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Preface

This book is a great collection of chapters, written by acknowledged experts, 
providing up-to-date views on dairy ingredients manufacture, interactions 
and uses. Today milk can no longer be considered as a commodity, but 
rather as a source of value-added ingredients, both from the processing and 
the nutritional point of view. In the past few years there has been a funda-
mental change in the way we process and develop dairy products and 
ingredients.

Our knowledge of the structure and the structure–function changes of 
dairy components with processing has signifi cantly improved over the past 
decade, and this has resulted in major advances in the production of ingre-
dients. Membrane fi ltration, for example, has resulted in signifi cant changes 
in the availability of whey, casein and milk protein concentrates and iso-
lates, and the optimization of this unit operation has created a number of 
novel ingredients tailored to specifi c processing functionalities. Other pro-
cesses, as for example, use of high pressure, have been studied in great 
detail, with possible commercial applications perhaps limited only by lack 
of initial capital investment. Because of the major progress made in chro-
matographic techniques and membrane separation, isolation of minor com-
ponents in milk has become a reality, and studies on the functionality of 
these ingredients are no longer only an academic exercise but an industrial 
reality. For example, it is possible now to purify immunoglobulins from 
bovine colostrums and whey on a large scale, to produce concentrates as 
dietary supplements, and, with the application of high pressure processing 
to these products, it will be possible to minimize the denaturation of these 
molecules and therefore optimize their biological functionality.
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The processing functionality of dairy ingredients continues to remain 
important, and therefore research efforts continue to be carried out to 
understand interactions and predict their behaviour during processing. In 
particular, there is an emerging trend to use dairy systems as platforms for 
the delivery of bioactive molecules in foods. Many milk components can 
function as encapsulating agents. Micro and nano-encapsulation can protect 
active components from the surrounding environment and tailor and 
control their release.

Although the study of the extraction and potential utilization of the 
various components in milk continues to be an important aspect of dairy 
research, the focus has shifted in the past decade from processing to nutri-
tional functionality. A new generation of high-value, functional ingredients, 
not only for the food but also for the pharmaceutical market are being 
developed, as more and more evidence is brought forward of the benefi cial 
effect of their consumption to human health.

The positive health-promoting aspects of dairy ingredients, whey, caseins, 
milk fat globule membrane material, oligosaccharides and glycoconjugates 
have been so far tested mostly in vitro or in simple animal models, and more 
work needs to be carried out to demonstrate their properties. However, the 
evidence continues to accumulate on antimicrobial, anti-infl ammatory, 
hypocholesterolemic, hypertension controlling, anti-carcinogenic activities 
of milk-derived products. This book attempts to summarize our current 
knowledge in some of the most promising areas. In the future, milk ingre-
dients may play a complementary role to the pharmacological drugs in the 
prevention and treatment of various chronic diseases. Epidemiological 
studies have linked the consumption of dairy products to alleviation of 
physiological characteristics associated with diabetes, cardiovascular dis-
eases, metabolic syndrome and obesity; however, the results are often 
inconsistent, possibly because of the variety of composition of the dairy 
products consumed. Milk proteins are also considered one of the most 
important sources of bioactive peptides; however, their isolation and char-
acterization still need to be developed, especially to evaluate the synergy 
occurring when consuming dairy products. In addition to simple enzymatic 
hydrolysis, an emerging fi eld is biogenics, the study of the formation of 
bioactives as a result of tailored fermentations in dairy products. Another 
area that shows great promise is the study of the biological role of glyco-
proteins in milk and their potential for applications. Glycans from milk 
proteins may serve as recognition sites interacting with cell membranes, 
viruses and microorganisms. There is an increasing evidence that these 
molecules have benefi cial effects within the gastrointestinal tracts, modu-
late the intestinal fl ora preventing attachment of pathogens and viruses, 
and interact directly with immune cells. These molecules could soon fi nd 
therapeutic applications. Finally, the study of minor milk lipids derived 
from the milk fat globule membrane is also at its infancy.
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As will become evident by reading the various chapters of this book, the 
future of the use of dairy ingredients is an interesting one and we are cer-
tainly at a turning point in the development of value-added components 
from milk. I am very grateful to the all the authors for their hard work on 
this project and their excellent contributions.

Milena Corredig
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Part I

Modern approaches to the separation of 
dairy components and manufacture of 
dairy ingredients



1

Novel approaches for the separation of 
dairy components and manufacture of 
dairy ingredients
U. Kulozik, Technische Universität München, Germany

Abstract: Novel approaches regarding the separation of dairy components are 
discussed in the light of continuous efforts to better understand boundary layer 
phenomena in membrane separation. For instance, deposit formation by proteins 
can be minimized only through crossfl ow fi ltration when the fl uid dynamics along 
the membrane surface are under control and chemico-physical effects controlling 
adsorption are understood. Thus, even existing processes can be intensifi ed by 
means of more appropriate processing and milieu conditions, together with 
selecting membranes with optimal membrane resistances relative to individual 
application. Hybrid processes and novel techniques such as membrane adsorption 
or electro assisted fi ltration are described as ways to expand the reach of current 
membrane technologies.

Key words: membrane fi ltration, boundary layer phenomena, membrane 
adsorption chromatography, dynamic membrane systems, electric fi eld assisted 
membrane techniques.

1.1 Introduction

Fractionation of milk components has traditionally been a strong founda-
tion for the production of a huge variety of dairy products. Centrifugation 
is applied to separate cream and skim milk. Coagulation is induced to sepa-
rate protein from the aqueous phase in the manufacture of cheeses. 
Chromatographic techniques have been established on an industrial scale 
for the removal of lactose from milk to produce low lactose or lactose-free 
milk in Finland and other countries.

This chapter focuses mainly on more recent insights and new develop-
ments in research, and on the application of membrane technologies in the 
fi eld of dairy production, with membranes applied alone or in combination 
with other processes.
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Dairy components of relevance for separation and fractionation by 
means of membrane technologies are major and minor proteins in the fi rst 
place and low molecular weight components such as ionic substances and 
lactose. All these components are of infl uence in membrane separation 
because of their molecular size or surface properties. Proteins, but also fat 
globule membrane components, are macromolecules prone to adsorption 
and formation of gel deposits on membrane surfaces. Ionic substances and 
lactose are small and therefore can pass through porous membranes. In 
contrast to that, they cannot pass through non-porous, homogeneous mem-
branes, typical for reverse osmosis, and are therefore mainly responsible 
for the osmotic pressure of milk and whey. The osmotic pressure is a key 
intrinsic factor of the product infl uencing fl ux in reverse osmosis. The reten-
tion or passage of components nominally depends on the membrane pore 
size and structure. However, it is practically experienced that apart from 
size, other properties of molecules, such as charge, structure, and shape, 
play decisive roles in this respect. Beyond molecular weight, for instance, 
proteins vary in their surface charge and hydrodynamic volume or diameter 
as a function of pH and ionic composition of the aqueous phase environ-
ment. Depending on the physical properties of the membrane and other 
solutes, this often results in unspecifi c interactions of compounds with the 
membrane surface, causing adsorption or deposited layers, and these effects 
are diffi cult to predict.

An example is given in Fig. 1.1, where the impact of pH on the permea-
tion of β-lactoglobulin through a microfi ltration membrane is depicted. As 
can be seen, the permeation qualitatively follows the changes occurring to 
the quaternary structure of β-lactoglobulin, which, depending on pH, exists 
as a monomer, dimer or octamer. The practical implication of this effect in 
dairy technology is that β-lactoglobulin should have different permeation 
patterns in the fi ltration of acid or sweet whey if microfi ltration is applied 
for the reduction of microorganisms in whey prior to the production of 
WPC products.

Another key factor is the ionic composition of the solution, which has 
an impact on the surface charge of colloidal particles such as proteins, 
including whey proteins and casein micelles. This is schematically shown in 
Fig. 1.2, where the effect of low or high ionic strengths on the electric double 
layer of the particles is described. The electrical double layer around charged 
particles (proteins carry a net charge depending on the composition of 
charged amino acids) is thin in high ionic environments, and high at lower 
ionic strengths. Thus, the hydrodynamic size of molecules is not constant 
– it rather depends on environmental factors such as pH and ionic compo-
sition, i.e. on electrical shielding effects and collapse of the hairy layer of 
protein residues protruding from the casein micelle into the outer phase.

In conclusion, despite its long history of application in dairy technology 
and strong impact on production methods, membrane separation is still a 
complex and not fully understood fi eld because of various factors infl uen-
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Fig. 1.2 Electrical double layer around a charged colloidal particle as a function 
of ionic strength. At higher levels of ionic concentration in the outer phase, the 
charge of particles is shielded at a closer distance from the surface such that the 

hydrodynamic radius is reduced.

cing separation results, factors that are less specifi c and not fully predictable 
when compared with other separation techniques. Nowadays, membrane 
separations are often combined with other technologies such as centrifugal 
or chromatographic separations, in hybrid processing modes.
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1.2 State-of-the-art separation techniques

1.2.1 Interfacial effects in the separation of dairy components by means 
of membrane techniques

Membrane separation has become a widely-used unit operation in dairy 
products manufacture. The concentration of proteins from whey in the 
manufacture of so-called WPC products has been introduced during the 
early 1970s and has since been established also in speciality operations. 
Ultrafi ltration is the most frequently used membrane process, mostly run 
in the crossfl ow processing mode. In contrast to dead-end fi ltration as it is 
applied in sterile fi ltration of biological media or in cake fi ltration in the 
beverage industry, the product to be concentrated is passed along the mem-
brane surface to induce friction and, thus, a wall shear stress at the mem-
brane surface. It is desirable to remove deposited particles from the surface 
of the membranes in order to avoid an overly strong effect of the deposited 
layer on permeation and retention. Therefore, the volume stream or fl uid 
velocity is of great effect, as shown in an example in Fig. 1.3. It can be seen 
that the permeation increases linearly as a function of the transmembrane 
pressure difference when water is fl owing across and permeating through 
the membrane. The permeation of protein solutions, on the other hand, is 
increasing less steeply and under-proportionally as the pressure goes up. 
The fl ux is determined by the membrane only at low transmembrane pres-
sure differences (∆pTM). Above approximately ∆pTM = 3 bar, depending on 
fl ow rate, the fl ux values fl atten off. Beyond this point, often referred to as 
critical fl ux or critical ∆pTM, the permeation is controlled by a compressed, 
dense layer of deposited protein particles. These data demonstrate that, 
despite high wall shear stresses, the aim of preventing deposit formation is 
not fully reached and the deposit layer acts in fact as a secondary membrane 
which may even dominate the separation process.

The question arises in this context why the deposition of particles cannot 
be fully prevented. The answer lies in a dilemma situation of crossfl ow 
membrane fi ltration: ∆pTM and wall shear stress τW are dependent factors: 
the higher the wall shear stress (exerted by the volume fl ow along the 
membrane), the higher is the static pressure on the retentate side of the 
membrane. This, in turn, induces a high level of convective fl ow of solution 
towards the membrane as result of the transmembrane pressure ∆pTM. The 
retained particles accumulate at the membrane surface, thus generating a 
concentration increase in comparison to the bulk solution. This particularly 
applies to the region at the front end of the membrane, despite the fact that 
diffusional backfl ow and wall shear stress partially reduce the excess in 
concentration of retained particles. Further to that, the pressure loss along 
a fl ow path will create an inconsistent transmembrane pressure pattern 
along the membrane surface. These factors, in combination, impair the full 
control of processing conditions such that the membrane as a selective 
barrier is fully responsible for retention and permeation.



 Novel approaches for the separation of dairy components 7

100

90

80

70

60

50

40

30

20

10

0
0 1 2 3 4 5 6 7

∆pTM (bar)

τW (N/m2)

H2O

34.8

26.0

18.7

11.8

5.9

2.2

F
lu

x 
(k

g 
m

–2
 h

–1
)

Milk protein solutions
CPr = 4.5%
θ = 30 °C

∆pD

Fig. 1.3 Effect of transmembrane pressure difference ∆pTM and wall shear stress 
τW at a membrane surface on permeation rate in the ultrafi ltration of milk protein 
solutions. The membrane material was poly sulfone (PS), nominal cut-off 25 kD.

An additional explanation for the diffi culty of avoiding deposit forma-
tion is that dairy proteins, in particular casein micelles, are too large to be 
able to diffuse back from the membrane into the bulk solution and too small 
to be affected by lift forces imposed by the fl uid stream. Calculations by 
Altmann and Ripperger1 led to results presented in Fig. 1.4 explaining this 
situation in more detail. The diagram depicts the fl ux rate as a function of 
the size of the particles present in an aqueous model phase, water in this 
case. The fl ux curve can be divided into two regions: (i) at small particle 
sizes, the removal of deposited particles from the membrane surface is 
infl uenced by diffusion as a mechanism for particle removal. The smaller 
the dispersed particle, the higher the fl ux; (ii) the right wing of the graph, 
with an inverse slope as compared to the left side of the graph, can be 
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explained by the fact that in this region, particles are affected by the shear 
force exerted by the fl uid stream across the membrane surface. The larger 
the particles, the more effective they are infl uenced by hydrodynamic lift 
forces. It can be seen that the fi ltration of particles around 200 nm leads to 
a minimum of the curve. Neither diffusion nor lift forces are signifi cantly 
affecting the particles deposited at the surface in this region. Considering 
these results, obtained for a model system consisting of inorganic particles 
in water, one can gain a basic understanding of why the deposition of casein 
micelles in milk, whose average size is in the area of 200 nm, can hardly be 
prevented in the cross fl ow fi ltration mode. Nevertheless, separation of 
casein micelles and native whey proteins has been investigated and success-
fully applied during recent years to obtain both protein fractions, without 
precipitation of either of them. This allows exploitation of their individual 
functional properties or shifting the ratio of both protein groups in order 
to infl uence the resulting textural profi le of gels after acid or thermal 
coagulation.

A simplifi ed processing scheme is shown as an insert in Fig. 1.5a. Skim 
milk is passed through a microfi ltration unit equipped with a ceramic 
membrane (SCT membrane ZrO2/Al2O3; nominal pore size 0.1  µm). The 
MF-permeate containing the whey proteins is then concentrated by an 
ultrafi ltration unit concentrating the whey proteins. The UF-permeate con-
taining the soluble low molecular weight substances of milk (lactose, miner-
als) at the original concentration, in turn, is recirculated to the feed tank 
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Fig. 1.4 Permeation rate as a function of particle size in model suspensions of 
Al2O3, TiO2, SiO2 and Kieselgur particles in sizes between 23–13 200 nm. The 

material, however, in this case is not of importance in relation to the size.1
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of the MF-unit to wash out the remaining whey proteins in a diafi ltration 
mode. Using the UF permeate instead of water as a medium for diafi ltration 
allows one to avoid a change in the native aqueous environment of the 
casein micelles. The number of volume turnovers to fully achieve a com-
plete separation of the milk protein main fractions depends on the degree 
of permeation of the whey proteins through the MF-membrane. This is why 
the expected separation effect has to be defi ned in the form of the permea-
tion value p, which is the ratio of this component in the retentate c0 and in 
the permeate c:

p c c= / 0  [1.1]

Theoretically, i.e. assuming unlimited permeation, the permeate concentra-
tion of substances passing through is equally as high as in the retentate, i.e. 
c = c0 and p = 1.

Since pressure-driven membrane processes principally separate accord-
ing to molecule size relative to the pore size of the membrane, the separa-
tion effi ciency is driven by the amount of fi ltrate, which convectively carries 
the permeating component through the membrane pores.

Figure 1.5 further demonstrates an experimental result from a fractiona-
tion process of casein micelles (medium size 150 nm) from whey proteins 
(medium size 3–4 nm) by means of microfi ltration (SCT membrane ZrO2/
Al2O3, nominal cut-off: 0.1  µm). It is obvious that, despite optimal choice 
of the theoretically best membrane pore size, a diafi ltration process is 
required to wash out the whey proteins completely. The number of diafi l-
tration steps actually required depends on the real permeation value p,
which is lower than the theoretical value of p = 1 due to unspecifi c retention 
effects, and is depicted as the x-axis, while the y-axis shows the casein–whey 
protein ratio, starting from approximately 8 : 2 (close to the origin), which 
is the original ratio of casein and whey proteins in milk.

As can be seen from Fig. 1.5, fi ve to six diafi ltration steps are required 
to reduce the content of whey proteins in the casein retentate by 95%, 
based on a permeation value p = 0.5, which is considerably lower than the 
theoretically assumed value of p = 1. This can be easily explained by the 
deposit formation of the retained casein micelles, as well as by an unspecifi c 
adsorption of whey proteins at the membrane surface. These observations 
confi rm that we need to improve the understanding of the boundary layer 
effects at the membrane surface in order to be able to minimize their 
impact.

1.2.2 Separation of dairy components by means of chromatography
In contrast to its widespread use in the sugar industry, chromatography 
is a separation technique less common in the dairy industry. The use of 
chromatographic techniques for the fractionation of whey proteins, 
however, has offered new ways for the extraction of highly effective protein 
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components of a natural milk source, which are products with an important 
role in promoting human health.2 Together with the main fractions, 
β-lactoglobulin and α-lactalbumin, present in whey protein isolate often 
used in infant formula, immunoglobulins are also important food supple-
ments. Glycomacropeptide plays a growing role as a protein source in 
phenylalanine-free food for phenyl-ketonuria patients. These are just a few 
examples indicating that the functional properties of individual protein 
fractions are appreciated more and more in the development of food 
systems with improved structures or with bio-functional properties. 
Chromatography has been continuously developed over the last twenty 
years to remove lactose from milk, to serve a latently existing market for 
products for lactose-intolerant consumers, across Europe and in developing 
dairy markets in Asia.3 Meanwhile, the principle of chromatographic sepa-
ration is being combined with the possibilities of other separation processes 
to improve throughput and to optimize the ratio of throughput and specifi -
city, as will be shown below.

1.2.3 Separation of dairy components by centrifugal force
Beyond the standard separation of fat and skim milk, centrifugation as a 
unit operation is applied, in combination with membrane technology, to 
produce precipitated calcium salts from acid milk permeate.4 According to 
an industrialized process, UF-permeates of whey or milk are concentrated 
by reverse osmosis to approximately 18 to 20% total solids. The pH is then 
adjusted to alkaline and the solution heated to promote the precipitation 
of calcium phosphate. While the reaction occurs instantaneously, a short 
holding time is applied to stabilize the precipitate, which subsequently is 
separated from the lactose solution either by centrifugation or cross-fl ow 
membrane fi ltration. The lactose stream is available for further downstream 
processing. The calcium phosphate slurry is further refi ned and concen-
trated by ultrafi ltration with diafi ltration to the desired end composition 
and lactose recovery rate.

1.3 Process intensifi cation by hybrid processes

1.3.1 Thermal separation of whey proteins in combination 
with membranes

As mentioned above, chromatography can be applied on a large scale to 
separate proteins. Nevertheless, chromatography may be limited in terms 
of throughput, and also with regard to the cleaning process, which requires 
high amounts of chemicals to restore suitable conditions for the next pro-
duction cycle. Therefore, alternative processes have been proposed to 
enable the separation of two originally equally-sized molecules by mem-
brane separation, whereby the protein mixture is subjected to a thermal 
process under conditions, such as specifi c pH, ionic strength, protein and 
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lactose concentration, which selectively affect individual proteins leading 
to their aggregation, while the target protein remains unaffected and native 
in solution.5 The aggregated protein can then be easily removed from the 
solution by microfi ltration. Figure 1.6 provides an example demonstrating 
this concept by an assessment of the reaction rate constant of the thermal 
aggregation process. The system heated is whey, i.e. comprised of 
β-lactoglobulin and α-lactalbumin, the two main whey proteins in the 
natural aqueous phase of milk. It can be seen by comparing the reaction 
rate constants, a measure for the rate of the aggregation, that the proteins 
react differently, depending on lactose and protein contents. β-Lactoglobulin, 
for instance, reacts relatively fast at low lactose and low protein contents, 
while α-lactalbumin reacts more slowly under the same conditions. Other 
regions on these graphs can be identifi ed where the opposite is the case, or 
where both proteins are fast in aggregating. From these fundamental data, 
and from other results related to other thermal and milieu conditions, 
optimized thermal processes can be derived which allow one of the proteins 
to be converted into aggregates while the respective other protein remains 
native. Therefore, microfi ltration can be applied to remove the aggregated 
protein as a so-called microparticulate (which has its own technological 
value), while the native protein can be obtained from the microfi ltration 
permeate by ultrafi ltration. Figure 1.7 depicts two examples related to this 
selective whey protein separation process.

1.3.2 Enzyme-induced crosslinking and separation of 
dairy proteins or peptides

Another example of the combination of other unit operations with mem-
brane fi ltration is the selective upstream treatment of caseinomacropeptide 
(CMP) from sweet whey. The presence of CMP may sometimes be un -
desired; for instance, when a selective fractionation of whey proteins as 
described above is wanted. Tolkach and Kulozik6 developed an enzyme 
assisted crosslinking process of CMP using transglutaminase (TG). A con-
dition for the crosslinking of proteins or peptides is the presence of two 
amino acids, namely lysine and glutamine, between which TG creates iso-
peptide bonds. Thus, crosslinking the small CMP molecule is induced, 
generating peptide aggregates large enough to be removed by microfi ltra-
tion from whey, as shown in Figures 1.8 and 1.9. The remaining whey 
proteins can be further fractionated either using chromatography or the 
processing options presented in Fig. 1.7.

