can 
damage the milk and dairy products quality and safety. However, 
the microfiltration, considerate a mechanical process, makes that 
the milk continues to be considered raw and in Brazil (as in other 
countries) is not possible to sell raw milk. On the other hand, heat 
treatments are the established food technology for commercial 
processing of  milk in order to provide acceptable safety and shelf  
life. The shelf  life of  pasteurized milk in around 8 days while for 
the microfiltrated milk is close to 30 days.113 Finally, how is not 
possible yet to produce only microfiltered milk in Brazil, several 
works recommend the use of  the two technologies (microfiltra-
tion and pasteurization) for preserving the better as is possible 
the quality of  the milk proteins and the others constituents.62,114

Final Considerations

The microfiltration, a mechanical process, affects minimally the 
properties of  milk proteins as compared to heat treatments. 
However, only the use of  membrane filtration process is not 
completely understood since the microbiological quality cannot 
always be guaranteed, and these may bring some disadvantages to 
the consumer. Therefore, more studies regarding the microbio-
logical safety of  microfiltered milk must be performed in several 
countries. On the other hand, the heat treatment in the fluid milk 
technologies is already established in the industry worldwide. 
Despite the negative influence on the milk proteins, it is a safer 
methodology to produce this kind of  products nowadays. The 
use of  heat treatment prior to microfiltration may induce a higher 
membrane fouling because of  the formation of  protein aggre-
gates. Meanwhile, microfiltration in combination with pasteuriza-
tion can be an alternative to extend the shelf  life of  pasteurized 
milk by removal microorganisms, spores, and somatic cells of  
raw milk. 
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