1.3.3 Membrane adsorption chromatography for the separation of 
proteins and peptides from whey

As mentioned above, the permeation process in membrane technology is 
infl uenced by a variety of factors still not fully understood and, in addition, 
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after heat treatment.5
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which are relatively unspecifi c. This is why separation tasks are often 
achieved in a more targeted way by chromatographic techniques. These 
techniques, however, are often limited by the low velocity of the diffusional 
processes which are responsible for the transport of substances into and out 
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of the chromatographic beads. Therefore, novel hybrid systems have been 
developed combining the features of both processes, namely specifi city of 
ligands in chromatography (quaternary ammonium ions in this case) and 
high throughput of membranes. Such systems are called membrane adsorp-
tion chromatography units (MAC), which consist of natural polymers, such 
as cellulose, as carrier material; these can be easily modifi ed at their sur-
faces. Similar to adsorber beads, the surfaces can carry charged or other-
wise adsorptive ligands (in this study, again using quaternary ammonium 
ions), which are convectively brought in contact with the substrates in the 
fi ltrate stream passing along them. Therefore, diffusional processes are 
much less limiting as compared to conventional chromatographic systems.

As could be shown in a study for the separation of fractions of casei-
nomacropetide (CMP), conventional ion exchange (IEX) chromatography 
and MAC can successfully be applied to separate the glycosylated from the 
unglycosylated parts, based on the fact that the glycosylated peptides are 
negatively charged. This might be of practical importance because of certain 
bioactivities and specifi c technological functionalities of CMP.7 Without the 
MAC technique, this separation would be only possible by standard ion 
exchange chromatography (IEX). Figure 1.10 compares the separation 
results of MAC and conventional ion exchange chromatography. The dia-
grams depicts the elution curves detected by a UV detector as a function 
of elution time. As can be seen, the separation effect is very similar between 
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the systems. They both achieve a base line separation of peaks. The IEX 
chromatogram indicates that the glyco-CMP consists of various sub-
fractions (see also Fig. 1.8) which could be further separated. However, 
the target here was to separate only the two bulk fractions, glyco- and 
aglyco-CMP. More importantly, it was shown that, in fact, MAC achieves 
the separation effect in a quarter of the time required by conventional 
IEX chromatography. It can be predicted that MAC technology will have 
further applications in the food industry or in pharmaceutical applications, 
since different ligands can be linked with the carrier surfaces and that a 
wide spectrum of separation tasks could successfully be solved by using 
MAC units.

1.4 Alternative membrane processing concepts

At the beginning of membrane technology, only polymeric materials were 
available and they are still dominating the market. Later on, ceramic or 
other inorganic materials have been introduced, which allow more extreme 
conditions of operation, cleaning and sterilization and have, partially, also 
more specifi c separation capabilities, and therefore have occupied a signifi -
cant part of the membrane market. In addition, innovative technical solu-
tions have been developed allowing a better control of processing conditions 
and, thus, of separation results, as will be shown below.

1.4.1 Membrane fi ltration with uniform transmembrane 
pressure difference

As was shown above, high wall-shear stresses in combination with sub-
critical and uniform transmembranes pressure differences should yield 
better separation results. Different approaches have been taken to achieve 
improved situations with a better deposit control.

The fi rst system was developed during the 1970s, achieving a uniform 
transmembrane pressure difference ∆pTM by means of pumping the perme-
ate in a circular mode through the permeate side of the membrane modules.9

The volume fl ow through the permeate side of the module can be adjusted 
such that the pressure loss is equivalent to the pressure loss along the 
retentate side of the membrane. By doing so, the pressure difference at 
each point along the membrane is the same, i.e. uniform. This results in a 
processing mode where, in contrast to conventional crossfl ow systems, 
volume fl ow rate and transmembrane pressure are no longer dependent 
factors delivering the same ∆pTM. This, in turn, allows the control of deposit 
formation through high levels of wall shear stress without simultaneously 
creating highly convective transportation of deposit-forming material 
towards the membrane surface. A processing scheme, as well as the related 
pressure situations on the retentate and permeate sides, is schematically 
depicted in Fig. 1.11 according to Sandblom.9
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A result from a microfi ltration experiment fractionating milk proteins is 
shown in Fig. 1.12, comparing the UTP mode with the classical crossfl ow 
mode. The permeation rate is strongly time-dependent in the case of cross-
fl ow MF, while for the UTP mode a much higher and constant fl ux can be 
obtained, indicating that the control of deposition of the retained casein 
micelles was more effective.

1.4.2 Gradient membranes
The positive effect described above stood behind the development of so-
called gradient membranes made from ceramic materials, which have 
inbuilt gradients in permeation resistances. One of the concepts is based 
on a gradient in porosity within the membrane support layer (System Pall 
Exekia/France); another is based on the gradient in thickness of the selec-
tive front layer of the membrane (System TAMI/France). Either of the 
gradients can be established during membrane manufacture such that the 
permeation resistance along the fl ow path is inversely varied according to 
the linear decrease of static pressure on the retentate side. Provided that 
the respective gradient and the pressure loss on the retentate side are 
ideally compensating each other, the result is the same fl ux along the 
membrane. Figure 1.13 schematically depicts both gradient membrane 
concepts.
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Fig. 1.11 Uniform Transmembrane Pressure (UTP) mode membrane fi ltration.9

The pressure gradient on the retentate side of the membrane is equal to an 
induced pressure loss on the permeate side, thus creating the same 

transmembrane pressure along the membrane.
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surface.



20 Dairy-derived ingredients

Gradient membranes should have the same effect (i.e. isofl ux along the 
membrane) as the UTP processing mode, provided that the fl uid properties 
(viscosity, concentration), which are varying according to the concentration 
through the stages of a larger membrane plant and which are responsible 
for the pressure loss, are compatible with the gradient of the respective 
membranes confronted with these variable properties of the retentate 
stream.

1.4.3 Dynamic membrane systems
Another approach in creating wall shear stress has been realized by the 
development of dynamic membrane systems with either rotating or oscil-
lating membranes. The movement of the membrane, instead of high volume 
throughputs of the product, allows one to disentagle pressure difference 
and wall shear stress similar to the systems described above.

One of the fi rst systems applying this concept has been the simple stirred 
vessel membrane cell, mainly for laboratory scale applications. A truly 
dynamic membrane system, the fi rst of its kind, was the rotor–stator system 
by Sulzer (Winterthur/Switzerland) with membrane equipped cylindrical 
rotors and stators creating a circular gap between them, shear forces and 
Taylor vortices producing the required wall shear stress and removing 
deposited material. This concept has been later transferred to the develop-
ment of fl at sheet circular membrane systems, and deposit removal or 
control could be realized without large volume streams passing along the 
membrane surfaces. Figure 1.14 schematically shows one of the presently 
available systems with overlapping, rotating circular membranes. Figure 
1.15 depicts results from a microfi ltration experiment using an oscillating 
membrane system (PallSep; Pall/NJ) for the fractionation of milk proteins, 
i.e. whey proteins from caseins, with variations in the amplitude of the 
oscillation. As can be seen, the permeation is strongly dependent on the 
transmembrane pressure difference, despite the fact that a low volume 
stream is applied. This clearly shows that the system is operated in a 
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Fig. 1.14 Scheme of a dynamic membrane system with rotating membranes.
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oscillating membrane system for the fractionation of milk proteins.

membrane controlled region, where the deposit formation is negligible and 
therefore does not infl uence the permeation in a major way. On the other 
hand, the permeation is controlled by the deposited layer of retained 
protein particles at higher levels of the transmembrane pressure difference, 
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in particular when the amplitude of oscillation is low. Figure 1.15b depicts 
the mass fl ow of smaller proteins, using β-lactoglobulin as an example, 
showing that an undesired retention can obviously be prevented as long as 
the critical value for ∆pTM is not exceeded.

1.4.4 Electric fi eld assisted membrane techniques
Electrodialysis has long been applied in the dairy industry to separate ionic 
components, mainly from whey, using ion exchange membranes. 
Alternatively, charged particles can be removed from solutions using other 
kinds of membranes assisted by an electrical fi eld, as has been demon-
strated by Weigert et al.11 The authors made use of the effect of an electrical 
fi eld to enhance the effect of fl uid dynamical lift forces in removing charged 
particles from membrane surfaces. The electrical fi eld was polarized accord-
ing to the net particle charge such that the direction of the forces was 
pointing away from the membrane surface. The results, depicted in Fig. 
1.16, clearly show that submicron particles in a model system with anor-
ganic (crystobalite) particles were effectively forced away from the mem-
brane surface yielding a signifi cantly higher fl ux rate as compared to the 
same fi ltration without an electrical fi eld. Although these results were 
obtained for a non-food system, the potential of this principle for more 
complex solutions in dairy or other food applications exists and should be 
of interest to validate.

0
0

300

600

900

1200

1500

5 10
Time [h]

150 V/cm

0 V/cm

15 20

P
er

m
at

e 
flu

x 
[k

g 
m

–2
 h

–1
]

Fig. 1.16 Effect of an electrical fi eld on the permate mass fl ow in crossfl ow 
microfi ltration of anorganic crystobalite particles in comparison to conventional 

crossfl ow fi ltration.11
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Understanding the factors affecting 
spray-dried dairy powder properties 
and behavior
P. Schuck, INRA, France

Abstract: In view of the increased development of fi ltration processes, the dairy 
industry requires greater understanding of the effects of spray drying on the 
quality of protein powders. Spray drying parameters have an important role in 
the quality of dairy powders during drying, storage and rehydration. The 
residence time of the droplet, and then of the powder, is so short that it is very 
diffi cult to study the mechanism of the structural change in the protein without 
fundamental research into relationships with the process/product interactions. 
Following an introduction to spray drying, this chapter covers four areas, i.e. the 
principles of spray drying, the properties and qualities of spray-dried dairy 
powders, the effects of spray drying parameters on powder properties, and the 
control and improvement of powder properties.

Key words: spray drying, powders, dairy products, physical properties, 
rehydration.

2.1 Introduction

The purpose of the dehydration of milk and derivates is to stabilize these 
products for their storage and later use. Milk and whey powders are used 
mostly in animal feeds. With changes in agricultural policies (such as the 
implementation of the quota system and the dissolution of the price support 
system in the European Union), the dairy industry has been forced to look 
for better uses for dairy surplus and for the by-products of cheese (whey) 
produced from milk, and buttermilk produced from cream. Study of the 
reuse of protein fractions in terms of nutritional qualities and functionality 
has led us to believe that they could have several applications.

In the past 30 years, the dairy industry has developed new technological 
processes for extracting and purifying proteins (e.g. casein, caseinates, whey 
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proteins, etc.) such as milk protein concentrate (MPC), milk protein isolate 
(MPI), whey protein concentrate (WPC), whey protein isolate (WPI), 
micellar casein concentrates (MCC) and isolates (MCI), whey concentrates, 
and selectively demineralized whey concentrates, mainly because of the 
emergence of fi ltration technology (e.g. microfi ltration, ultrafi ltration, 
nanofi ltration and reverse osmosis). This recent emergence of new mem-
brane separation techniques and improvements in chromatographic resins 
now provide the dairy technologist with several types of technique for the 
extraction and purifi cation of almost all of the main milk proteins. (Maubois, 
1991; Fauquant et al., 1988; Pierre et al., 1992, Schuck et al., 1994a,b; Jeantet 
et al., 1996).

The most frequently used technique for the dehydration of dairy prod-
ucts is spray drying. It became popular in the dairy industry in the 1970s, 
but at that time there were few scientifi c or technical studies on spray drying 
and, in particular, none on the effects of spray drying parameters or on the 
effects of the physico-chemical composition and microbiology of the con-
centrates on powder quality. Manufacturers acquired expertise in milk 
drying, and eventually in whey drying, processes through trial and error. 
Because of the variety and complexity of the mixes to be dried, a more 
rigorous method based on physico-chemical and thermodynamic properties 
has become necessary. Greater understanding of the biochemical proper-
ties of milk products before drying, water transfer during spray drying, the 
properties of powders and infl uencing factors is now essential for the pro-
duction of milk powder. The lack of technical and economic information 
and of understanding of scientifi c methods prevents the manufacturer from 
optimizing his plant in terms of energy costs and powder quality.

A dairy powder is characterized not only by its composition (proteins, 
carbohydrates, fats, minerals and water) but also by its microbiological and 
physical properties (bulk and particle density, instant characteristics, fl ow-
ability, fl oodability, hygroscopicity, degree of caking, whey protein nitrogen 
index, thermostability, insolubility index, dispersibility index, wettability 
index, sinkability index, rehydration time, free fat, occluded air, interstitial 
air, particle size, water activity, glass transition temperature, etc.) which 
form the basic elements of quality specifi cations, and there are well-defi ned 
test methods for their determination according to international standards 
(Pisecky, 1986, 1990, 1997; American Dairy Products Institute, 1990; 
Masters, 2002). These characteristics depend on drying parameters (type of 
tower spray drier, nozzles/wheels, pressure, agglomeration and thermody-
namic conditions of the air, such as temperature, relative humidity and 
velocity), the characteristics of the concentrate before spraying (composi-
tion/physico-chemical characteristics, viscosity, thermo-sensitivity and 
availability of water) and storage conditions. Several scientifi c papers have 
been published on the effects of technological parameters on these proper-
ties (Baldwin et al., 1980; Pisecky, 1980, 1981, 1986; De Vilder, 1986; Tuohy, 
1989; Jeantet et al., 2008a; Masters, 2002) (Fig. 2.1). Water content, water 
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dynamics and water availability are among the most important properties 
for all these powder properties and powder characteristics.

The aim of this chapter is to provide information on four areas, i.e. 
principles of spray drying, properties and qualities of spray-dried dairy 
powders, effects of spray drying parameters on powder properties, and 
control and improvement of powder properties.

2.2 Principles of spray drying

Drying is defi ned as the removal of a liquid (usually water) from a product 
by evaporation, leaving the solids in an essentially dry state. A number of 
different drying processes are in use in the dairy, food, chemical and phar-
maceutical industries, such as spray-drying, fl uid bed drying, roller drying, 
freeze-drying, microwave drying and superheated steam drying. Due to 
considerations related to drying economics and fi nal product quality, the 
only processes of signifi cance in milk protein powder manufacture are 
spray-drying and fl uid bed drying (most often in combination). Only these 
two combined drying processes will be discussed in this section.

The basic principle of spray-drying is the exposure of a fi ne dispersion 
of droplets, created by means of atomization of preconcentrated milk prod-
ucts, to a hot air stream. According to Pisecky (1997), spray drying is an 
industrial process for the dehydration of a liquid by transforming the liquid 
into a spray of small droplets and exposing these droplets to a fl ow of hot 
air. The very large surface area of the spray droplets causes evaporation of 
the water to take place very quickly, converting the droplets into dry 
powder particles. The small droplet size created, and hence large total 
surface area, results in very rapid evaporation of water at a relatively low 
temperature, whereby heat damage to the product is minimized. (Refstrup, 
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Fig. 2.1 Properties and qualities of powders.
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2003) In fact, when a wet droplet is exposed to hot dry gas, variations in 
the temperature and the partial pressure of water vapor are spontaneously 
established between the droplet and the air:

• Heat transfer from the air to the droplet occurs under the infl uence of 
the temperature gradient;

• Water transfer occurs in the opposite direction, explained by variation 
in the partial pressure of water vapor between the air and the droplet 
surface.

Air is thus used both for fl uid heating and as a carrier gas for the removal 
of water. The air enters the spray drier hot and dry, and leaves it wet and 
cool. Spray drying is a phenomenon of surface water evaporation main-
tained by the movement of capillary water from the interior to the surface 
of the droplet. As long as the average moisture is suffi cient to feed the 
surface regularly, the evaporation rate is constant. If not, it decreases.
The drying kinetics are related to three factors:

(i) The evaporation surface created by the diameter of the particles. 
Spraying increases the exchange surface (1  L of liquid sprayed in 
particles of 100 µm diameter develops a surface area of 60 m2, whereas 
the surface area for one sphere of the same volume is approximately 
only 0.05 m2).

(ii) The difference in the partial pressure of water vapor between the 
particle and the drying air. A decrease in the absolute humidity of 
the air and/or an increase in the air temperature tends to increase the 
difference in the partial pressure of water vapor between the particle 
and the drying air.

(iii) The rate of water migration from the center of the particle towards 
its surface. This parameter is essential for the quality of dairy powders. 
Indeed, it is important that there is always water on the surface of 
the product so that the powder surface remains at the wet bulb tem-
perature for as long as possible. The rate of water migration depends 
on the water diffusion coeffi cient, which varies according to the bio-
chemical composition, water content and droplet temperature. This 
is why calculation of this coeffi cient is complex and the mathematical 
models available are not easily exploitable by the dairy industry.

To defi ne the components of a spray drying installation according to Masters 
(1991), Pisecky (1997) and Westergaard (2003), the main components of 
the spray drier shown in Fig. 2.2 are as follows:

• Drying chamber (Fig. 2.2, No. 7).
• Air fi ltration (Fig. 2.2, No. 17).
• Air heating system. The drying air can be heated in various ways: either 

indirectly by steam, oil, gas or hot oil, or directly by gas or electricity 
(Fig. 2.2, No. 5).
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• Air distribution. The air fl ow chamber can be in co-current, counter-
current or mixed mode. The system of air distribution is one of the most 
vital points in a spray dryer. There are various systems, depending on 
the plant design and the type of product to be produced. The most 
common system is where the air disperser is situated on top of the dryer 
ceiling and the atomizing device is placed in the middle of the air dis-
perser, thus ensuring optimal mixing of the air and the atomized 
droplets.

• An atomizing device with a feed supply system such as a feed tank, feed 
pump, water tank, concentrate heater and atomizing device. The aim of 
atomizing the concentrate is to provide a very large surface area from 
which the evaporation of water can take place: the smaller the droplets, 
the greater the surface area; and the easier the evaporation, the greater 
the thermal effi ciency obtained. The ideal situation from a drying point of 
view is a spray of droplets of the same size, where the drying time for all 
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particles would be the same to obtain equal moisture content. As 
mentioned previously, air distribution and atomization are key factors in 
the successful utilization of a spray-dryer. Atomization is directly respon-
sible for many distinctive advantages offered by spray-drying: fi rst, the 
very short drying time of the particles; second, the very short particle 
retention time in the hot atmosphere and low particle temperature (wet 
bulb temperature); and fi nally, the transformation of the liquid feed into 
a powder with long storage stability, ready for packing and transport.

In summary, the prime functions of atomization are:

• to produce a high surface-to-mass ratio, resulting in a high evapora-
tion rate

• to produce particles of the desired shape, size and density.

There are three types of atomizing device: nozzle atomizer (pressure, 
pneumatic or sonic), rotary atomizer (wheel or disc) and combined 
atomizer (rotary and pneumatic) (Fig. 2.2, No. 3).
The basic function of pressure nozzles is to convert the pressure energy 

supplied by the high-pressure pump into kinetic energy in the form 
of a thin fi lm, the stability of which is determined by the properties 
of the liquid, such as viscosity, surface tension, density and quantity 
per unit of time, and by the medium into which the liquid is sprayed.

The basic function of a pneumatic nozzle, also called a two-fl uid nozzle, 
is to atomize the feed by high air velocity The energy available for 
atomization in two-fl uid atomizers is independent of liquid fl ow and 
pressure. The necessary energy (kinetic) is supplied by compressed 
air. Two-fl uid atomization is the only successful nozzle method for 
producing very small particles, especially from highly viscous liquids. 
It is not normally used in the drying of milk products.

In rotary atomizers, the liquid is accelerated continuously to the wheel 
edge by centrifugal forces produced by the rotation of the wheel. The 
liquid is distributed centrally and then extends over the wheel surface 
in a thin sheet and is discharged at high speed at the periphery of the 
wheel. The degree of atomization depends on peripheral speed, the 
properties of the liquid, and feed rate. According to Westergaard 
(2003), to select an optimal atomizer wheel, the liquid feed rate, 
peripheral speed and viscosity of the liquid should be taken into 
consideration.

• Powder recovery system. Separation of the dried product can be achieved 
by a primary discharge from the drying chamber followed by a second-
ary discharge from a particle collector (using a cyclone, bag fi lter or 
electrostatic precipitation), followed by total discharge from the particle 
collector and fi nishing with fi nal exhaust air cleaning in a wet scrubber 
and dry fi lter.
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Authorities normally conclude that a powder loss of 250 mg m−3 (obtained 
classically by using only cyclones) is too high, and set a standard of 
50 mg m−3 (obtained by using cyclones plus bag fi lters or cyclones plus 
wet scrubber which requires a fi nal cleaning of the air). For these 
reasons, i.e. authorities’ demand for reduced powder emission and 
powder producers’ demand for lower energy consumption and reduced 
space requirements, a new powder recovery system has been developed, 
the cleanable-in-place (CIP-able) bag fi lter, which replaces the cyclones/
bag fi lter (Westergaard, 2003).

According to Sougnez (1983), Masters (1991) and Pisecky (1997), the sim-
plest types of installation are single-stage systems with a very short resi-
dence time (20–60 s). Thus, there is not enough residence time to obtain a 
real equilibrium between the relative humidity of the outlet air and water 
activity of the powder. The outlet temperature of the air must therefore be 
high, reducing the thermal effi ciency of the single-stage spray drier. Gener-
ally, installations without any post-treatment system are suitable only for 
non-agglomerated powders not requiring cooling. If necessary, a pneumatic 
conveying system could be added to cool the powder while transporting the 
chamber fraction and the cyclone fraction to a single discharge point.

The two-stage drying system consists of limiting the spray drying process 
to a process with a longer residence time (several minutes) to provide a 
better thermodynamic balance. This involves a considerable reduction in 
the outlet air temperature (to increase the powder moisture content), and 
also an increase in the inlet air temperature, and in the concentrate and 
powder fl ow rate without risk of thermal denaturation due to the increase 
in moisture content of the powder during the fi rst stage (thermal protec-
tion). A second, fi nal drying stage is necessary to optimize the moisture 
content, by using an integrated fl uid bed (static) or an external fl uid bed 
(vibrating), the air temperatures of which are 15–25°C lower than with a 
single-stage system to improve and/or preserve the quality of the dairy 
powder (Fig. 2.2, Nos 11 and 14). Consequently, the surrounding air tem-
perature at the critical drying stage and the particle temperature are also 
correspondingly lower, thus contributing to further improvement in eco-
nomics. The integrated fl uid bed can be either circular (e.g. Multi Stage 
Drier (MSDTM) chamber) or annular (e.g. Compact Drier (CD) chamber). 
Two-stage drying has its limitations, but it can be applied to products such 
as skim milk, whole milk, pre-crystallized whey, caseinates, whey proteins 
and derivatives. The moisture content of the powder leaving the fi rst stage 
is limited by the thermoplasticity of the wet powder, i.e. by its stickiness in 
relation to the water activity and the glass transition temperature (Roos, 
2002). The moisture content must be close to 7–8, 9–10 and 2–3% for skim/
whole milk, caseinate/whey protein and pre-crystallized whey powders, 
respectively. The two-stage drying techniques can be applied to the produc-
tion of both non-agglomerated and agglomerated powders, but this tech-
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nique is very suitable for the production of agglomerated powders, by 
separating the non-agglomerated particles from the agglomerates (i.e. col-
lecting the cyclone fractions and re-introducing these fi ne fractions (called 
fi nes) into the wet zone around the atomizer of the chamber) (Fig. 2.2, No. 
15).

Three-stage drying systems, with an internal fl uid bed as a second stage 
in combination with an external vibrating fl uid bed as a third-stage drier, 
fi rst appeared at the beginning of the 1980s and were called Compact Drier 
Instantization (CDI) or MSDTM. Today, they dominate the dairy powder 
industry (Fig. 2.2). Three-stage systems combine all the advantages of 
extended two-stage drying, using spray drying as the primary stage, fl uid 
bed drying of a static fl uid as the second drying stage and drying on an 
external vibrating fl uid bed as the third drying stage. The fi nal drying stage 
terminates with cooling to under the glass transition temperature. Evapora-
tion performed at each stage can be optimized to achieve both gentle drying 
conditions and good thermal economy.

CD or CDI is suitable for producing both non-agglomerated and agglom-
erated powders of practically any kind of dried dairy product. It can also 
cope successfully with whey powders, fat-fi lled milk and whey products as 
well as caseinates, both non-agglomerated and agglomerated. It has a fat 
content limit of about 50% fat in total solids. Powder quality and appear-
ance are comparable with those of products from two-stage drying systems 
but they have considerably better fl owability and the process is more 
economical.

In comparison with CD, MSDTM can process an even wider range of 
products and can handle an even higher fat content. The main characteristic 
of MSDTM powder is due to very good agglomeration and mechanical stabil-
ity, low particle size fractions (below 125 µm) and very good fl owability. 
Optimization of the process allows considerable improvement in drying 
effi ciency and the quality of the product obtained is generally better. The 
various advantages are:

• improved thermal effi ciency: signifi cant reduction in outlet air tempera-
ture, permitting an increase in inlet air temperature;

• reduced material obstruction: the capacity in one volume is two or three 
times greater than for a traditional unit;

• considerable reduction in powder emission to the atmosphere: reduction 
of the drying air fl ow and increase in powder moisture content together 
decrease the loss of fi ne particles in the outlet air;

• improved powder quality in relation to agglomeration level, solubility, 
dispersibility, wettability, particle size, density, etc.

There are other examples of drying equipment such as the ‘tall form drier’, 
the ‘FiltermatTM drier’, the ‘Parafl ashTM drier’, the ‘TixothermTM drier’ and 
the Integrated Filter DryerTM (IFDTM). All these towers have characteristics 
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related to the specifi c properties of the product being dried (e.g. high fat 
content, starch, maltodextrin, egg and hygroscopic products).

In terms of energy balance, Westergaard (2004) showed that energy 
consumption varies according to the drying processes. Energy consumption 
to produce 1 kg of powder from skim milk concentrate at 45% of total solids 
is 1595, 1350, 1280, 1038 and 960 Kcal for a one-stage spray dryer, a two-
stage spray dryer, a two-stage spray dryer with high inlet air temperature, 
CDI and MSDTM, respectively. This is explained by the increase in the 
number of drying stages simultaneously increasing the residence time, 
allowing increase in the inlet air temperature, concentrate fl ow rate and 
fi nally energy yield while preserving/improving powder quality (Bimbenet 
et al., 2002; Jeantet et al., 2008b).

2.3 Properties and qualities of dairy powders

According to Carić (2003), the properties of milk powders are categorized 
as physical, functional, biochemical, microbiological and sensory. There is 
a signifi cant interrelationship between them, which affects the fi nal quality. 
The physical and functional properties of milk powders are especially 
important when the powders are intended for recombining and in the 
manufacture of various food products. When intended for use as a food 
ingredient, milk powders should be light in color, free from off-fl avors and 
easy to hydrate, disperse and dissolve in water. The basic properties that 
determine the quality of milk powder, and where defects are most likely, 
include powder structure, solubility, water content, scorched particles, fl ow-
ability, fl oodability, oxidative changes, fl avor, color and micro-organism 
contamination.

2.3.1 Physical properties
Powder structure
The physical structure of a milk powder can be defi ned as the way in which 
its chemical components are distributed and connected. Powder structure 
is very strongly affected by the drying technique. Powder produced by 
roller-drying has a compact structure of irregular shape with no occluded 
air. Roller-dried powder particles have a low bulk density (300–500 kg.m−3), 
due to their irregular structure. The particles of spray-dried powder are 
spherical, with diameters in the range 10–250 µm. The particles contain 
occluded air and either large central vacuoles or smaller vacuoles which are 
distributed throughout the interior of the particles. The surface of spray-
dried skim milk powder particles is usually wrinkled but it is smooth for 
high protein powders. The high inlet air temperature and large temperature 
differential between the hot air and the powder particles are the main 
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causes of wrinkle formation, as is also the presence of lactose (Carić and 
Kaláb, 1987; Mistry et al., 1992; Aguilar and Ziegler, 1993).

Particle size distribution
According to Carrić (2003), the particle size of a powder, which affects its 
appearance, reconstitution and fl ow characteristics, depends mainly on the 
atomization conditions and the viscosity of the concentrate; high atomizing 
pressure and low concentrate viscosity reduce particle size.

Powder density
Densities are classifi ed into three groups: bulk (apparent) density, particle 
density and the density of the dry milk solids; all three are very much 
interrelated.

• Bulk density: Bulk density is regarded as the weight per unit volume 
and is expressed as kg.m−3. It is a very important property, both from 
the point of view of cost and market requirements. Bulk density is cur-
rently determined by measuring the volume of 100 g of powder in a 
250 mL graduated glass cylinder. The bulk density of milk powders is a 
very complex property, being the result of many other properties and 
being infl uenced by a number of factors such as feed concentration, feed 
temperature, feed foamability, milk preheating, age thickening, feed 
composition, type of atomizer, particle temperature history and particle 
size distribution (Pisecky, 1997). Bulk density depends also on particle 
density and occluded and interstitial air.

• Particle density: Particle density corresponds to the mass of particles (in 
grams) having a total volume of 1 cm3. Particle density is infl uenced 
mainly by the amount of entrapped air. The processing factors that 
contribute signifi cantly to particle density are viscosity and the incorpo-
ration of air into the concentrate prior to drying. The type of spray 
atomization affects air retention. Certain types of centrifugal spray-
dried milk have more entrapped air than pressure spray products (Carrić,
2003).

° Occluded air: The occluded air content is defi ned and quantifi ed by 
the difference between the volume of a given mass of particles and 
the volume of the same mass of air-free milk solids. Many factors 
infl uence the occluded air content in powder particles, including 
incorporation of air into the feed, the system chosen for spray drying 
the concentrate, whipping action before and/or during atomization, 
properties of the feed and the ability of the feed to form a stable 
foam. The content and state of proteins might markedly affect stable 
foam formation, while fat has the opposite effect. High-fat concen-
trates are much less susceptible to foaming than skim milk. Undena-
turated whey proteins in skim milk have a greater tendency to 
foam, which can be reduced by heat treatment, which causes protein 



34 Dairy-derived ingredients

denaturation. Concentrates with low total solid contents foam more 
than more highly concentrated materials. An increase in temperature 
from 10 to 40°C increases the tendency to form foam for skim milk 
concentrate at 40 and 45% of total solids related to decrease in vis-
cosity. Therefore, an increase in temperature from 10 and 40°C 
reduces the tendency to form foam for concentrate at 50% of total 
solids. This result could be explained by a thermal denaturation 
(Pisecky, 1997; Carrić, 2003).

° Interstitial air: Interstitial air is defi ned as the difference between the 
volume of a given mass of particles and the volume of the same mass 
of tapped powder. This property depends primarily on the particle 
size distribution and the degree of agglomeration (Carrić, 2003).

• Density of the dry milk solids: This density expresses the density of 
solids without any air and is given by the composition of the power 
(Pisecky, 1997; Westergaard, 2004).

Flowability
Flowability is the ability of a powder to fl ow freely, like sand, without 
forming lumps, clusters or aggregates. Flowability can be measured as the 
time (in seconds) necessary for a given volume of powder to leave a rotary 
drum through given slits (Haugaard Sorensen et al., 1978) or by the method 
developed by Carr (1965). Flowability depends also on particle size and 
shape, density and electrical charge. Large particles fl ow more easily than 
fi nes (particles with a diameter of <90 µm). Consequently, agglomeration 
is benefi cial, as is uniformity of size. Moreover, according to Carrić (2003), 
a wide variation in particle size permits fi nes to occupy spaces between the 
large particles, which results in closer packing.

Rehydration
Most food additives are prepared in powder form and need to be dissolved 
before use. Water interactions in dehydrated products and dissolution are 
thus important factors in food development and formulation (Hardy et al.,
2002). Dissolution is an essential quality attribute of a dairy powder as 
a food ingredient (King, 1966). Many sensors and analytical methods 
such as the insolubility index (International Dairy Federation, 1988; Ameri-
can Dairy Products Institute, 1990), nuclear magnetic resonance (NMR) 
spectroscopy (Davenel et al., 1997), turbidity, viscosity and particle 
size distribution (Gaiani et al., 2006a) can now be used to study water 
transfer in dairy protein concentrates during rehydration. Using combina-
tions of these methods, it is very easy to determine the different stages of 
the rehydration process (i.e. wettability, sinkability, dispersibility and 
solubility).

• Wettability is the ability (expressed as time in seconds) necessary for a 
given amount of powder to penetrate the still surface of water. In other 
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words, wettability is the ability of a powder to absorb water on the 
surface and get wet (Haugaard Sorensen et al., 1978). Generally, the 
wettability of powder particles depends on the surface activity of 
the particles, surface area, surface charge, particle size, density, porosity 
and presence of moisture-absorbing substances.

• Sinkability is the ability of powder particles to overcome the surface 
tension of water and sink into water after passing through the surface. 
Sinkability is expressed as milligrams of powder that sink per min per 
cm2 of surface area. This property of powder is infl uenced by the forces 
that tend to submerge a particle on the surface and depends on the 
density of the particles, i.e. on the mass of the particles and the quantity 
of occluded air. Higher particle density and lower quantity of occluded 
air cause particles to sink (Carrić, 2003).

• Dispersibility refl ects the ability of the wetted aggregates of powder 
particles to become uniformly dispersed when in contact with water. The 
effects of total heat treatment on casein during processing are of par-
ticular importance for good dispersibility. The dispersibility of milk 
powder can be improved by: (i) keeping the heat treatment on preheat-
ing to a minimum and (ii) minimizing the holding time and temperature 
of the concentrate.

• The insolubility index (ISI, in %), described by the IDF standard (Inter-
national Dairy Federation, 1988) for skim milk, is the volume of sedi-
ment (for 50 mL) after rehydration (10 g of powder in 100 mL of distilled 
water, at 25°C), mixing (90 s, at 4000 rev · min−1) and centrifugation 
(300 s, at 160 g). With this method, the quantity of insoluble material 
can be determined but this IS is related only to the decrease in water 
transfer needed for rehydration. This index cannot differentiate between 
the truly insoluble (related to the thermal denaturation) and the falsly 
insoluble (related to the biochemical composition) (Schuck et al., 1994b).

A modifi cation of the rehydration parameters recommended by the IDF 
method (1988) resulted in marked variations in the ISI of micellar casein 
isolate (MCI) powder. The index decreased to 6.2 mL if the casein content 
of the sample of MCI powder was close to the casein content of milk (25 
g.L−1), the duration of stirring increased from 90 s to 900 s (ISI = 1.8 mL), 
the rehydration temperature increased from 24°C to 30°C (ISI = 7.2 mL), 
40°C (ISI = 2.3 mL), 50°C (ISI = 0.9 mL%) or 60°C (ISI = 0.1 mL) and/or 
if the stirring velocity increased from 4000 to 10,000 rev.min−1 (ISI = 0.8 mL). 
The replacement of the rehydration water by a saline solution (NaCl at 
0.1 mol.L−1), a microfi ltrate or an ultrafi ltrate did not change the ISI for 
MCI powder (Schuck et al., 1994a,b). These results confi rm that the ISI 
given by the IDF method (1988) results from a decrease in the water trans-
fer towards the center of the particle and not from denaturation. Everything 
occurs as if the setting in contact with water created a high surface viscosity, 
slowing down the internal hydration of the MCI powder.
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To determine the different steps of rehydration, various methods can be 
used, as follows:

• NMR spectroscopy is a technique for determining the rate of solution, 
the time required for complete reconstitution of powders and the trans-
verse relaxation rate of reconstituted solutions (Davenel et al., 1997). 
With this method, it is possible to differentiate between truly insoluble 
material and falsely insoluble material. (Schuck et al., 1994b).

• For viscosity measurement, a rheometer can be used to obtain viscosity 
profi les. The blades of the agitator are placed at right angles to each 
other to provide good homogenization. Industrial dissolution processes 
usually include stirring at a constant speed and experiments have there-
fore been designed to provide a constant shear rate (100  s−1). The 
aqueous phase used is distilled water at a volume of 18 mL. The powder 
is dispersed in the rheometer cup 50 s after starting the rheometer. Dis-
solution is highly dependent on temperature and concentration (Gaiani 
et al., 2005, 2006a).

• Experiments to provide turbidity profi les can be carried out in a 2 L 
vessel equipped with a four-blade 45° impeller rotating at 400 rev.min−1.
A double-walled jacket vessel maintains the temperature at 24°C. The 
turbidity sensor is placed 3 cm below the surface of the water and is 
positioned through the vessel wall to avoid disturbance during stirring. 
Turbidity changes accompanying powder rehydration are followed 
using a turbidity meter. The apparatus uses light in the near-infrared 
region (860 nm), the incident beam being refl ected back at 180° by any 
particle in suspension in the fl uid to the sensitive electronic sensor 
(Gaiani et al., 2005).

• A laser light diffraction apparatus at a wavelength of 632.8 nm can be 
used to record particle size distributions. In the study of Gaiani et al.
(2005, 2006a), the particle size distribution of particles was determined 
using a wet attachment, and the standard optical model presentation for 
particles dispersed in air was used. The results obtained corresponded 
to average diameters calculated according to the Mie theory. The crite-
rion selected was d(50), meaning that the diameters of 50% of the 
particles were lower than this criterion (midpoint of cumulative volume 
distribution) (Gaiani et al., 2005, 2006a).

Using a combination of the last three methods, it is possible to follow 
water transfer during rehydration and to obtain the wetting time, deter-
mined using the fi rst peak of increased viscosity and turbidity, and 
the swelling time, determined using the second peak of viscosity in relation 
to the increase in particle size. The rehydration time can then be deter-
mined according to stabilization of the viscosity, turbidity and particle size 
values.
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2.3.2 Physico-chemical properties
The aim of this short paragraph is to correlate certain thermodynamic 
information (moisture sorption isotherm, water activity (aw), glass transi-
tion temperature (Tg) and state diagrams) to be able to understand the 
behavior of a powder at given temperatures and aw conditions in terms of 
the quality of dairy ingredients and the rehydration behavior. From this 
thermodynamic information, it should be possible to anticipate the behav-
ior of a powder under given temperature and aw conditions (Schuck et al.,
2007).

Glass transition
Glass transition of dairy solids can be observed using differential scanning 
calorimetry (DSC). DSC measures any change in heat capacity that occurs 
over the glass transition temperature range (Roos, 2002). DSC is also the 
most common method for the determination of glass transition tempera-
tures, taken from the onset or midpoint temperature of a change in heat 
capacity (Jouppila and Roos, 1994). Many sugars, including lactose, are 
transformed rapidly from the solid glassy state to a syrup-like, sticky liquid.

The glass transition of anhydrous lactose, as observed using DSC, has 
an onset temperature of 101°C, which is one of the highest temperatures 
measured for ‘anhydrous’ disaccharides (Jouppila and Roos, 1994). The 
glass transitions observed in milk solids are very close to those of pure 
lactose. However, if lactose is hydrolyzed, the Tg observed decreases dra-
matically, because of the much lower Tg of the galactose and glucose com-
ponents. This also results in signifi cant changes in the spray drying behavior 
and storage stability of lactose-hydrolyzed milk solids (Jouppila and Roos, 
1994). Amorphous carbohydrates, including lactose and its hydrolysis prod-
ucts, are signifi cantly plasticized by water, demonstrated by a rapidly 
decreasing Tg with increasing water content. The effect of water on the Tg

of milk solids may be predicted using the Gordon–Taylor equation 
(Jouppila and Roos, 1994), or the Couchman–Karasz equation (Couchman 
and Karasz, 1978) according to Schuck et al. (2005a). Information regarding 
water plasticization can also be obtained from water sorption properties, 
which allow evaluation of the extent of water plasticization of dairy powders 
under various storage conditions.

Several studies have shown that the stickiness of dehydrated powders 
results from particle surface plasticization and concurrent decrease in vis-
cosity, allowing the formation of liquid bridges between powder particles. 
It may be assumed that similar mechanisms control particle properties in 
the spray drying process. However, the process involves removal of the 
solvent and plasticizer, which has to occur at a rate competing between 
the position of the particle in the chamber and the formation of a dry 
surface to allow free fl ow of individual particles throughout the dehydration 
process.
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Stickiness
Several techniques have been developed to characterize the stickiness 
behavior of food powders. All the tests are empirical in nature, and the 
techniques are still in development due to inaccuracies and the diffi culties 
of application to real processing and handling situations. Due to the signifi -
cant negative economic consequences in the industrial processing and han-
dling of sticky products, investigations to fi nd an accurate, simpler and 
cheaper technique to characterize the stickiness behavior of these types of 
product are still ongoing. For example, the glass transition temperature of 
skim milk solids, showing the stickiness and caking zone, is about 10°C 
above Tg or higher measured by DSC.

Some studies have tried to relate stickiness behavior and glass transition 
(Boonyai et al., 2004, 2005). Various techniques and types of instrumenta-
tion have been developed to characterize the stickiness behavior of powder 
particles. The instrumental measurement concepts are generally based on 
the properties of food materials, such as resistance to shear motion, viscos-
ity, optical properties and glass transition temperature. The fi rst two prop-
erties provide a direct interpretation of stickiness behavior, whereas the 
measurements obtained from the latter can be indirectly correlated with 
stickiness. Stickiness characterization techniques may therefore be divided 
into direct and indirect techniques. The direct techniques can also be further 
classifi ed as conventional, pneumatic and in situ techniques, according to 
the testing mechanism used. Conventional techniques involve mechanical 
movement, shearing or compression of the powder sample (propeller-
driven methods, shear cell method, ampoule method or optical probe 
method), whereas pneumatic techniques involve the use of an air stream, 
with predetermined temperature and humidity, to blow or suspend the 
powder particles (fl uidization test, cyclone stickiness test, blow test method). 
The in situ technique involves measurement of surface stickiness of single 
liquid droplets during hot air drying.

Water activity and sorption isotherm
The water activity (aw) of dried milk products is largely correlated with 
moisture content and temperature. The composition and state of individual 
components, as infl uenced by various processing techniques, also play an 
important role. The composition of the solids more or less refl ects the 
protein content. At low moisture content, characterized by aw < 0.2, the 
casein is the main water absorber. Within the intermediate range of > 0.2 
to < 0.6, sorption is dominated by the transformation of the physical 
state of lactose. Above this level, salts have a marked infl uence (Pisecky, 
1997).

The water activity of milk powders consisting of non-fat milk solids and 
milk fat is controlled mainly by the moisture content expressed in non-fat 
solids since the fat has no infl uence. Thus, differences in aw are due mostly 
to the state of proteins and the physical state of the lactose. The methods 
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to determine aw consist of putting the product in equilibrium with the sur-
rounding atmosphere, then measuring the thermohygrometric characteris-
tics of the air in equilibrium with the product. The aw should be close to 0.2 
at 25°C for optimal preservation (Efstathiou et al., 2002). Water activity 
plays an important role during the dehydration process, and an understand-
ing of sorption isotherms can provide valuable guidelines for the engineer-
ing design, control of the drying process (isothermal desorption curves) and 
storage stability (isothermal adsorption curves). In practical terms, all dairy 
powder isotherms found in the literature were obtained using fi nal products 
as starting materials. The powder or the concentrate is exposed to air of 
defi ned relative humidity and brought to equilibrium, after which the mois-
ture content is determined. Thus, the published isotherms are designated 
as adsorption or desorption.

Establishing equilibrium can very often take weeks. Many mathematical 
equations, both theoretical and empirical, have been reported in the litera-
ture to express the water sorption isotherms of dairy powders (Pisecky, 
1997). With practical or theoretical sorption isotherms, the ideal moisture 
content can be determined for the optimal stabilization (at 0.2 aw and at 
25°C) of some dairy powders. For example, the corresponding moisture 
content must be close to 4%, 2–3% and 6%, for skim milk, whey and casein-
ate powders, respectively.

With Tg, water activity is one of the main factors governing many of the 
phenomena occurring during thermal dehydration, including:

• Easiness of water evaporation from a liquid droplet,
• Particle temperature history during the whole removal process,
• Moisture content equilibrium that can be achieved under given condi-

tions at infi nite residence time,
• Stickiness of the product (in relation to the Tg) and outlet conditions 

used for drying without occurrence of sticking (Pisecky, 1997).

2.4 Effects of spray drying parameters on 
powder properties

2.4.1 During spray drying
The properties of the fi nal product are infl uenced by a number of factors, 
including the quality and composition of the raw milk and the processing 
conditions applied. As some of the factors are subject to both seasonal and 
daily variations, it is necessary to monitor those properties that might be 
affected by these variations and to make appropriate corrections to the 
operation parameters.

Two major properties, i.e. moisture content and bulk density, are good 
examples described below to show the strong relationships between process 
and products.
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Moisture content
Figure 2.3 shows the infl uence of various factors, such as the relative humid-
ity (RH) of the outlet air, on powder moisture (Schuck et al., 2008; Pisecky, 
1997). As shown in this Figure, moisture content depends on the drying air 
parameters, on the spray dryer and on the previous process. Moisture 
content is infl uenced by the aw, which depends on the RH of the outlet air. 
The relative humidity (RH) is infl uenced by the absolute humidity (AH) 
and temperature of the outlet air, which themselves depend on the concen-
trate fl ow rate, the inlet air temperature and AH before and after heating. 
The moisture content is also infl uenced by the size of the droplet, depend-
ing on the type of sprayer and viscosity. The viscosity of the concentrate 
depends on the heat treatment, temperature, residence time, homogeniza-
tion, total solid content and biochemical composition. The temperature T 
of the droplet (and thus the powder) is infl uenced by the temperature and 
AH of the inlet air and by the RH, AH and temperature of the outlet air. 
The glass transition temperature (Tg) depends on biochemical composition, 
aw and moisture content. Knowledge of the T and Tg makes it possible to 
monitor agglomeration, stickiness, cakiness and rehydration. Experiments 
reported by Schuck et al. (2008) show that the outlet air temperature is not 
always the optimum parameter to affect the moisture content of a dairy 
powder. The RH of the outlet air is the key parameter to optimize the 
moisture content and water activity of dairy powders.
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Fig. 2.3 Infl uence of various factors on powder moisture content.
AH = Absolute humidity; RH = Relative humidity; H2O = Moisture content; 

η = Viscosity; T°C = Temperature; Tg°C = Glass transition temperature; Ø = Size; 
[C] = Concentrate; aw = water activity
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Bulk density
Other important properties are bulk density and particle density. High bulk 
density is of economic importance in products for shipment in bulk, saving 
both packaging material and transport costs. Figure 2.4 shows the interre-
lationship of various drying parameters and physicochemical properties, 
and their relationship with bulk density (Pisecky, 1997; Carrić and Milanović,
2003). Apart from the product mass density, which is provided by its com-
position, two factors have a decisive infl uence on bulk density, namely the 
particle density (provided by product mass density and the occluded air 
content), and the interstitial air content (provided by particle size distribu-
tion and agglomeration).

Particle density depends on many factors. The composition of the solids 
plays an important part, fi rst of all because it defi nes the product mass 
density. High protein content tends to reduce particle density as it increases 
the tendency of the feed to foam. This foaming can be suppressed some-
what by high heat pre-treatment, (denaturing the whey proteins), and also 
by high concentration combined with heating the feed.

To achieve high particle density, it is important to avoid any treatment 
that may incorporate air into the feed, such as excessive agitation. Rotary 
atomizers tend to incorporate air into the droplets, and pressure nozzles 
produce much higher particle density than rotary wheels. However, special 
vane-shaped rotary wheels are now available with less tendency to entrap 
air in product droplets.

The presence of air in the atomized droplets results in occluded air in 
the dried particles. Depending on drying conditions, or to be precise on the 
particle temperature during the drying process, any air bubbles initially 
present may expand and further reduce the particle density. Therefore, if 
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all other conditions are the same, the two-stage or three-stage drying proc-
esses provide higher particle density than single-stage drying.

2.4.2 During storage
From the thermodynamic information (Tg, aw, see Section 2.3.2), it should 
be possible to anticipate the behavior of a powder at a given temperature 
and under aw conditions. Combination of the Tg and aw curves in relation 
to the moisture content makes it possible to obtain a very interesting profi le 
(Fig. 2.5) (Roos, 2002). From this curve, it is easy to determine the moisture 
content and the Tg at different aw values in relation to a skim milk powder. 
For example, the moisture content and the Tg at 0.2 aw, will be close to 5% 
and 50°C, respectively. If one wants an aw close to 0.4, the moisture content 
and the Tg will be close to 8% and 20°C, respectively. However, for this 
powder some enzymatic and non-enzymatic reactions can begin at 0.4 aw,
which may increase deterioration and loss of quality. Moreover, it is not 
easy to stabilize this powder at a temperature lower than 20°C.

2.4.3 During rehydration
As explained in Section 2.3.1, Rehydration, the IDF method, NMR spec-
troscopy, turbidimetry, viscosimetry and granulometry provide valuable 
information regarding the mechanisms involved in dairy powder dissolution 
with constant stirring. However, to optimize the rehydration time, two 
parameters are very important, namely particle size, which depends on the 
spray drying conditions, and the powder structure, in particular the surface 
composition.
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Effects of particle size
As expected, granulation has a positive effect on wetting. The wetting time 
is systematically better for granulated particles. This phenomenon is well 
known, with large particles forming large pores, high porosity and small 
contact angles between the powder surface and the penetrating water as 
fast wetting is enhanced (Freudig et al., 1999). A surprising infl uence of 
granulation on the rehydration time was observed in the study of Gaiani 
et al. (2005). Depending on the nature of the protein, the granulation 
infl uence resulted in opposite effects. Whey protein isolate (WPI) rehydra-
tion time was shorter for granulated particles whereas it was shorter 
for non-granulated particles of micellar casein isolate (MCI). This was 
unexpected and could be explained by the controlling stage rate. The 
controlling stage for whey proteins is wetting. As granulation improves 
the wetting stage, the rehydration of whey powders is enhanced for granu-
lated particles. In contrast, in this study, the controlling stage for casein 
proteins was dispersion. In fact, even with a shorter wetting time, a granu-
lated powder is slower to rehydrate than a non-granulated powder (Gaiani 
et al., 2005).

These results are not compatible with other studies on skim milk powder, 
in which it was generally accepted that a single particle size around 200 µm 
(Neff and Morris, 1968) or 400 µm (Freudig et al., 1999) represented optimal 
dispersibility and sinkability. In fact, this optimal particle size depends on 
the composition of the dairy powder. If the industry wishes to optimize 
powder rehydration, it seems to be better to rehydrate granulated powders 
when the protein is whey and to rehydrate non-granulated powders when 
the protein is casein.

Effects of composition surface
Gaiani et al. (2006b) have shown that X-ray photoelectron spectroscopy 
(XPS) analysis yields essential information complementary to standard 
methods, providing greater understanding of rehydration by determination 
of the surface composition. A small change in powder surface composition 
or bulk composition can totally change the rehydration properties. It is 
worth noting that powders with less distinct compositions might present 
signifi cant rehydration differences.

Table 2.1 shows the effects of storage on the surface composition of 
micellar casein powder and how lipids can migrate from the bulk to the 
surface. XPS has revealed that lipids are more likely to migrate toward the 
surface than lactose or proteins. We have demonstrated that the monolayer 
moisture capacity (Xm) determined by dynamic vapor sorption (DVS), 
which is decreased during storage, is probably due to the presence of 
surface lipids (formation of a hydrophobic surface) and that the presence 
of pores at the surface could be a route allowing lipid release. A fat layer 
could cover progressively the surface during storage, inducing a decrease 
of the monolayer capacity due to its hydrophobic nature.
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The combination of these two methodologies (DVS and XPS) enhanced 
our understanding of lipid migration on a powder surface. This study also 
revealed the possibility of creating porosity inside the powder by controlled 
storage conditions (e.g. temperature, relative humidity, time). Further 
studies with powders containing more or less fat would therefore improve 
the understanding of fat release. In the future, XPS analysis could help to 
formulate dairy powders presenting better rehydration properties. Improv-
ing both the wetting time and the rehydration time could be one way to 
extend the applications of high protein content powders, the principal limi-
tation of these powders being the low water transfer during rehydration 
(Gaiani et al., 2007).

2.5 Control and improvement of powder properties

Due to the variety and complexity of the mixes to be dried, a more rigorous 
method based on physico-chemical and thermodynamic properties has now 
become necessary. Improved understanding of the biochemical properties 
of milk products before drying, water transfer during spray drying, the 
properties of powders and infl uencing factors has now become indispensa-
ble in the production of dairy powders. Lack of technical and economic 
information and of scientifi c methods prevents the manufacturer from opti-
mizing his process in terms of energy costs and powder quality. Two 
approaches are necessary for dairy research into the spray drying of dairy 
products, one involving the products (availability of water related to the 
biochemical composition) and the second involving the process (knowledge 
and improvement of the drying parameters).

2.5.1 Availability of water
The aim of this section is to propose a new method (drying by desorption, 
using a thermohygrometer sensor) in order to determine major drying 

Table 2.1 Monolayer moisture capacity (Xm), surface fat composition and 
wetting time modifi cations of micellar casein powders during storage at 20 
and 50°C

Storage
temperature (°C)

Storage
duration (days) Xm (kg.kg−1) Surface fat 

(%)
Wetting 
time (s)

20 0 0.0632 6 12
15 0.0626 6 14
30 0.0617 12 66
60 0.0617 16 73

50 0 0.0632 6 12
15 0.0574 6 15
30 0.0537 13 68
60 0.0524 17 265



 Understanding the factors affecting spray-dried dairy powder 45

parameters according to food components in relation to their interactions 
with water (bound and free water) and linked to water transfer kinetics. 
Schuck and co-workers’ studies (1998, 2009) have shown that drying by 
desorption is an excellent tool to determine and optimize the major spray-
drying parameters in relation to biochemical composition according to 
water availability and desorption behavior (calculation of extra energy ∆E). 
The experimental device proposed by the authors differs from spray-drying 
equipment in terms of duration of drying, drying temperature, surface/
volume ratio, etc. because the concentrate is dried in a cup and not in a 
droplet However, some computational tools have been developed to 
improve the method by taking these factors into account. Validation tests 
(>30 products) have indicated that this method could be applied to a wide 
range of food products and spray-dryer types. For reasons of calculation 
speed and reliability, this method has been computerized and it can already 
be used in the determination of parameters of spray drying for food prod-
ucts. The name of the new software is ‘Spray Drying Parameter Simulation 
and Determination Software’ (SD2P®), registered under the following iden-
tifi cation: IDDN.FR.001.480002.002.R.P.2005.000.30100.

Analysis of the desorption curve (measured relative humidity versus 
time), combined with knowledge of the temperature, total solids, density 
and specifi c heat capacity of the concentrate, air fl ow rates, theoretical 
water content in relation to water activity and RH of the outlet air, current 
weather conditions, cost per kWh and percentage of drying in the inte-
grated fl uid allows determination of enthalpy, T, RH (including ∆E) for 
each inlet air, concentrate and powder fl ow rate, specifi c energy consump-
tion, energy and mass balance, yield of the dryer and cost (in * or in $) to 
remove 1 kg of water or to produce 1 kg of powder. All these results are 
summarized in Fig. 2.6. This fi gure is a representation of the software 
delivery:

• air characteristics at the dryer/integrated fl uid bed inlet and outlet 
(upper part),

• fl ow, energy and cost calculations (lower part) (Schuck et al., 2009)

2.5.2 Process improvement
The aim of this section is to show the use of a thermohygrometric sensor, 
with some examples of such measurements (temperature, absolute (AH) 
and relative humidity (RH), dry air fl ow rate, water activity) through cal-
culation of mass and absolute humidity to prevent sticking in the drying 
chamber and to optimize powder moisture and water activity in relation to 
the relative humidity of the outlet air.

It was demonstrated by Schuck et al. (2005b) that a thermohygrometer 
can be used to avoid sticking and to optimize water content and water 
activity in dairy powders. From these results, it could be seen that the 
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calculated AH is systematically higher than the measured AH, because 
the calculated AH corresponded to the maximum theoretical value that 
could be reached. Calculation of AH by means of the mass balance is based 
on the hypothesis that the air circulating in the spray drier removes all 
the water from the concentrate. Thus, if the difference between calculated 
and measured absolute humidity of the outlet air is below 2 g of water 
per kg dry air (depending on the spray drier with regard to measurement 
accuracy), there is no problem of sticking in the spray dryer chambers, 
whatever the dairy concentrate used. On the other hand, sticking was 
observed in this study for differential AH above 2 g water per kg dry air, 
corresponding to lower water removal and consequently to favorable stick-
ing conditions. The operator can follow the absolute humidity and antici-
pate a variation in drying parameters according to the differences between 
calculated and measured absolute humidity.

Skim Milk Concentrate

Reduce

Inlet air before heating

Inlet air after heating ‘I’

Cooling air ‘C’

Integrated fluid bed inlet air ‘B’

Integrated fluid bed outlet air ‘B’
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Fig. 2.6 Parameters of spray drying calculated by the SD2P® software.
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The operator can also follow the relative humidity in the outlet air. To 
achieve a dairy powder with the same water activity and moisture content, 
he must always maintain the same relative humidity in the outlet air accord-
ing to each dairy product, whatever the spray drying conditions (inlet air 
temperature, relative and absolute humidity).

The changes in relative and absolute humidity (resulting from variations 
in absolute humidity of inlet air, total solid content of concentrate, crystal-
lization rate, outlet air temperature, etc.) can be rapidly observed in the 
outlet air using a thermohygrometer before such changes signifi cantly affect 
powder moisture, water activity and powder behavior with regard to 
sticking.

2.6 Conclusions and future trends

This chapter describes the effects of spray drying on the quality of dairy 
powders during drying and rehydration. It also demonstrates that the 
quality of these powders depends on the interactions between the bio-
chemical composition and the process parameters.

Fig. 2.7 shows that the biochemical, microbiological and physical proper-
ties of a dairy powder and its recombined product depend on many param-
eters. For example:

Concentration Homogenization
Crystallization

Production

ProcessesPre-treatment Spray drying and fluidization

Rehydration Physical properties

Powder Biochemical properties

Microbiological qualities
Rehydration
conditions

Composition
and/or

water availabilty

Storage
conditions

Stability

Fig. 2.7 Properties of dairy powders in relation to production, storage 
and rehydration.
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• the pre-heat treatment process parameters, concentration by membrane 
fi ltration or by vacuum evaporation, crystallization, homogenization, 
spray drying and fl uidization,

• the storage conditions (relative humidity, temperature, packaging, .  .  .) 
to optimize stability over to time,

• the rehydration conditions (stirring conditions, temperature, concentra-
tion, .  .  .) to improve water transfer to obtain the best quality recom-
bined product from the corresponding powder.

Moreover, the biochemical composition (nature and content) and water 
availability interact in all the stages of production, stability and rehydration. 
The quality of a dairy powder can therefore be improved only if research 
is undertaken on the process–product interactions.

In conclusion, this chapter discusses the complexity of the spray drying 
process for dairy manufacturers who want to optimize their production. It 
is impossible to provide a simple mathematical model that takes into 
account all parameters simultaneously for the complex processes in the 
spray drying of dairy products. Furthermore, existing studies, essentially 
centered on skim milk, cannot easily be extrapolated to other dairy prod-
ucts. Study of more interaction processes, structures and functions of dairy 
products is necessary in order to increase our understanding of the mecha-
nisms of water transfer, drying parameters, storage conditions and rehydra-
tion of dairy powders with thermodynamical and biochemical approaches.
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Production and enrichment of bioactive 
peptides derived from milk proteins
L. Vercruysse, J. Van Camp, K. Dewettinck and G. Smagghe, Ghent 
University, Belgium

Abstract: In this chapter, information is given on the production of bioactive 
peptides from milk proteins. After defi ning bioactive peptides, the necessity to 
release bioactive peptides from the parent protein is discussed. Then, the two 
main approaches for release, namely enzymatic hydrolysis and microbial 
fermentation are reviewed. Next, an overview is given of the main unit operations 
that can be applied for the enrichment and selective isolation of bioactive 
peptides from the protein hydrolysates, including membrane fi ltration, 
chromatography and precipitation. Attention is given mainly to ACE-inhibitory 
peptides, and to processes that show potential for application in the dairy 
industry.

Key words: milk, bioactive peptides, enzymatic hydrolysis, microbial 
fermentation, enrichment.

3.1 Introduction

3.1.1 Defi ning bioactive peptides
Food proteins are traditionally considered as sources of both energy and 
of building blocks for growth and maintenance of the body. However, 
recent data indicate that food proteins are also unique sources of bioactive 
sequences (Murray and FitzGerald, 2007). Biologically active peptides, also 
called bioactive peptides, exert physiological functions in the body resulting 
in benefi cial effects towards health (Kitts and Weiler, 2003). Many bioactive 
peptides are latent in that they are inactive in the parent protein sequence 
and need to be released to exert their activity. There are two main 
approaches for releasing bioactive peptides. One approach is to use lactic 
acid bacteria (LAB) for fermentation. The other approach is to subject 
food proteins to in vitro hydrolysis by one or a combination of enzymes 
(Lopez-Fandino et al., 2006). Bioactive peptides are short chains of amino 
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acids, usually containing two to 20 amino acid residues per molecule. A 
wide range of activities has been described, including blood pressure lower-
ing (angiotensin converting enzyme (ACE) inhibitory), opioid, antimicro-
bial, mineral binding, antioxidant, antithrombotic, immunomodulatory and 
anticancer effects. Many peptides are known to reveal multifunctional 
properties as they can exert more than one biological effect (Hartmann and 
Meisel, 2007).

3.1.2 Bioactive peptides in milk
Numerous food proteins of both animal and vegetable origin have been 
used to generate bioactive peptides. Plant protein sources of bioactive 
peptides include maize, soybean, wheat and rice (Yamamoto et al., 2003; 
Murray and FitzGerald, 2007). Animal proteins, such as bovine, chicken 
and porcine muscle, contain bioactive peptides as well as fi sh proteins from 
bonito, sardine, tuna and salmon (Vercruysse et al., 2005). However, the 
major source of bioactive peptides identifi ed to date is milk. The most 
important is bovine milk, but also human, sheep (Papadimitriou et al., 
2007), goat, pig, buffalo and yak milk (Mao et al., 2007) have been reported 
as sources of bioactive peptides (Minervini et al., 2003). The main constitu-
ents of milk are casein and whey proteins. Bovine casein accounts for about 
80% of the total milk proteins and is further divided into α-, β- and κ-casein. 
The major bioactive peptides derived from casein, exerting a role in the 
nervous, cardiovascular, digestive and immune system, have been reviewed 
by Silva and Malcata (2005). In addition, whey, which is a major product 
of the modern cheese and casein industry, is an important source of bioac-
tive peptides exerting various activities (Smithers, 2008). The major whey 
proteins and peptides, such as β-lactoglobulin (β-Lg), α-lactalbumin and 
glycomacropeptide are known to positively infl uence human health 
(Chatterton et al., 2006; Hernandez-Ledesma et al., 2008). Milk, fermented 
milk, yoghurt and cheese, but also infant milk formulas (De Noni, 2008; 
Martin et al., 2008) have been identifi ed as sources of bioactive peptides. 
Milk proteins are attractive in the search for bioactive peptides as they are 
very well characterized and are available in large amounts at a high degree 
of purity and at a low price.

3.1.3 Necessity to release bioactive peptides from milk proteins
In past years, the protein fraction in milk has received great attention and 
several protein components exerting potential health-promoting activity 
have been identifi ed and characterized. Intact milk proteins have been 
associated with a wide range of activities, including iron binding (e.g. lacto-
ferrin) and antimicrobial effects (e.g. lactoperoxydase, lysozyme) (Haque 
and Chand, 2008). However, much of the biological activity of milk proteins 
is latent. The bioactive peptides have to be released from precursor milk 
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proteins in one of the following ways: (a) enzymatic hydrolysis by digestive 
enzymes, (b) fermentation with proteolytic starter cultures, (c) proteolysis 
by enzymes derived from microorganisms or plants and (d) proteolysis by 
indigenous proteases present in milk (Korhonen and Pihlanto, 2007). 
Synergistic effects between intact bioactive milk proteins and bioactive 
milk-derived peptides are important as both compounds might be simulta-
neously present in the human gastrointestinal tract. Lopez-Exposito et al.
(2008) indicated such a synergistic effect between lactoferrin and the anti-
microbial peptide lactoferricin against Escherichia coli and Staphylococcus
epidermidis.

3.2 Enzymatic hydrolysis

Enzymatic hydrolysis is the most common way to release bioactive peptides 
from milk proteins. One or a combination of enzymes can be used in a batch 
or continuous process. In vitro hydrolysis of milk proteins allows the selec-
tion of the protein substrate and enzyme specifi city to optimize the yield of 
bioactive peptides.

Highly effective in the enzymatic release of bioactive peptides from 
milk proteins are pancreatic proteinases, especially trypsin. Other endo-
proteinases such as chymotrypsin, pepsin and thermolysin, and proteinase 
extracts derived from bacteria, moulds, plants and animals have also been 
used (Korhonen and Pihlanto, 2007). In comparison to digestive enzymes, 
microbial enzymes use different cleavage sites; thus, peptides liberated by 
these enzymes may differ from those liberated by digestive enzymes. 
Mizuno et al. (2004) found in a comparative study of nine commercial 
enzymes that an Aspergillus oryzae protease was most effective for the 
release of short and proline-rich anti-hypertensive peptides from casein. 
However, caseinates derived from milk of different species (bovine, sheep, 
goat, pig, buffalo, human) can show differences in susceptibility towards 
enzymatic hydrolysis, as demonstrated by Minervini et al. (2003) who used 
a partially purifi ed serine proteinase from Lactobacillus helveticus. This 
result can be explained by differences in sequence identity, conformation, 
and relative proportions of individual caseins. Different species were shown 
to generate different types of peptides with ACE-inhibitory and antimicro-
bial activity (Minervini et al., 2003). A combination of digestive enzymes 
will alter the digestive process and the peptides released, but will not neces-
sarily result in a higher activity. Mullally et al. (1997) used gastric and 
pancreatic proteases to hydrolyze whey proteins in order to obtain ACE 
inhibitory peptides. Hydrolysis of α-lactalbumin and β-Lg with pepsin and 
trypsin separately resulted in similar ACE inhibitory activities. Similar 
activities were also obtained when using combinations of trypsin and pepsin; 
moreover, the order of addition of trypsin and pepsin had little effect on 
the ACE inhibitory values. However, the types of peptides present in the 
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fi nal hydrolysate may be affected by the order of enzyme addition (Mullally
et al., 1997). Gastro-intestinal digestion can be a way to release bioactive 
peptides from milk proteins. However, strong hydrolysis during gastro-
intestinal digestion and absorption can limit the bioavailability of target 
peptides, which makes their applicability for systemic functions more 
diffi cult (Vermeirssen et al., 2004a). The gastro-intestinal digestion process 
can be simulated in batch or semi-continuous reactor systems (Vermeirssen
et al., 2003).

The production of bioactive peptides using enzymatic hydrolysis can be 
studied using response surface methodology. Van der Ven et al. (2002) 
showed that the ACE inhibitory activity of whey protein hydrolysates could 
be controlled by systematical regulation of process conditions. Roufi k et al.
(2006) demonstrated that the in vitro digestibility of bioactive peptides 
derived from bovine β-Lg is not only infl uenced by pH, time of incubation, 
and enzyme/substrate ratio, but also by the length and the nature of the 
peptides. Also, other peptides present in the medium can infl uence the 
hydrolysis by gastro-intestinal enzymes, e.g. a higher degree of hydrolysis 
(DH) was obtained for pepsin and chymotrypsin when the opioid agonistic 
and ACE inhibitory peptide β-Lg f102-105 was combined with β-Lg f92-
105, than when both peptides were hydrolyzed separately. It was suggested 
that in a mixture, peptides may form complexes that interact more effi -
ciently with the hydrolyzing enzymes, compared with peptides alone 
(Roufi k et al., 2006). El-Zahar et al. (2005) also demonstrated that the 
enzymatic susceptibility towards pepsin of ovine β-Lg was signifi cantly 
higher compared with that of bovine β-Lg. The effect was attributed to a 
slightly different tertiary structure and a higher surface hydrophobicity at 
pH 2 for ovine β-Lg. Especially, the more hydrophobic C-terminal end of 
ovine β-Lg may be more exposed at the surface of the molecule, making it 
susceptible to pepsin hydrolysis.

A more industrial approach to the production of bioactive peptides is 
enzymatic digestion in membrane reactors. Bouhallab et al. (1993) designed 
a continuous process in which enzymatic hydrolysis of casein was combined 
with purifi cation of the bioactive peptides through the use of ultrafi ltration. 
In addition, the immobilization of proteases can lead to a better hydrolysis 
effi ciency. Different proteases, such as trypsin, chymotrypsin, papain, 
and cathepsins have been successfully immobilized on different supports. 
Immobilization has several advantages, such as capability of reuse, better 
control of hydrolysis rate and longer stability of the enzyme (Toldra et al., 
2005).

The amino acid sequence of milk proteins has been reported, and can 
be used to evaluate the presence of bioactive peptides by computer-aided 
models. In silico screening was used by Vermeirssen et al. (2004b) to rank 
individual milk proteins according to their potential to generate ACE-
inhibitory peptides. A database containing the amino acid sequence of milk 
proteins was combined with a database containing the sequence and IC50-
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values of 498 ACE-inhibitory peptides reported in literature. Proteins were 
given weighed scores on the basis of high ACE-inhibitory activity (Score 
1), as well as on short peptide size combined with high ACE-inhibitory 
activity (Score 2). Fifty different ACE-inhibitory peptides were identifi ed 
in β-Lg, giving it the highest ranking among the milk proteins both by 
Scores 1 and 2. Other milk proteins with high scores were lactotransferrin 
and β-casein. A similar technique was developed by Dziuba et al. (2004). 
Again, a database containing protein and bioactive peptide sequences 
enables searching for protein fragments identical to bioactive peptides 
among protein amino acid sequences. Theoretical predictions and simula-
tions are considered as an emerging tool in peptide science. Although these 
models give some insight into the number and type of active peptide 
sequences present in milk and other food proteins, because they do not 
take into account the release of active peptides from the source protein, 
their results have to be interpreted with caution (Minkiewicz et al., 2008).

3.3 Microbial fermentation

Many industrially used dairy starter cultures are highly proteolytic. The 
peptides and amino acids degraded from milk proteins during fermentation 
contribute to the typical fl avour, aroma and texture of dairy products. The 
proteolytic system of LAB can contribute to the liberation of bioactive 
peptides during fermentation. The cell-wall bound proteinases, which have 
a very broad substrate specifi city, initiate the proteolytic attack and release 
of oligopeptides. In addition, transport systems specifi c for amino acids and 
peptides up to 18 amino acids are present in the LAB. Oligopeptides that 
cannot be transported into the cells can be further degraded after lysis of 
the bacterial cell, which allows the release of intracellular peptidases, such 
as di-, tri-, amino- or endopeptidases (Lopez-Fandino et al., 2006). It is 
important to choose the right strains or combination of strains with optimal 
proteolytic activity and lysis at the right time, as the number of bioactive 
peptides relies on a balance between their formation and breakdown into 
inactive peptides and amino acids (Gobbetti et al., 2000). In addition to a 
high number of LAB, some yeasts have also been used to ferment milk 
proteins in order to release bioactive peptides (see Table 3.1).

Fermented milk, and peptides isolated from fermented milk, have been 
demonstrated to have various biological activities. LeBlanc et al. (2002) 
detected immunostimulatory peptides in milk fermented with a L. helveticus
strain. An antioxidative peptide, determined as Ala-Arg-His-Pro-His-Pro-
His-Leu-Ser-Phe-Met, was isolated from κ-casein after fermentation with 
Lactobacillus delbrueckii subsp. bulgaricus IFO13953. Although the scav-
enging activity of the DPPH radical of the peptide was lower than butylated 
hydroxytoluene (BHT), the peptide showed about fi ve times stronger anti-
oxidative activity than BHT in the beta-carotene decolorization system 
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(Kudoh et al., 2001). Virtanen et al. (2007) investigated the production of 
antioxidant activity during fermentation of whey with 25 LAB strains. They 
indicated that the development of antioxidant activity was strain-specifi c 
with Leuconostoc mesenteroides ssp. cremoris strains, Lactobacillus jensenii
(ATCC 25258) and Lactobacillus acidophilus (ATCC 4356) showing the 
highest activity. In addition, ACE inhibitory peptides released by fermenta-
tion of milk proteins have been reported in many studies and have been 
reviewed by Haque and Chand (2008). Nakamura et al. (1995a,b) identifi ed 
two ACE inhibitory peptides, Val-Pro-Pro and Ile-Pro-Pro, derived from 
milk by fermentation with a combination of L. helveticus CP790 and Sac-
charomyces cerevisiae. These two peptides, of casein origin, exert in vivo
antihypertensive activity in spontaneously hypertensive rats (SHR) and in 
hypertensive subjects (Takano, 1998). A fermented milk product containing 
these peptides was marketed by the Japanese Calpis company under the 

Table 3.1 Examples of micro-organisms used for the production of bioactive 
peptides

Micro-organism Bioactivity Representative references

Lactobacillus helveticus ACE inhibition Nakamura et al., 1995a; 
LeBlanc et al., 2002; 
Minervini et al., 2003; 
Jauhiainen et al., 2005

Antioxidant Singh and Chand, 2006
Immunomodulatory LeBlanc et al., 2002

Lactobacillus casei ACE inhibition Ong and Shah, 2008
Lactobacillus plantarum ACE inhibition Gomez-Ruiz et al., 2002
Lactobacillus acidophilus ACE inhibition Ryhanen et al., 2001
Lactobacillus animalis ACE inhibition Hayes et al., 2007
Lactococcus lactis subsp.

lactis
Immunomodulatory

and antihypertensive
Algaron et al., 2004

Lactococcus lactis subsp.
cremoris

ACE inhibition Gobbetti et al., 2000

Lactobacillus delbrueckii 
subsp. bulgaricus

Antioxidative Ashar and Chand, 2004; 
Chobert et al., 2005

ACE inhibition Gobbetti et al., 2000
Streptococcus

thermophilus
ACE inhibition Chobert et al., 2005; Tsai

et al., 2008
Saccharomyces cerevisiae ACE inhibition Nakamura et al., 1995a
Klyveromyces marxianus 

var. marxianus
ACE inhibition Belem et al., 1999

Enterococcus faecalis ACE inhibition Miguel et al., 2006; Quiros
et al., 2007

Leuconostoc
mesenteroides subsp.
dextranicum

ACE inhibition Gomez-Ruiz et al., 2002
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trade name Amiiru S. A European fermented milk drink with blood pres-
sure lowering activity, Evolus from Valio Ltd, Finland, is produced by 
fermentation with another strain, namely L. helveticus LBK 16H but con-
tains the same two active peptides (Tuomilehto et al., 2004). Pihlanto-
Leppala et al. (1998) studied the release of in vitro ACE inhibitory activity 
of whey and casein by fermentation with commercial yoghurt starters. 
They indicated that fermentation alone was not enough to generate ACE 
inhibitory activity, but a further digestion with pepsin and trypsin was 
necessary.

A number of studies has shown that during cheese making, a wide range 
of peptides are released and many of them have exhibited biological activi-
ties, such as ACE inhibitory activity. The origin of the milk and the manu-
facturing conditions, as well as the cheese-ripening time, determine the 
release of peptides and thus the activity (Korhonen and Pihlanto, 2003). In 
middle-aged Gouda cheese, a higher ACE inhibitory activity was detected 
compared to short-termed or long-termed ripened cheese. In ripened 
cheese, the ACE inhibitory activity probably results from a complex mixture 
of ACE inhibitory peptides. The activity increases during cheese matura-
tion, but decreases when the proteolysis exceeds a certain level (Meisel
et al., 1997). Similarly, the free peptides from eight months-aged Gouda 
cheese exerted the strongest blood pressure lowering effect after oral 
administration in SHR, compared to 24 months-aged Gouda, Emmental, 
Blue, Camembert, Edam and Havarti cheese (Saito et al., 2000). Ong and 
Shah (2008) studied the effect of probiotic adjuncts on ACE inhibitory 
activity of Cheddar cheeses. Cheeses made with the addition of Lactobacil-
lus casei 279, L. casei LAFTI® L26 or L. acidophilus LAFTI® L10 had 
signifi cantly higher ACE inhibitory activity than those without any probi-
otic adjunct. The probiotic adjuncts were added to improve proteolysis and 
enhance fl avour during Cheddar cheese ripening. The two ACE inhibitory 
peptides Val-Pro-Pro and Ile-Pro-Pro have also been detected in various 
Swiss cheeses. The milk pretreatment, cultures, scalding conditions and 
ripening time were again identifi ed as the key factors infl uencing the con-
centration of these two peptides in cheese. On average, the cheese varieties 
contained similar concentrations of the peptides as the commercial fer-
mented milk products (Butikofer et al., 2008).

Certain cell envelope-associated proteinases (CEP) of LAB can release 
bioactive health-benefi cial peptides during milk fermentation. Hebert et al.
(2008) characterized the peptide sequence in the hydrolysis pattern of α-
and β-casein made by a CEP of L. delbrueckii subsp. lactis CRL 581. In this 
pattern, a series of potentially bioactive peptides could be detected. The 
antihypertensive tripeptide Ile-Pro-Pro can be released by L. delbrueckii
subsp. lactis CRL 581; therefore, the micro-organism could be used as a 
functional cheese starter.

A combination of lactic acid fermentation and proteolysis of milk can 
be used to obtain a product which is more abundant in bioactive peptides 
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than the traditional fermentation or proteolysis products of milk. Tsai et al.
(2008) fermented milk using two LAB (Streptococcus thermophilus and 
Lactobacillus bulgaricus) and added fl avourzyme at the beginning of the 
fermentation. This combination accelerated the production of peptides 
(32.8 mg·g −1 peptides for the combination in contrast to 5.8 mg·g −1 peptides 
for the lactic fermentation alone) and increased the ACE inhibitory activity 
(IC50 value of 0.266 mg·mL −1 for the combination compared to 0.515 mg·mL −1

for the lactic fermentation alone). Similarly, Chen et al. (2007) fermented 
milk with LAB and added a protease, prozyme 6, fi ve hours after the begin-
ning of fermentation. The prozyme-facilitated fermentation resulted in a 
higher ACE inhibitory activity compared to the non-facilitated fermenta-
tion (Chen et al., 2007).

3.4 Enrichment of bioactive peptides

Various technologies have been applied for the enrichment and separation 
of bioactive peptides from the hydrolysates of milk proteins. However, 
commercial production has been limited by a lack of suitable large-scale 
technologies. Membrane fi ltration shows most potential to be used in 
pilot and industrial scale separations. Precipitation and chromatography 
are also available but are less frequently applied, mainly due to their 
lower selectivity and/or higher cost. The next sections will highlight a 
few recent evolutions in the use of membrane processing and chromatog-
raphy for the separation and isolation of milk protein-derived bioactive 
peptides.

3.4.1 Membrane processing
Peptides can be separated from protein hydrolysates using suitable mem-
brane technologies, such as nano- and ultrafi ltration. In membrane reactors, 
hydrolysis of milk proteins is combined with enrichment of the bioactive 
peptides from the reaction mixture through the use of fi ltration. Ultrafi ltra-
tion membrane reactors yield a uniform product with desired molecular 
mass. Stepwise fi ltration has been found useful to separate small peptides. 
Pihlanto-Leppala et al. (2000) fractionated ACE-inhibitory peptides from 
α-lactalbumin and β-Lg hydrolysates using membranes with molecular 
weight cut-off (MWCO) of 1 and 30 kDa. IC50-values for ACE-inhibitory 
activities ranged from 109–837  µg·mL −1 in the <1  kDa fraction to 485–
1134 µg·mL −1 in the 1–30 kDa fraction and 345–1733 µg·mL −1 in the original 
whey protein digests. The same technique was successfully used to enrich 
opioid peptides from α-lactalbumin and β-Lg hydrolysates (Pihlanto-
Leppala et al., 1996). From the studies of Pouliot et al. (1999, 2000), it 
became clear that peptide separation from a tryptic hydrolysate of whey 
protein using nano/ultra-fi ltration is infl uenced by the characteristics of the 
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membrane and by the ionic strength and pH of the solution. Charge effects 
play an important role in the separation, as a negatively charged membrane 
with a MWCO of 1–5 kDa, gave relative concentration values in the perme-
ate <100% for a group of acidic (negatively charged) peptides, while neutral 
and basic (positively charged) peptides showed values >100%. Addition of 
salt increased the concentration of negatively charged peptides in the per-
meate, contrary to neutral or positively charged peptides. The highest selec-
tivity was obtained at pH 9 without salt addition (Pouliot et al., 1999). 
Similar peptides can also be transferred differently through the membrane 
when present in different hydrolysates, as for β-Lg 76–82 and β-Lg 78–82 
present in trypsin and chymotrypsin digests. This illustrates the importance 
of peptide–peptide interactions during membrane fi ltration (Pouliot et al., 
2000). Peptide–peptide interactions may also take place in the polarization 
layer of the membrane, and this can infl uence the transmission of bioactive 
peptides, as illustrated for the ACE-inhibitory peptide β-Lg f142-148 by 
Lapointe et al. (2003).

Electro-membrane fi ltration (EMF) involves the use of an electric fi eld 
during pressure-driven fi ltration. Electrokinetic effects may help in orient-
ing the transport of charged peptides towards the electrode of opposite 
charge, thereby improving the separation between neutral and charged 
peptides. Lapointe et al. (2006) applied EMF to selectively separate cationic 
peptides from a tryptic hydrolysate of β-Lg. A negatively charged nanofi l-
tration membrane with a MWCO of 2.5  kDa was applied, whereby the 
electrode confi guration in the EMF system was specifi cally set to favour 
transmission of positive peptides on the permeate side and increase the 
retention of negative peptides on the feed side. Applying an electric fi eld 
of 5 V at pH 9 almost completely impeded the transmission of neutral 
peptides, while the impact on strong basic peptides was negligible. The 
ACE-inhibitory peptide β-Lg f142-148 with a pI = 9.80, due to the presence 
of a histidine and arginine residue, was mostly transmitted during EMF. A 
relative concentration in the permeate of 38% compared to 18% without 
applying an electric fi eld, and 3.5% in the initial tryptic β-Lg hydrolysate, 
was obtained. Bargeman et al. (2002) hydrolyzed an αs2-CN enriched solu-
tion by porcine pepsin A and successively fractionated the hydrolysate by 
EMF using a polysulphone membrane with a MWCO of 25 kDa. The rela-
tive content of αs2-CN f(183–207), an antibacterial peptide with high posi-
tive net charge, increased from 7.5% in the feed solution to a maximum of 
25% in the permeate. Conventional pressure-driven diafi ltration using the 
same membrane did not result in the selective enrichment of this peptide, 
indicating that the electric fi eld strength was essential for the isolation of 
positive charged peptides. Protection of the electrodes in the EMF-module 
by ion-exchange membranes has been suggested, in view of the electrolytic 
reactions that may occur at the cathode (permeate side) and at the anode, 
and that can result in acidifi cation of the retentate and alkalisation of the 
permeate (Bargeman et al., 2002; Lapointe et al., 2006).
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3.4.2 Chromatography
To date, chromatography has mainly been applied as an analytical tool for 
the characterization of milk protein derived bioactive peptides. Separation 
is thereby conventionally achieved by reverse-phase C18 HPLC with UV-
detection (Vermeirssen et al., 2005; Lapointe et al., 2006), if necessary 
preceded by gel fi ltration or ion exchange chromatography for a fi rst frac-
tionation on the basis of molecular weight and/or charge (Lopez-Exposito
et al., 2006). Peptide fractions can be collected directly from the HPLC 
column and analyzed for peptide composition and bio-activity (Roufi k
et al., 2006). Identifi ed peptides can then be chemically synthesized and 
analyzed for bio-activity (Minervini et al., 2003). A simultaneous separation 
and quantifi cation of the ACE inhibitory peptides Val-Pro-Pro and Ile-Pro-
Pro has been developed by Ferreira et al. (2007). Separation was obtained 
by RP-HPLC and quantifi cation by UV detection at 214 nm in combination 
with calibration curves. Furthermore, for the detection and identifi cation 
of ACE-inhibitory peptides, an on-line liquid chromatography–biochemi-
cal detection, coupled to electrospray mass spectrometry, is available. The 
method has been applied successfully for the rapid detection of ACE-
inhibitory peptides in milk protein hydrolysates (van Elswijk et al., 2003).

Chromatography can contribute to the purifi cation of charged or hydro-
phobic peptides from milk protein hydrolysates. The antimicrobial peptide 
lactoferricin (Lfcin) has been purifi ed from a pepsin hydrolysate of lactofer-
rin (Lf) by two-step hydrophobic chromatography, followed by reverse 
osmosis and freeze-drying. The resulting powder had a purity of more than 
95% (Tomita et al., 2002). Mineral binding peptides from milk have tradi-
tionally been isolated by selective precipitation methods using solvents and 
chelating agents (calcium and barium) at well defi ned pH and ionic strengths 
(Vegarud et al., 2000). However, specifi c phosphopeptides released by the 
action of plasmin, e.g. β-CN-5P and β-CN-4P, can be purifi ed from milk by 
a combination of TCA (5%) precipitation with gel fi ltration chromato-
graphy. The process can be made more effi cient when purifi ed β-casein
(obtained by ion-exchange chromatography from sodium caseinate) is used 
as starting material for the plasmin hydrolysis (Andrews et al., 2006).

Conventional chromatographic bed technology may cause problems in 
terms of fouling, long cycle times, and large pressure drops in the column. 
An alternative technology is absorptive membrane chromatography, which 
combines the use of chromatography with membrane fi ltration. Functional 
groups attached to the membranes in the column can be used to absorb 
functional components from dairy product streams. The strong acidic 
(cation exchange) membrane Sartobind S 15 cm2 has been used for the 
purifi cation of bovine lactoferricin (LfcinB) from pepsin-treated bovine 
lactoferrin (LfB). The latter was purifi ed from sweet cheese whey using the 
same absorptive membrane technology (Plate et al., 2006). At pH 7, LfcinB 
with a net positive charge binds to the membrane and can be isolated by a 
two-step salt gradient, i.e. 0.4  m sodium chloride for removal of other 
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protein components followed by 2  m ammonium chloride for elution of 
LfcinB. For the same membrane, the binding capacity for LfcinB was 
higher than for lactoferrin. Possibly the size of the molecule was important, 
whereby the smaller LfcinB may have more access to the active sites of the 
membrane compared to LfB (Plate et al., 2006).

Simulated moving bed systems have recently found access in the dairy 
industry for the isolation of functional ingredients. An example is continu-
ous chromatographic separation (CSEP) technology that has been used for 
the large scale production of a glycomacropeptide-enriched whey protein 
isolate (DeSilva et al., 2003). Furthermore, the properties of mesoporous 
silica materials make them suitable as adsorbants for the separation of food 
bioactive molecules. Their narrow pore size distributions and high surface 
areas provide selectivity in the separation process. Depending on the target 
molecule, the materials can be designed to achieve separations on the basis 
of size-exclusion, ion-exchange, hydrophobic or affi nity interactions (Brady
et al., 2008). Zhao et al. (2002) employed C18 modifi ed SBA-15 (Santa 
Barbara amorphous 15) as a substrate in HPLC to separate peptides and 
proteins, including lysozyme. Although mesoporous silica materials have 
promising properties, their use in industrial, large-scale separations is yet 
to be realized. Affi nity chromatography is also a technology that shows 
potential in the future for isolation or selective enrichment of bioactive 
protein components from milk and dairy products. One example of a recent 
evolution is the successful immobilization of ACE on a glyoxyl–agarose gel 
(Megias et al., 2006). Longer immobilization times increased the thermal 
stability of ACE at higher temperatures (60°C), although this was accom-
panied by a decrease in specifi c activity of the enzyme. The immobilized 
ACE is stable for several months at 4°C, and may be used for the determi-
nation of ACE-inhibitory activity as well as for the purifi cation of ACE-
inhibitory peptides (Megias et al., 2006). Lund and Ardo (2004) have used 
immobilized metal affi nity chromatography (IMAC) to isolate phosphopep-
tides from cheese. An iminodiacetic acid (IDA) Sepharose column was 
equilibrated with FeCl3 and subsequently eluted with a gradient of ammo-
nium dihydrogen phosphate. For a ten-month-old semihard Herrgard 
cheese, elution of the IMAC-Fe(III) column resulted in three distinct peaks 
corresponding to peptides carrying one, two and four phosphorylated 
serine residues.

3.4.3 Precipitation
Selective precipitation is a simple and effi cient purifi cation procedure, but 
can be used only in a few cases. Caseinophosphopeptides (CPP) are char-
acterized by a particular functional group, a serine phosphate group -Ser(P)-
Ser(P)-Ser(P)-Glu-Glu, which allows isolation by selective precipitation. 
Adamson and Reynolds (1995) succeeded in separating high purity CPP’s 
from the acid clarifi ed hydrolysate of sodium caseinate by a single-step 
precipitation with Ca2+ and ethanol.
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3.5 Future trends

Extensive research carried out during the past 20 years has indicated the 
potential of milk proteins as a source of bioactive peptides. Because of their 
potential health benefi ts, there is a growing commercial interest in milk-
based bioactive peptides in the context of health-promoting functional 
foods. However, the development of functional foods demands an inte-
grated approach which faces challenges with regards to scientifi c and tech-
nological, as well as regulatory and marketing issues (Korhonen, 2002). In 
the future, bioactive peptides will be optimally exploited for human nutri-
tion and health when knowledge in the different areas increases.

Further research on the production process of bioactive peptides should 
increase the availability of peptides on an industrial level. Initial research 
indicates that the immobilization of proteases can offer a great advantage 
as they can be used in continuous reaction systems in addition to increased 
protease stability and a more effi cient use of proteases (Toldra et al., 2005).

The production of large amounts of bioactive peptides may be possible 
by genetically transformed micro-organisms, for example by using food 
grade dairy fermentation bacteria as peptide production systems. Synthetic 
polynucleotides corresponding to bioactive peptides could be designed and 
molecularly cloned where after cloning vectors are needed for transport 
and uptake of the synthetic genes. Renye and Somkuti (2008) have reported 
such a cloning and expression of synthetic genes in lactic acid fermentation 
bacteria that encode mature bioactive peptides. They have successfully 
developed synthetic genes in Streptococcus thermophilus for the delivery 
and expression of an antimicrobial peptide (BL-11) and the C12 hypoten-
sive peptide, which are normally derived from bovine milk proteins by 
enzymatic digestion.

Another possibility for generation of bioactive peptides may be achieved 
through the development of stable bovine colostrums concentrates or 
through gaining milk from hyperimmunized dairy cows (Moller et al., 2008).

After peptide generation, processing technologies for the enrichment 
and purifi cation of bioactive peptides are required. The downstream proc-
esses, such as membrane fi ltration and chromatography, available on labo-
ratory scale, need to be transferred to pilot and industrial scales and need 
to be optimized to increase their effi ciency of separation and purifi cation.
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Processing means for milk fat 
fractionation and production of 
functional compounds
M. Sichien, N. Thienpont, E. Fredrick, T. Trung Le, J. Van Camp and K. 
Dewettinck, Ghent University, Belgium

Abstract: This chapter discusses the various processing techniques applied to the 
major and minor components of milk fat and how these techniques can lead to 
the production of compounds with different technological and nutritional 
characteristics. After reviewing the global composition of bovine milk lipids, an 
overview is given of the methods for milk fat modifi cation in order to enlarge the 
utilization range of milk fat in food products. The chapter then describes ways of 
isolating the polar lipids in dairy products with the aim of manufacturing added-
value ingredients with special functionalities. The role of dairy lipids related to 
nutrition and health issues is covered in the last part of this chapter.

Key words: milk lipids, milk fat modifi cation, polar lipids, technological and 
nutritional properties.

4.1 Introduction

Bovine milk can be considered as an oil-in-water emulsion in which the 
lipid fraction is mostly situated inside spherical droplets, the milk fat glob-
ules. Among the different natural fats and oils, bovine milk fat is considered 
as one of the most complex lipids due to the typical fatty acid pattern. This 
unique fatty acid profi le affects to a great extent the physical and techno-
logical properties, making milk fat an intriguing substrate for physical and 
chemical modifi cation. By these modifi cation processes, it is possible to 
tailor milk fat for specifi c application areas without, or at least to a small 
extent, changing the unique organoleptic properties of milk fat. Further-
more, milk fat contains some components in smaller amounts, comprising 
the polar lipids, partial glycerides and sterols. These minor components can 
be found mainly in the milk fat globule membrane which is a thin layer 
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surrounding the lipid droplets. The polar lipids in milk products are an 
interesting fraction from a technological and nutritional point of view. 
Because of their amphiphilic nature, milk polar lipids can be used as an 
emulsifying agent in various food products. Next to their attractive techno-
logical properties, the milk polar lipids are gaining more and more interest 
as a result of their health-promoting effects.

After giving an overview of the different major and minor components 
in milk fat and the factors affecting the global composition, the several 
modifi cation processes applied to milk fat are covered in this chapter. This 
is by a discussion about the polar lipids in milk fat and their promising 
functionalities. In the last part of this chapter, the nutritional properties of 
dairy fats are reviewed.

4.2 Overview of milk lipids

The global composition of bovine milk lipids is depicted in Table 4.1. As 
for most other food fats, the main components of anhydrous milk fat are 
triglycerides (95–98%). The minor components of the milk lipids include 
mainly diglycerides (0.3–1.59%), monoglycerides (0.016–0.038%), phos-
pholipids (PLs) (0.8–1.0%), sterols (0.22–0.41%) and free fatty acids 
(0.1–0.44%).

Table 4.1 Composition of bovine milk lipids (Kurtz, 1978 and Walstra et al.,
2006)

Class of lipid % Total milk lipids (w/w)

Triglycerides 95–98
Diglycerides 0.3–1.59
Monoglycerides 0.016–0.038
Keto acid glycerides (total) 0.85–1.28
Hydroxy acid glycerides (total) 0.60–0.78
Lactonogenic glycerides 0.06
Neutral glyceryl ethers 0.016–0.020
Neutral plasmalogens 0.04
Free fatty acids 0.1–0.44
Phospholipids (total) 0.80–1.00
Sphingolipids (less sphingomyelin) 0.06
Sterols 0.22–0.41
Squalene 0.03
Carotenoids 5–10 E−4

Vitamin A 6–9 E−4

Vitamin D 0.85–2.1 E−6

Vitamin E 0.0024
Vitamin K 1 E−4
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4.2.1 Major components
Triglycerides consist of three fatty acids esterifi ed on a glycerol backbone. 
Milk fat triglycerides can contain over 250 (Walstra et al., 2006) to 400 
(Jensen, 1992) different fatty acids. The major fatty acids are the even 
carbon-number linear fatty acids, which account for 95 mol% of the total 
fatty acids (Table 4.2) (Maniongui et al., 1991). The broad range in chain 
length and degree of saturation of the fatty acids contributes to the wide 
melting range of milk fat. On the glycerol backbone, the fatty acids are not 
randomly distributed. The short-chain fatty acids are, for instance, prima-
rily esterifi ed on the sn-3 position. Although there is this somewhat stere-
ospecifi c distribution of the fatty acids, an identifi cation of all milk fat 
triglycerides is not feasible due to the highly complex fatty acid pattern. A 
milk fat mixture could contain up to 1331 different triglycerides (Walstra 
and Jennes, 1984). Therefore, the chemical composition of different milk 
fats is generally evaluated using the fatty acid profi le.

Table 4.2 gives an overview of the major fatty acids present in milk fat 
in weight% and mol% terms (Maniongui et al., 1991). About 70 mol% of 
the fatty acids is saturated. The most abundant fatty acid is palmitic acid 
(C16 : 0) followed by oleic acid (C18 : 1). Characteristic for milk fat is the 
occurrence of a signifi cant amount of short-chain fatty acids (C4 to C10), 
trans fatty acids, like vaccenic acid (C18 : 1 t11) (Wolff et al., 1995) and 
conjugated linoleic acid (CLA), generally C18 : 2 c9t11 (Collomb et al.,
2006). The short chain fatty acids are synthesized in the mammary gland 
and determine, to a large extent, the melting and crystallization properties 
of milk fat with respect to the physical properties. The presence and the 

Table 4.2 Composition (weight% and mol%) of the major fatty acids in 
butterfat (Maniongui, 1991)

Fatty acid Weight% Mol%

4 : 0 3.70 ± 0.02 9.61 ± 0.05
6 : 0 2.45 ± 0.02 4.85 ± 0.04
8 : 0 1.36 ± 0.01 2.17 ± 0.01

10 : 0 2.88 ± 0.01 3.87 ± 0.01
12 : 0 3.21 ± 0.01 3.71 ± 0.01
14 : 0 11.19 ± 0.02 11.37 ± 0.02
14 : 1 1.05 ± 0.01 1.08 ± 0.01
15 : 0 1.27 +/− 0.05 1.35 +/− 0.05
16 : 0 27.37 ± 0.03 24.78 ± 0.03
16 : 1 1.65 ± 0.02 1.51 ± 0.02
18 : 0 13.91 ± 0.02 11.36 ± 0.02
18 : 1 27.99 ± 0.04 23.02 ± 0.03
18 : 2 2.05 ± 0.05 1.70 ± 0.04
18 : 3 0.99 ± 0.01 0.83 ± 0.01
20 : 0 0.19 ± 0.01 0.14 ± 0.01
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amount of CLA and trans fatty acids is determined by both the rumen 
isomerization and biodegradation process of unsaturated fatty acids and 
the activity of ∆9-desaturase in the mammary gland (Fritsche and Steinhart, 
1998; Collomb et al., 2006). Furthermore, the concentrations of branched 
fatty acids (Sonntag, 1979; Ha and Lindsay, 1991), hydroxy fatty acids 
(Jensen, 1992), keto fatty acids (Parks et al., 1964) and odd length chain 
fatty acids are higher in dairy fats compared to vegetable fats.

4.2.2 Minor components
All non-triglyceride components present in the milk fat can be defi ned as 
minor components (Table 4.1). The concentrations of these minor compo-
nents are dependent on the defi nition of milk fat (Vanhoutte, 2002). When 
milk fat refers to the apolar phase of milk, the concentrations of cholesterol 
and PLs will be higher than when milk fat is defi ned as the industrial 
product, anhydrous milk fat (AMF). The latter is the fat phase gained from 
butter after several centrifugal separations. PLs, cholesterol and cholesterol 
esters, which are mainly present in the milk fat globule membrane, (MFGM) 
can be found in lower concentrations in AMF due to incomplete exclusion 
of MFGM and as a result of their solubility in the triglyceride mixture.

In bovine milk, the PLs contribute to approximately 1% of the total 
milk lipid. The main PLs are phosphatidylcholine (PC), phosphatidyleth-
anolamine (PE), phosphatidylserine (PS) and sphingomyelin (SM) (Jensen, 
1973). Their fatty acid composition differs from the fatty acid profi le of 
the triglycerides in milk fat. More long-chain unsaturated fatty acids are 
detected and no short-chain fatty acids are present (Jensen, 1973).

Free fatty acids (FFA), monoglycerides and diglycerides are present due 
to the unfi nished synthesis of triglycerides or owing to lipolytic action. A 
high FFA content contributes to the hydrolytic rancidity in butter; espe-
cially the presence of C4 and C6 add strongly to this off-fl avour. The C8 
FFA does not contribute to rancid off-fl avours since a rather low concentra-
tion is found in rancid butter, while C10 and C12 FFA give a distinct soapy 
and bitter taste in their usual concentration range in soapy rancid butters 
(Patton, 1973). The unsaponifi able fraction includes sterols, tocopherols, 
hydrocarbons, carotenoids, aliphatic alcohols, squalene and fat soluble vita-
mins (A, D, E and K). Most of the sterols are cholesterol (>95%) although 
traces of lanosterol, dihydrolanosterol and β-sitosterol are also present 
(Jensen, 1973).

4.2.3 Factors infl uencing the milk lipids composition
The chemical composition of milk fat is infl uenced primarily by feeding, 
the breed of the cow (genetics), its stage of lactation (physiological condi-
tion) and possible infections of the udder (mastitis). Actually, when all 
infl uencing factors are kept constant, differences in milk composition of 
different individuals can still be noticed (Walstra et al., 2006).
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The most important factor of variability is feeding. An excellent 
illustration of this is the variation between summer and winter milk fat 
(Vanhoutte, 2002). Table 4.3 illustrates that when cows change from stall 
feeding (silaged feed) in the winter to fresh grass during the summer 
months, a raise in iodine value, a change in fatty acid composition and a 
decrease of hardness can be detected. Moreover, adding trisaturated trig-
lycerides to the diet alters the fatty acid composition of the milk fat. Due 
to the occurrence of biohydrogenation in the rumen, the relation between 
unsaturated fatty acids in feed and their concentration in the milk fat is less 
obvious (Grummer, 1991; Vanhoutte, 2002). The physical form of feed also 
has an effect. If unsaturated fatty acids should be present in a specifi c matrix 
that can escape biohydrogenation, it can result in a higher proportion of 
unsaturated fatty acids in milk fat (Walstra et al., 2006). Moreover, several 
minor components, such as carotene and fat-soluble vitamins, are strongly 
affected by their content in the feed. The same counts for some trace 
elements.

The breed of the cow is mainly selected by man, according to the intended 
use and the local conditions, such as climate, feed, terrain and customs, 
resulting in some variability in milk composition. Concerning the lactation 
period, the proportion of short chains is, for example, low at the start and 
increases until at least the fi rst 8 to 10 weeks of the lactation period 
(Palmquist et al., 1993).

4.3 Milk fat modifi cation

4.3.1 Introduction
Anhydrous milk fat (AMF) was produced as an excellent transport and 
storage form of the large stocks of butter during the 1980s in the European 
Union and the United States. By removing the water phase from butter, 
milk fat could be stored for a considerably longer period of time without 
signifi cant loss of quality. Nowadays, milk fat has acquired a certain market 

Table 4.3 Chemical and physical properties of winter- and summer-fat (Bornaz 
et al., 1993; Hettinga, 1996; Vanhoutte, 2002)

Samples

Fatty acids
Iodine
number

Firmness 
(N)Volatile Saturated Mono-

unsaturated
Poly-
unsaturated

Average 
of
total

10.98 56.50 29.81 2.50 32.2

Summer 9.49 58.82 33.53 3.14 36.8 1.5–3
Winter 12.45 59.15 26.15 1.86 27.7 7–9
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share as a raw material for the confectionery and bakery industries, due to 
its unique organoleptic properties and its image as a natural ingredient 
(Kaylegian and Lindsay, 1995; Vanhoutte et al., 2002a). However, AMF has 
disadvantages which limit its consumption and its use. Among these are 
negative health aspects due to its high concentration of saturated fatty acids 
and cholesterol and its high price compared to vegetable fats. Furthermore, 
the chemical composition of milk fat varies across different regions and 
seasons. These natural fl uctuations, primarily due to feeding practices, 
result in milk fats with different physicochemical properties (Jensen et al.,
1991). In addition, the functionality of milk fat is often worse than that of 
vegetable fats such as margarines, restricting the potential use of milk fat 
in different food products such as puff pastry, cookies, and cold-spreadable 
products (Deffense, 1993). On the other hand, the much-appreciated 
fl avour of AMF cannot be realized using these tailor-made vegetable prod-
ucts. Even addition of buttery aromas (e.g. diacetyl) seems unsatisfactory 
(Boudreau and Arul, 1993; Rajah, 1994).

The utilization range of milk fat in many food applications could be 
broadened by the application of various modifi cation processes, such as 
hydrogenation, interesterifi cation and fractionation. These modifi cation 
techniques alter the chemical composition of milk fat, and therefore the 
physical and nutritional characteristics, making milk fat more suitable in a 
wider fi eld of application or for tailored specifi c end uses (Kaylegian, 1999; 
Van Aken et al., 1999).

In this part, we will discuss the technology of milk fat fractionation and 
interesterifi cation, and the infl uence of process parameters in more detail. 
The effect of these modifi cation techniques on the composition and the 
physicochemical properties of milk fat is also covered. Hydrogenation of 
milk fat will not be considered here as this modifi cation technique is no 
longer applied in the dairy industry. This is because the increased levels of 
saturated and trans fatty acids in hydrogenated milk fat are not desirable 
from a nutritional point of view. Also, the quite high production costs and 
the negative attitude of consumers towards chemical modifi cation of a fat 
with a natural image militate against its commercial application. Therefore, 
milk fat hydrogenation is replaced industrially by other modifi cation proc-
esses (especially fractionation) for the production of milk fat with an 
increasing hardness, oxidative stability, and plastic range (De Greyt and 
Kellens, 2001; Timms, 2005).

4.3.2 Fractionation
Milk fat is composed of approximately 400 fatty acids and can thus contain, 
at the most, 4003 triglycerides. Due to this very heterogeneous composition, 
milk fat exhibits a wide melting range, from about −40°C to 40°C, which 
provides the possibility of separating milk fat into a series of fractions 
having their own physical and chemical properties. It has been accepted 
that the melting profi le of natural milk fat contains three major peaks, due 
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to three major groups of triglycerides melting independently (Fig. 4.1): a 
low-melting fraction (LMF) which melts below 10°C, a middle-melting 
fraction (MMF) which melts from 10°C to 19°C, and a broad high-melting 
fraction (HMF) which melts above 20°C (Deffense, 1993; Kaylegian and 
Lindsay, 1995). Fractionation is the separation process of a fat into a higher 
melting solid fraction, the so-called ‘stearin’ and a lower melting liquid 
fraction, the so-called ‘olein’. The olein fraction is enriched in short-chain 
triglycerides and long-chain unsaturated triglycerides, while the ‘stearin’ 
fraction contains more long-chain saturated triglycerides. Deffense (1993) 
and Vanhoutte et al. (2002a) demonstrated that, in the melting curve of the 
milk fat olein fraction, the peaks of LMF and MMF enlarge, while HMF is 
completely removed at a fractionation temperature of 18°C. Conversely, 
the stearin fraction is enriched in HMF and contains less MMF (Fig. 4.1). 
The increase of LMF in the high-melting fraction is explained by olein 
entrainment in the solid fraction, due to incomplete separation.

Fractionation of AMF is extensively reviewed by Kaylegian and Lindsay 
(1995) and, recently, more briefl y by Augustin and Versteeg (2006). Dif-
ferent types of fractionation technologies have been employed and these 
technologies can be divided into two general groups:

(i) Fractionation methods based on crystallization and solubility behav-
iour of milk fat, including
• Crystallization from melted milk fat, also known as dry fractiona-

tion (Deffense, 1993; Kellens, 1994; Lopez et al., 2006; Tirtiaux, 
1976) or as Lanza fractionation in the case that a detergent solu-
tion is used to facilitate the separation of the fractions (Jebson, 
1970).
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• Crystallization from milk fat dissolved in a solvent, also called wet 
fractionation (Boudreau and Arul, 1993; Hartel, 2001; Larsen and 
Samuelsson, 1979; Marangoni and Lencki, 1998).

(ii) Fractionation methods based on the solubility and volatility of the 
lipid constituents, including supercritical fl uid fractionation (Kaufmann 
et al., 1982; Arul et al., 1987; Bhaskar et al., 1993) and short-path distil-
lation (Arul et al., 1988; Campos et al., 2003).

Dry fractionation
Crystallization from melted fat (or dry fractionation) is the most com -
monly employed and commercially exploited fractionation technique. 
This technique is very attractive for the dairy industry due to its reasonable 
cost of processing and its relatively simple equipment. Other advantages 
of dry fractionation are the preservation of the delicate fl avour of milk fat, 
the absence of organic solvents or other processing aids, and the environ-
mentally-friendly character confi rming the ‘natural’ product image (Fatouh 
et al., 2003). Today about 1000 tons per day of milk fat are fractionated 
with this fractionation process, predominantly in Europe.

Dry fractionation consists of the development of suitable sizes of crystals 
by controlled cooling and agitating of the molten fat, followed by the sepa-
ration of the crystals from the remaining mother liquor by fi ltration or 
centrifugation. The chemical composition and physical characteristics of 
the fractions obtained are signifi cantly affected by the equipment design, 
the related fractionation process, separation method and other process 
parameters such as the cooling and agitation rate, the residence time of the 
fat in the crystallizer and the fractionation temperature (Grall and Hartel, 
1992). Currently, dry fractionation is commercially executed by two differ-
ent processes, the Tirtiaux (Deffense, 1993; Tirtiaux, 1976) and the De Smet 
(Kellens, 1994) processes, both from Belgium. Both processes start with 
heating the milk fat to a temperature of 60–80°C to ensure that all the nuclei 
are destroyed. The Tirtiaux and De Smet process differ in the way the 
cooling step is carried out.

Tirtiaux has patented a slow-cooling process, usually carried out in vessels 
with gentle agitating. The fat is cooled following a special cooling pattern 
based on a constant temperature difference between the oil and the cooling 
liquid. Typically, the cooling rate is considerably decreased near the melting 
point, resulting in the formation of the desired β′ crystals, which are easier 
to separate. The fi rst cooling step with the formation of crystal nuclei 
takes place in special buffer tanks. From there, the oil is pumped into 
crystallizers in which the cooling is regulated by constant monitoring of 
the temperature of the milk fat in the crystallizer. The intention of 
this second step is the growth of very large, equally-sized crystals (optimal 
size of 200 to 300 µm) which are easy to separate from the oil slurry. 
The agitation rate can also be adjusted in order to obtain crystals of 
the desired size and shape. The major shortcoming of this process is the 
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requirement of long crystallizing times (about 16 h to 20 h) to achieve the 
optimum crystallization.

In contrast, the cooling in the De Smet process is also carefully moni-
tored but it is applied in a different way. The processes recommended by 
De Smet follow the principle of fast cooling by lowering stepwise the tem-
perature of the cooling liquid in precise and precalculated steps. In that 
way, the milk fat is precooled for suffi cient crystal nuclei formation and the 
fi nal fractionation temperature is reached more quickly. Due to this cooling 
program, a high cooling surface per unit volume of fat is necessary in the 
industrial design of the concentric crystallizers of the De Smet process. 
Additionally, fi lters and centrifuges with a higher separation effi ciency 
compared to those applied in the Tirtiaux process are necessary as the fat 
crystals in the De Smet process are much more heterogeneous in size, 
resulting in a considerable higher fi lter cost. However, the De Smet process 
achieves its optimum crystallization in much less time (6 h to 8 h) than the 
Tirtiaux process.

The next stage in this modifi cation process is the separation step, result-
ing in the actual production of a solid product and a liquid fraction. The 
effi ciency of this step has an enormous impact on the properties and yields 
of the resulting fractions. In the dairy industry, separation of the milk fat 
slurry is mostly accomplished by fi ltration. There are two different fi ltration 
techniques used; vacuum fi ltration on belt or drum fi lters and membrane 
press fi ltration. Vacuum fi ltration separates the liquid fi rst by gravity and 
then the entrained olein is further removed under vacuum pressure. 
Although the separation can be carried out continuously, this technique 
does not permit a very thorough separation and a considerable amount of 
the olein fraction stays entrained in the fi lter cake. Classically, a continuous 
belt Florentine vacuum (50 to 200 mbar) fi lter, shown in Fig. 4.2, can be 
used in the Tirtiaux process since very large, equally-sized crystals are 
formed, which are easy to separate. In this type of fi lter, fi ltration takes 
place on the upper, horizontal surface of a rotating, stainless-steel perfo-
rated belt, which has a vacuum chamber beneath it (Illingworth, 2002). 
Better separation effi ciency is achieved by using membrane press fi lters, 
introduced during the eighties in the fractionation industry. The application 
of pressure to the cake in the press chamber brings about a lower level of 
liquid entrainment in the fi lter cake. The higher pressure in the chambers 
of the membrane fi lter is generated by infl ating the watertight membranes 
with air, reducing the chamber volumes. After defl ating the membranes, 
the fi lter cakes can be batch-wise discharged into a tank by gravity. These 
principles of operation are illustrated in Fig. 4.3. Today, the membrane 
fi lter press is the most suitable fi ltration technique in milk fat dry fractiona-
tion and its usage is growing increasingly for all the crystallization proc-
esses. Especially in the case of the De Smet crystallization process, 
membrane fi lters are much preferred. Standard membrane fi lter presses 
normally operate at a maximum pressure of 4–8 bars, which is more than 
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suffi cient in most cases. During recent years, new high-pressure membrane 
fi lter presses have been developed to operate at pressures of up to 30 bar. 
Those high-pressure membrane fi lter presses make use of hydraulic fl uid 
as a pressure medium instead of air used for the standard membrane fi lter 
presses (Gibon and Tirtiaux, 2002). Higher pressures are necessary to meet 
the required specifi cations, especially in the production of high-purity olein 
fractions.

Milk fat fractions can also be separated by use of centrifugal forces such 
as with nozzle and screen centrifuges. As yet, only a few commercial instal-
lations are currently known to exist. For instance, Westfalia developed and 
launched in 1997 a nozzle centrifuge as an alternative to membrane fi ltra-
tion for AMF fractionation. In this piece of equipment, the fat crystals are 
separated in a centrifugal fi eld due to the density difference of olein and 
stearin. During the operation, crystals are drawn outwards where they are 
discharged through backwardly reacting nozzles by the centrifugal force. 
This type of separation can be done continuously and in an enclosed system, 
the latter being very important in preventing the possible deterioration of 
milk fat (fractions) when exposed to oxygen or light. However, as stated, 
only a few installations have been used on an industrial scale, possibly due 
to a separation effi ciency which is not as good as those of the membrane 
press, and due to complicated operation handling operations (Deffense, 
2000; Dijkstra, 2007; Illingworth, 2002).

The fractionation process, and more predominantly the crystallization 
and fi ltration properties, are greatly affected by a number of process param-
eters such as agitation rate, cooling rate and fractionation temperature. The 
effect of these parameters on milk fat fractionation and the properties of 
the resulting fractions have been investigated several times (Deffense, 1987; 
Patience et al., 1999; Vanhoutte et al., 2002a, 2003). For instance, Vanhoutte 
et al. (2003) concluded that higher fractionation temperatures result in a 
lower stearin yield and a higher melting point of the olein fraction. Frac-
tionation temperature also infl uences the cake density and thus the fi ltra-
tion characteristics to a certain extent, probably related to differences in 
crystal size and/or morphology. At lower temperatures, more compacted 
clumps of smaller crystals are formed, resulting in less oil entrapment and 
a denser fi lter cake. The agitation rate also has a considerable impact on 
the crystal size and/or morphology and thus on the fi ltration behaviour. 
Herrera and Hartel (2000) noticed that samples crystallized at the highest 
shear rates will produce the narrowest particle size distribution and the 
smallest crystals, as a result of an enhanced nucleation rate (Herrera and 
Hartel, 2000) and breakage of the crystals by the shear forces of the impel-
ler (Patience et al., 1999). On the other hand, agitation ensures effective 
heat transfer on the cooled surfaces of the crystallization vessel and avoids 
local overheating and subsequent melting of the crystals.

Some minor components of the milk fat can also alter the fractionation 
properties. Vanhoutte et al. (2002b) observed that high levels of free fatty 
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acids (from inadequate heat treatment or microbial contamination) or high 
levels of partial glycerides (from a deodorization process) have a negative 
infl uence on the fi ltration quality of the resulting crystal suspension. In the 
small-scale fractionation experiments, lower fi ltration rates and an increased 
oil inclusion resulting in a softer stearin fraction were detected.

The presence of phospholipids changes negatively both the crystalliza-
tion kinetics and the fi ltration properties. Increased induction times and 
worse fi ltration qualities leading also to a softer stearin, were observed at 
higher concentrations of added phospholipids. These results emphasise the 
importance of good quality raw materials for fractionation of AMF and an 
adequate removal of the membranous material (containing a lot of phos-
pholipids) during the production of AMF.

By fractionation, two fractions are produced from the original milk fat, 
with modifi ed chemical and physical properties. However, for applications 
in a broad range for food products, the separation of AMF into sharply 
defi ned fractions usually happens in a multi-stage process. In such a multi-
stage process, one or both of the fractions are remelted and refractionated 
but with different process parameters and cooling patterns. Most com-
monly, the olein of the fi rst step is fractionated again at a fractionation 
temperature that is lower than the temperature of the fi rst step. This process 
can then be repeated. In the dairy industry, most of the fractionation proc-
esses of AMF happen in three steps, although seven steps have been 
reported in literature. Figure 4.4 presents some fractionation routes applied 
to milk fat, together with the melting characteristics of the fractions obtained 
(Deffense, 1993; Illingworth, 2002; Kaylegian, 1999; Kaylegian and Lindsay, 
1995).

AMF
DP 34°C

Hard stearin: S
DP 45°C

Olein: O
DP 21°C

T21°C-22°C

Second (soft) stearin: OS
DP 26°C

Super olein: OO
DP 13°C

Third stearin: OSS
DP 32°C

Stearin: OSS
DP 21°C

Top olein: OOO
DP 6°C

T<10°C

T 12°C-15°C

Olein: OSO
DP 24°C

Fig. 4.4 Example of a multistep fractionation of milk fat, with optional recycling 
of some fractions. Abbreviations: DP, dropping point; S, stearin; O, olein 

(adapted from Illingworth, 2002).
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The typical three-step fractionation process of milk fat creates thus fi ve 
fractions, all with different melting characteristics and, as a result, with 
other application areas. A fi rst fi eld of application of the different fractions 
is the bakery industry, due to the pleasant fl avour, and the richness and 
tenderness of milk fat. For instance, the hard stearin fractions may be used 
as the fat phase in laminated pastries such as puff pastry, Danish pastries 
and croissants, which are fl aky products containing successive layers of 
dough and fat. The fat phase in these products must remain solid during 
production, but must not be too brittle otherwise the fat will break and will 
not create a separate layer. In cookies and biscuits, lower melting fractions 
(olein fractions) are required as the fat has to be liquid to prevent gluten 
interactions resulting in the typical, short texture. Also, in confectionery 
products such as in chocolate, stearins can be used. These high melting 
fractions are more compatible with cocoa butter, making it possible to use 
more milk fat. Additionally, these fractions act as a fat bloom inhibitor in 
chocolate. Stearin can also be used as a component of cold-spreadable 
butter and as hardstock for margarine production in place of hydrogenated 
vegetable fats. The various olein fractions can be used to improve the 
spreadability of butter and dairy spreads at refrigerator temperature. A fi rst 
way to make spreadable butter is by blending the cream and 15% to 25% 
super olein, followed by the cream ripening and churning process. The 
second possibility to create the desired melting profi le of cold-spreadable 
butter is recombining 70–80% of the top olein fraction with higher melting 
fractions, followed by emulsifi cation of the fat and water phase in a scraped 
surface heat exchanger and texturisation (Burgess, 2001; Deffense, 1993; 
Hartel and Kaylegian, 2001; Kaylegian, 1999).

Lanza fractionation
The so-called Lanza or detergent fractionation is based on a technique 
patented by Fratelli Lanza in 1905. In the 1970s, Tetra Pak (formerly Alfa-
Laval) marketed the technique as the Lipofrac process (Fjaervoll, 1969). 
The crystallization step is very similar to that used in dry fractionation but 
it differs in the way in which the olein is separated from the stearin. Separa-
tion is not accomplished by means of a mechanical treatment, but by an 
aqueous solution of detergent (sodium lauryl sulphate) containing an elec-
trolyte such as magnesium sulphate, followed by centrifugation. The deter-
gent covers the surface of the fat crystals that have been precipitated from 
the melt. As a result, the wetted crystals become hydrophilic and will move 
from the oil phase to the aqueous phase. When the detergent solution is 
added, it is essential to stir strongly in order to disintegrate the crystal 
agglomerates which could trap the olein and thereby avoid the wetting of 
some crystals. The olein phase is generally separated from the aqueous 
phase (with the stearin crystals) via centrifuges. Due to a higher difference 
in specifi c density, centrifuges with a lower separation power can be used 
compared to those required in the dry fractionation process. The water/
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crystal phase is then heated to melt the crystals, followed by a second cen-
trifugation step to complete the separation.

With this type of fractionation, much smaller crystals are required, allow-
ing much shorter crystallization times. Other benefi ts are an improved olein 
yield and better separation effi ciency.

In the 1970s and early 1980s, Lanza fractionation of AMF was executed 
on a commercial scale in New Zealand (Illingworth, 2002; Norris et al.,
1971). However, this process is, at the moment, ousted by dry fractionation 
as a result of world-wide resistance from the consumers against any treat-
ment of milk fat with chemical additives, even if only as a processing aid. 
A number of countries have even prohibited by law the use of detergent-
separated fractions in fat-rich dairy products. The higher energy consump-
tion and effl uent problems as a result of the use of the wetting agent also 
make Lanza fractionation unattractive for AMF fractionation.

Solvent fractionation
Another possibility for separating milk fat into fractions with different 
melting profi les is based on dissolution in an appropriate solvent followed 
by crystallization at a defi ned fractionation temperature. The so-called 
solvent or wet fractionation was one of the fi rst techniques used for milk 
fat fractionation and it was already being used in the late 1950s (Bhalerao 
et al., 1959; Hartel and Kaylegian, 2001). The presence of the solvent infl u-
ences largely the crystallization kinetics, resulting from the lower viscosity 
of the solvent–milk fat mixture compared with the milk fat itself. In fact, 
the crystallization time is very rapid and often in the order of 30 min (com-
pared with the 24 h in the Tirtiaux process), and the crystallization can even 
be executed in a scraped-surface tubular heat exchanger. Either apolar (e.g. 
pentane, hexane) or polar (e.g. acetone, ethanol, isopropanol) solvents may 
be used and the solvent type also affects the crystallization behaviour of 
the milk fat. Larsen and Samuelsson (1979) observed that crystallization in 
polar solvents yields rod-shaped crystals which form compact aggregates, 
while the crystals formed in apolar solvents are not well-defi ned and have 
a gel-like structure. When using polar solvents, the separation effi ciency is 
thus improved compared to dry fractionation where the crystals have a 
spherulite structure, allowing a higher inclusion of the olein fraction in the 
crystals. The dilution of the interstitial olein by the solvent and washing the 
fi lter cake with fresh solvent also infl uence the separation effi ciency in a 
positive way. The separation is usually executed via vacuum fi ltration or 
less commonly via centrifugation. The milk fat fractions obtained are then 
freed from the solvent by distillation. However, despite the advantages of 
faster crystallization, improved olein yields and superior separation sharp-
ness, solvent separation is never used on an industrial scale predominantly 
due to the loss of aroma and fl avour compounds of the fractions obtained. 
Additionally, the high investment and operation costs, the need for safety 
precautions and the potential toxicological concerns about solvent residues 
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ensure that solvent fractionation of AMF is not found in commercial appli-
cations (Augustin and Versteeg, 2006; Dijkstra, 2007; Kaylegian and 
Lindsay, 1995; Wright et al., 2000).

Supercritical fl uid fractionation
Supercritical fl uid fractionation is based on the solubility of milk fat in a 
supercritical fl uid (instead of a solvent as in the wet fractionation process) 
and on volatility properties of the milk fat components. A supercritical fl uid 
is any substance at a temperature and pressure above its thermodynamic 
critical point (i.e. the temperature above which liquid cannot be formed 
simply by increase in pressure) and such fl uids combine liquid-like and gas-
like behaviour in an interesting manner, making them attractive extraction 
agents (Arul et al., 1987; Bhaskar et al., 1993). The densities of supercritical 
fl uids are similar to those of liquids, resulting in good solvent power, while 
the high diffusion rates due to their low viscosity and diffusivity values 
ensure that they can generally penetrate AMF faster than liquid solvents. 
In spite of the poor solubility of triglycerides in supercritical carbon dioxide, 
the most attractive fractionating solvent is CO2 as a consequence of its 
inexpensive, non-toxic and non-fl ammable character. Furthermore, super-
critical CO2 does not pose any toxicological concerns about solvent residues 
and has an environmentally friendly image (Boudreau and Arul, 1993). The 
density, and thus the solvent power, of supercritical CO2 can be manipu-
lated by varying the process conditions of fractionation, which makes it 
possible to selectively separate multiple fractions in one step. The solvent 
power is enhanced when the temperature and the pressure increase. At low 
pressure, only the low-molecular weight triglycerides are extracted. As the 
pressure increases at a constant temperature, the long-chain triglycerides 
become more soluble and can be extracted. Because the fractionation of 
AMF is primarily based on differences in the molecular weight of the trig-
lycerides, the fractions obtained are more markedly different in fatty acid 
and triglyceride composition compared to melt crystallization. On the other 
hand, the fractions obtained by supercritical CO2 fractionation show less 
distinct differences in melting characteristics, thereby restricting the use of 
supercritical extraction in the production of fractions for specifi c food appli-
cations. Together with the high initial capital costs, this explains why super-
critical fl uid fractionation of AMF is applied only on a laboratory scale, but 
not yet on an industrial scale (Augustin and Versteeg, 2006; Bhaskar et al.,
1998).

Short-path distillation
Short-path distillation consists of the evaporation of molecules into a 
vacuum. Since short-path distillation is founded on variations in the volatil-
ity of the milk fat triglycerides, this fractionation process has a very high 
degree of molecular weight and carbon number separation, even more than 
supercritical fl uid extraction. The distillate (the olein fraction) is enriched 
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in short-chain and medium-chain fatty acids and depleted in long-chain 
fatty acids, while the opposite trends are observed in the retentate (the 
stearin fraction). In comparison with other processes, a higher concentra-
tion of unsaturated long-chain fatty acids is noticed in the solid fraction 
than in the liquid fraction (Arul et al., 1988; Boudreau and Arul, 1993; 
Campos et al., 2003). The chemical and physical properties are also affected 
by the applied distillation temperature (Boudreau and Arul, 1991). Campos 
et al. (2003) characterized the fraction properties at distillation tempera-
tures from 125°C to 250°C. They found an augmented SFC-profi le of the 
retentate and an increasing yield of the distillate from 0.3% to 42.7% when 
the distillation temperature was increased.

Short-path distillation thus offers the possibility of fractionating milk fat 
into fractions with unique chemical and physical characteristics. However, 
it has not been used in the industry as a result of thermal damage to the 
milk fat (decomposing and polymerizing of the unsaturated fatty acids), 
loss in fl avour and high thermal demands (Boudreau and Arul, 1991).

4.3.3 Interesterifi cation
Interesterifi cation consists of a rearrangement of the acyl groups within and 
among triglycerides, which can consequently lead to changes in the differ-
ent physical and functional characteristics of the interesterifi ed fat. The 
distribution of the fatty acids on the glycerol molecule is thus modifi ed, 
although the fatty acid composition of the fat is retained.

Since the reaction rate of interesterifi cation is very slow, the chemical 
reaction should be carried out in the presence of a catalyst. Two types of 
catalyst are currently in use, namely inorganic catalysts (chemical interest-
erifi cation) and biologically derived enzymes (enzymatic interesterifi ca-
tion), both with their own benefi ts and drawbacks.

Chemical interesterifi cation
Chemical interesterifi cation involves the use of chemicals such as alkali 
metals (sodium, potassium and their alloys) and their corresponding 
hydroxides and alkoxides to accelerate the redistribution of the fatty acids. 
A fi rst paper considering this modifi cation process applied to milk fat 
appeared in the late 1950s (Weihe and Greenbank, 1958; Weihe, 1961). The 
authors concluded that interesterifi cation leads to an increase in the melting 
point of milk fat. Greater chances of increases were established by directed 
interesterifi cation than by random interesterifi cation. In directed interest-
erifi cation, the temperature of the reaction is controlled so that certain 
higher melting triglycerides crystallize and are no longer able to participate 
in further reactions. In order to re-establish the equilibrium, the reaction 
is driven to form these higher melting triglycerides. Furthermore, larger 
increases in melting point were identifi ed in the presence of a solvent.

Huyghebaert et al. (1994), Rodrigues and Gioielli (2003) and Rousseau 
et al. (1996) showed that interesterifi cation has also a considerable infl uence 



84 Dairy-derived ingredients

on the solid fat content profi le of the modifi ed milk fat. They observed a 
reduced solid fat content at lower temperatures and an increased solid fat 
content at higher temperatures. This smoother SFC-profi le and the changed 
melting point are the result of a changed triglyceride composition of the 
milk fat. Interesterifi cation increases the level of lower molecular weight 
triglycerides, consisting 22 to 30 carbon atoms, explained by randomization 
of the initially asymmetrically distributed short-chain fatty acids. The 
amount of higher molecular weight triglycerides (C44–C54) is also increased, 
explaining the higher melting point of randomized milk fat. The most 
predominant increase is observed for the C50 triglyceride. Furthermore, 
Huyghebaert et al. (1994) used the C38/C50 ratio as a parameter of the inter-
esterifi cation reaction. During the reaction, the amount of mid-fraction and 
especially the C38 content is reduced and the C50 content increases.

One of the major shortcomings of chemical interesterifi cation is the loss 
of the desired, buttery fl avour due to several side reactions. The produced 
short-chain and medium-chain fatty acid methyl esters result in, respec-
tively, a fruity and a bitter fl avour. Postrefi ning is essential to remove these 
unwanted off-fl avours (Huyghebaert et al., 1994). Furthermore, the chemi-
cal catalyst is a hazardous product, requiring very careful handling. On the 
other hand, the technology and equipment for chemical interesterifi cation 
is already well-established, as it has been applied for a long period of time.

Enzymatic interesterifi cation
Enzymatic interesterifi cation makes use of lipases (glycerol ester hydrolase, 
EC 3.1.1.3) to speed up the exchange of fatty acids on the glycerol molecule. 
Lipase is an enzyme that catalyzes the complete or partial hydrolysis of tri-, 
di- and monoglycerides, but under appropriate conditions the biocatalyst 
can promote ester formation as well. An interesting phenomenon of 
enzymes in general is their possible selectivity to accelerate only a well-
specifi ed reaction. Based on their specifi city, three main classes of lipases 
used for interesterifi cation can be distinguished: non-specifi c, 1,3-specifi c 
and fatty acid-specifi c. During an interesterifi cation reaction with a non-
specifi c lipase, products are formed with a random fatty acid distribution 
similar to products resulting from a chemically catalyzed interesterifi cation. 
The 1,3-specifi c lipases act only at outer positions on the glycerol backbone 
and do not change the fatty acid profi le at the sn-2 position. The fatty acid-
specifi c lipases cause only the exchange of a specifi c fatty acid, regardless 
of its position (Macrae, 1983).

The lipases can be used in a free powdered form or immobilized on 
diverse substrates. Immobilization of lipases can positively affect their 
recoverability, reusability and stability, making the interesterifi cation 
process economically more feasible. Interesterifi cation can also be com-
pleted using a solvent to reduce the reaction viscosity.

Several studies have been performed to characterize the effect of enzy-
matic catalyzed interesterifi cation on the physico-chemical properties of 
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milk fat (Kalo et al., 1986, 1990; Chmura et al., 2008; Marangoni and 
Rousseau, 1998). They all observed a modifi ed triglyceride profi le which 
was very similar to that resulting from chemical interesterifi cation. Interes-
terifi cation causes a decrease in the content of middle-chain triglycerides 
(C32–C42) and an increase in the amount of higher molecular weight triglyc-
erides (>C42). Despite the use of 1,3-specifi c lipases, no positional specifi city 
was observed in the different studies. This can probably be explained by 
the non-enzymatic acyl migration which is a migration of the fatty acids to 
the neighbour position on the glycerol backbone resulting in a redistribu-
tion of the fatty acids at the sn-2 position as well. This changed triglyceride 
profi le has a considerable effect on the melting characteristics of the inter-
esterifi ed fat. Enzymatic interesterifi cation also results in a decrease of the 
solid fat content at lower temperatures, and above 25°C it generally leads 
to an increase. This smoother, more linearized SFC-profi le was also 
observed by Marangoni and Rousseau (1998), although they found that the 
SFC drops upon enzymatic interesterifi cation at all temperatures. Lower 
SFC values at every temperature may result from an increase in water 
content in the reaction medium yielding higher amounts of mono- and 
diglycerides (Kalo et al., 1986).

Compared with chemical interesterifi cation, the enzymatic catalyzed 
process has a lower impact on the typical fl avour components of milk fat. 
Another major benefi t is its qualifi cation as a ‘green’ chemistry solution 
due to lower amount of product losses and waste products. The milder 
reaction condition also leads to a more environmentally friendly process. 
On the other hand, the biocatalyst costs more and requires a longer reaction 
time and better reaction control, which may result in increased processing 
costs (De Greyt and Kellens, 2001).

Applications of interesterifi ed milk fat
The modifi cations of the physical properties creates the possibility of using 
interesterifi ed milk fat in a wider range of food products. For instance, 
Timms and Parekh (1980) reported that interesterifi ed milk fat seems 
to be better suited to chocolate than unmodifi ed milk fat. Moreover, 
Huyghebaert et al. (1994) stated that the texture of recombined butter made 
from interesterifi ed milk fat has a better spreadability at 5°C than the origi-
nal butter. However, the product is not fully spreadable and can be further 
improved by removing the high melting triglycerides by fractionation.

Neither chemical nor enzymatic interesterifi cation of milk fat has yet 
been carried out on a commercial scale. The major drawback for its indus-
trial exploitation is the high operating cost, which is mainly the result of 
considerable oil losses. The process is commercially viable only if this high 
operating cost is offset against the added value of the interesterifi ed product. 
In the case of milk fat, this seems very doubtful, because interesterifi cation 
has a negative impact on the desirable buttery fl avour (De Greyt and 
Kellens, 2001).
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4.4 Milk fat minor components

4.4.1 Downstream processing of polar lipids
The polar lipids in dairy products, which comprise PLs and sphingolipids, 
are predominantly situated in the MFGM membrane (60–70%) and the 
lipoprotein particles. The MFGM membrane surrounds the fat globules, 
stabilizes the fat droplets in the milk serum, and protects them from enzy-
matic degradation by lipases (Danthine et al., 2000). During the processing 
of milk (e.g. churning), destabilization of the fat globules and disruption of 
the MFGM occurs. Then this biological membrane becomes no longer 
associated with the fat globules and the MFGM fragments preferentially 
migrate to the aqueous phases such as buttermilk and butter serum 
(McPherson and Kitchen, 1983). As the polar lipids of the MFGM are 
closely associated with a variety of specifi c membrane proteins, of which 
xanthin oxidase/dehydrogenase, butyrophilin and adipophilin are the most 
abundant (Mather, 2000), the MFGM proteins will probably co-migrate 
with the polar lipids during dairy processing. Corredig et al. (2003), Roesch 
et al. (2004) and Rombaut et al. (2007) have confi rmed that dairy products 
with a high polar lipid content are also enriched in MFGM proteins. Gener-
ally, the most promising dairy products for further purifi cation of MFGM 
components are products with a high polar lipid content on either a dry 
matter or a total lipid base (e.g. buttermilk, butterserum and whey), because 
water can easily be removed by fi ltration, evaporation or drying. Nonethe-
less, solvents for extraction and fractionation are often required to separate 
neutral and polar lipids. Various techniques have been used for purifi cation 
of MFGM fragments, such as coagulation, fi ltration, centrifugation and 
conventional or supercritical extraction techniques or combinations thereof 
(Rombaut and Dewettinck, 2006).

Laboratory applications for MFGM isolation
Generally, laboratory MFGM isolation methods consist of four major steps 
(Singh, 2006), namely the separation of the fat globules by centrifugation, 
followed by several washing steps to remove contaminants (Mangino and 
Brunner, 1975; Kanno and Kim, 1990; Ye et al., 2002; Fong et al., 2007), the 
disruption of the fat globules to release the MFGM and fi nally, the recovery 
of the MFGM material. An overview of the various washing solutions that 
have been used for MFGM isolation is given in the review of Dewettinck 
et al. (2008). Churning, agitation at reduced temperatures, freeze–thaw 
cycles, extractions with polar aprotic solvents, bile salts, or nonionic deter-
gents are often used to release the MFGM from the triglyceride fat core 
from the washed fat globules into the aqueous phase (Dowben et al., 1967; 
Harrison et al., 1975; Snow et al., 1980; Patton, 1982; Dapper et al., 1987). 
The fi nal step involves the collection of the released MFGM material by 
ultracentrifugation, freeze-drying or microfi ltration. The membrane mate-
rial can also be obtained by precipitation at low pH or by ‘salting out’ with 
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ammonium sulfate and recovering the precipitated material by centrifuga-
tion (Anderson and Brooker, 1974; Kanno and Kim, 1990; Rombaut et al.,
2006a; Morin et al., 2007a). The above mentioned procedures are laboratory 
applications for the isolation of MFGM material from untreated milk, 
which are summarized in Fig. 4.5.

MFGM isolation from industrial sources
Rich sources of MFGM material such as buttermilk, butter serum and whey 
are still considered as low value by-products originating from dairy process-
ing. Generally, these products have a low stability to oxidation due to their 
higher polyunsaturated fatty acid content, and a high variability between 
batches. Furthermore, the processing steps affect the interactions of the 
serum proteins with the MFGM. The lack of whey proteins recovered in 
the permeate illustrates the strong binding of whey proteins with MFGM 
components. The resulting aggregates are too large to pass through the 
membrane pores during microfi ltration and are recovered in the retentate 
(Ward et al., 2006). Corredig and Dalgleish (1997) and Morin et al. (2007b) 
showed that these interactions most likely to occur during heating the 
MFGM isolates, even at temperatures as low as 65°C. However, to date, 
only limited data are available on the infl uence of processing on the MFGM-
interactions, so more research should be undertaken to better understand 
them and to control the manufacturing conditions to obtain products of 
consistent quality.

In spite of this, many authors have used buttermilk as a raw material for 
the isolation of MFGM fragments. Tangential micro- and ultrafi ltration 
techniques seem to be appropriate for MFGM purifi cation from dairy by-
products, because of their ability to separate particles from dissolved 
solutes. Filtration conditions such as pH, temperature, type of membrane 
material, pore size and the type of buttermilk will infl uence the permeation 
of the different components of the buttermilk through the membrane 
(Morin et al., 2004, 2006; Rombaut et al., 2007). The isolation of polar lipids 
by membrane fi ltration is based on the selective removal of casein, whey 
proteins, lactose and minerals from the concentrate. Sometimes the fi ltra-
tion is combined with the stepwise addition of water, for further washing 
out of undesirable components such as lactose, whey-proteins and minerals 
(¼ diafi ltration). However, microfi ltration alone cannot achieve optimal 
separation of MFGM lipids and proteins from caseins and whey proteins.

Buttermilk and whey are rich sources of MFGM material, but they also 
may contain signifi cant amounts of skim milk components, such as whey 
proteins and caseins. The casein micelles can cause diffi culties during the 
purifi cation of polar lipids by cross fl ow membrane fi ltration. They have 
sizes similar to the MFGM fragments and fi ltration solely cannot remove 
these micelles. Sachdeva and Buchheim (1997) achieved a tenfold increase 
in polar lipid concentration (70–77% recovery) by removing the caseins by 
acid and rennet coagulation prior to fi ltration. Another strategy is reduction 
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of the casein micelle diameter, which allows it to be transferred through 
the membrane and recovered in the permeate. Corredig et al. (2003) and 
Roesch et al. (2004) used sodium citrate to dissociate the casein micelles 
into submicelles, followed by microfi ltration to collect MFGM material in 
the retentate. In this way, the fat and casein content were increased in the 
retentate and permeate respectively. An enriched fraction from buttermilk 
containing about 80% of MFGM material with a signifi cantly reduced 
amount of caseins was obtained (Corredig et al., 2003). The application of 
several diafi ltration steps with deionized water resulted in a reduction of 
the casein contamination in the retentate, but also in a loss of MFGM mate-
rial (Rombaut et al., 2006a). Roesch and Corredig (2002) described an 
enzymatic treatment with trypsin and chymotrypsin to destroy the casein 
micelles. This procedure reduced the retention of caseins during microfi l-
tration, leading to a phospholipid-enriched retentate.

Rombaut et al. (2006a) added citrate to butter serum. These authors 
reported that 44% of the polar lipids were lost during fi ltration due to 
blocking and fouling of the fi lter membrane with MFGM particles. Addi-
tion of sodium citrate agent caused dispersion of not only casein micelles 
but also of MFGM fragments. Morin et al. (2006) compared the fractiona-
tion of regular buttermilk and whey buttermilk, the aqueous fraction 
obtained by churning of whey cream which is separated from cheese whey, 
by ceramic microfi ltration. The latter contains similar amounts of PLs to 
regular buttermilk and the absence of caseins helps to minimize separation 
problems. However, the variability of the lipid content of whey cream 
results in considerable variations in the lipid content of whey buttermilk. 
Careful standardization of the whey cream prior to churning should be 
considered.

Rombaut et al. (2007) used acid buttermilk cheese whey, the aqueous 
fraction obtained by acidifi cation of sweet-cream buttermilk, as a starting 
material for concentration of MFGM components by microfi ltration. Acid 
buttermilk cheese whey is relatively rich in MFGM fragments and, as in 
whey buttermilk, the casein micelles are absent. The authors reported that 
the membrane material and pore size have a great infl uence on fi ltration 
characteristics and MFGM retention. The best results were obtained with 
negatively charged membranes with a pore size less than 0.15 µm to avoid 
excessive MFGM losses. MFGM retention was also affected by the pH and 
at optimized conditions, 98% of the polar lipids from the acid buttermilk 
whey could be recovered in the retentate. A thermocalcic aggregation (* 
see page 90) whey pre-treatment for whey clarifi cation resulted in low 
permeate fl uxes and high retention of ash and whey proteins, which makes 
it less suitable as a MFGM purifi cation technique.

Another approach is the use of cream washed with skim milk ultrafi ltrate 
to remove the caseins prior to churning, which results in a protein reduction 
of 74% compared with normal cream buttermilk (Morin et al., 2007a). This 
procedure induced losses of MFGM material and a yield reduction of the 
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process, but it signifi cantly improved the permeation fl ux, the concentration 
of MFGM material and the removal of skim milk proteins.

*Thermocalcic aggregation is a sequestration technique of residual 
lipids, lipoproteins, and MFGM fragments; it was originally developed for 
the clarifi cation of sweet cheese whey. After the coagulation of the polar 
lipid components by calcium addition and moderate heating, these aggre-
gates can be separated by settling, fi ltration, or centrifugation. Thermocal-
cic aggregation is often applied in the manufacture of whey protein 
concentrates as a pre-treatment prior to UF, because the residual fat, con-
sisting mainly of small fat globules, liposomes and MFGM particles, would 
lead to rapid fouling and fl ux decline of the membranes. Around 80% of 
the β-lactoglobulin and 85% of the α-lactalbumin remain soluble in the 
clarifi ed whey, and the resulting sediment contains merely all polar lipids 
(Fauquant et al., 1985; Pierre et al., 1992). Theodet and Gandemer (1994) 
concentrated the polar lipids of Emmenthal whey by thermocalcic aggrega-
tion followed by microfi ltration, and reported an increase in polar lipid 
concentration from 0.33 g to 1.10 g/100 g dry matter. Rombaut et al. (2006b) 
observed a similar rate of increase of 1.84 g to 7.95 g/100 g dry matter using 
buttermilk whey instead of Emmenthal whey. The combination of mem-
brane techniques, thermocalcic aggregation, enzymatic hydrolysis and dem-
ineralization, results in much higher degrees of purifi cation, as observed by 
Baumy et al. (1990). These authors obtained a concentrate containing 
16.79 g/100 g dry matter starting from whey, and combined with solvent 
extraction and precipitation even higher concentrations were reported. The 
hexane–isopropanol extraction resulted in a polar lipid concentration of 
36.8 g/100 g dry matter, whereas subsequent acetone precipitation yielded 
76.7 g/100 g dry matter.

In general, the coagulation and fi ltration techniques do not seriously 
alter the polar lipid/total lipid ratio. These processes do not exhibit selective 
effects on lipids, so solvent extraction and fractionation techniques are 
required to increase this ratio. Supercritical CO2 (SCO2) is excellently 
suited as an extraction solvent due to its low critical parameters (31.1°C, 
73.8 bar), relatively low cost, non-toxicity, chemical inertness and non-
fl ammability. Furthermore, the resulting products are free from organic 
solvent residues. It is therefore an environmentally benign alternative to 
conventional lipid fractionation techniques, based on toxic solvents. Super-
critical fl uid extraction can be used to extract lipid and lipid-soluble materi-
als from complex matrices. Astaire et al. (2003) developed a two-step 
procedure to increase concentrations of the polar MFGM lipids by micro-
fi ltration and supercritical fl uid extraction (SFE) from buttermilk. They 
removed the triglycerides present in microfi ltration-processed buttermilk 
powder using SCO2 extraction, thereby increasing the polar lipid content 
from 31.02 g to 83.15 g/100 g total lipids. The resulting MFGM isolate con-
tained a signifi cantly reduced concentration of non-polar lipids and an 
increased concentration of polar lipids derived from the MFGM. Most 
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likely, the inclusion of a second SCO2 extraction step, with addition of a 
modifi er such as ethanol, would exclusively remove the polar lipids, thereby 
resulting in a 100% pure fraction. This was carried out on ground soybean 
by Montanari et al. (1999). A fi rst SCO2 extraction step of soybean fl akes 
was performed to extract the oil, leaving the PLs in the defatted soybean 
fl akes, after which the PLs were recovered by a second SCO2/ethanol
extraction step resulting in a PL rich fraction. The PLs will not effectively 
dissolve in CO2, and thus a suitable co-solvent such as ethanol is added to 
enhance their solubility. These results are remarkable, as the traditional 
extraction with hexane leaves about 50% of the total PLs in the spent seed 
matrix, while the other 50% are extracted into the hexane.

4.4.2 Technological functionalities
PLs make up approximately 1% of milk lipids, and they play an important 
role in the milk structural system. PLs are amphiphilic, and in milk they are 
present mostly in the MFGM, where they stabilize the fat globule against 
coalescence. Due to their dipolar nature, PLs in general, and milk PLs in 
particular, are considered to have good emulsifying properties.

The forms of milk PLs used in the food industry have evolved from by-
products of the dairy processing industry which have a high content of 
MFGM to the use of isolated and fractionated ingredients which are con-
centrated in the PL content. Compared to skim milk powder, buttermilk 
powder has better emulsifying properties since it contains a higher concen-
tration of PL. Because of that, the former has been being replaced by the 
latter in the bakery industry. Buttermilk is also used to replace partially 
skim milk in dairy products such as yoghurt and cheese due to its lower 
cost and nutritional properties. Adding a certain amount of liquid butter-
milk, which is concentrated by several means, reduces the free oil under 
baking and increases the yield of pizza cheese by increase moisture content 
without adversely affect functional properties of the cheese (Govindasamy-
Lucey et al., 2007; Mistry et al., 1996). Similar fi ndings were observed with 
production of Mozzarella cheese (Poduval and Mistry, 1999). Whey but-
termilk, resulting from churning of whey cream in the manufacture of whey 
butter, gave higher emulsifying properties and lower foaming ability com-
pared with sweet or cultured buttermilk, probably due to a higher ratio of 
PL to protein (Sodini et al., 2006).

MFGM isolated from untreated milk, which contains 25–30% PL 
depending on the isolation methods, has a good emulsifying capacity. One 
percentage of MFGM material isolated from untreated milk is enough to 
stabilize an emulsion made from 25% milk fat and the emulsion stability 
increases with increasing concentration of the MFGM (Kanno, 1989). The 
fat globule size ranges from 0.9–17 µm in diameter (Kanno et al., 1991). The 
effects of emulsifying time, homogenization, temperature, and pH on emul-
sifying properties, size and the surface of globules were also investigated in 
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this study. The emulsion had the highest viscosity and was the least stable 
at pH around 5, which is near the isoelectric point of MFGM, 4.9 (Kanno, 
1989; Kanno et al., 1991). However, the emulsifying properties of MFGM 
material isolated from industrial buttermilk are not always superior com-
pared to that of the buttermilk (Corredig and Dalgleish, 1997; Wong and 
Kitts, 2003b). This varying observation on emulsifying properties has been 
attributed to the difference in protein composition of the isolated MFGM 
material. Attachment of β-lactoglobulin, and to a lesser extent α-lactalbumin
and κ-casein, to the MFGM during heating of milk is well-known (Ye 
et al., 2004). As a result, MFGM material isolated from industrial sources 
is different in composition compared to that of the material isolated from 
untreated milk. Along with proteins, PLs contribute a major part of the 
milk fat globule membrane. However, there is limited information available 
on the effect of processing treatments on this moiety. Whether or not the 
changes in PL composition or chemical structure, or alteration in interac-
tion of PLs together or with other components of the membrane or of the 
milk serum phase, would change the technological properties of the MFGM 
isolate is still to be investigated. Corredig and Dalgleish (1997) concluded 
that heating the MFGM isolate strongly affected the technological proper-
ties of these membrane fractions, caused by association of the whey pro-
teins with the MFGM. Using capillary electrophoresis, bovine serum 
albumin and other proteins were shown to interact with PS and PC when 
they were incubated together (Bo and Pawliszyn, 2006; Hu et al., 2001).

MFGM material isolated from raw milk is currently used mainly for 
research purposes while potential applications today relate to the enriched 
PL fractions isolated from the industrial sources. As summarized in the 
previous section, many researchers have been successful in isolating MFGM 
fragments, which contain high concentrations of PLs and specifi c mem-
brane proteins, from by-products of dairy industrial processing. This opens 
opportunities to make use of such cheap sources to manufacture added-
value ingredients with special functionalities. However, the treatment 
during milk processing affects the composition of the materials obtained as 
well as their technological functionalities. Further studies are still needed 
on this aspect and certain adaptation of dairy processing procedures would 
probably be needed in order to protect technological and nutritional prop-
erties of the MFGM which is concentrated in the by-products after process-
ing of milk or cream (Ward et al., 2006).

Soybean and egg yolk lecithin have a long tradition of being employed 
in food products, as well as others such as cosmetic products, animal feeds, 
medicinal and agrochemical products, paints and lubricants. However, the 
use of PL from dairy sources is limited to pharmaceutical and cosmetic 
applications due to technological diffi culties in extracting and hence high 
prices of the prepared isolates (Miura et al., 2006). Soy lecithin does not 
contain SM and contains very limited concentrations of PS, while PL frac-
tionated from dairy sources contains about 24–32% SM and 3.2–12% PS 
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(Burling and Graverholt, 2008; Miura et al., 2006; Thompson and Singh, 
2006). The cost issue which limits applications of bovine milk lecithin would 
become less important as its benefi cial properties in both technological as 
well as nutritional aspects are fully accounted.

Several dairy functional ingredients enriched in PLs have been launched 
on the market. Lacprodan-20 and -75 from Arla Foods Ingredients amba 
(Denmark) contain 20 and 75% PLs, respectively, and Phospholac 600, 
produced by Fonterra Cooperative Group Ltd. (New Zealand) contains 
more than 70% of PLs. One interesting result from the use of such enriched 
PL isolate has been reported from the research group of Snow Brand Milk 
Products (Japan), where bovine milk lecithin (85% PL) was found to sta-
bilize while soy lecithin (95% PL) solidifi ed the cream reconstituted from 
butter oil (Miura et al., 2006). Among the PL species, PC but not PE or 
SM, regardless of their origin, is the component to exert the emulsifying 
effect (Miura et al., 2004, 2006).

Several forms of liposomes, unilamellar, multilamellar, and multivesicu-
lar, can be created from Phospholac 600 using microfl uidization, and these 
PL dispersions are quite stable towards oxidation (Thompson and Singh, 
2006). The capacity to produce liposomal formulations gives rise to oppor-
tunities to use MFGM PLs to improve moisturizing effects, and to encap-
sulate and protect sensitive cosmetic ingredients or bioactive ingredients in 
functional foods. The capacity of SM to improve the epidermal function is 
one of great attraction for employing milk PLs in cosmetic and pharmaceu-
tical applications (Haruta et al., 2008).

Compared to triglycerides, PLs of milk contain a high concentration 
of unsaturated fatty acids, so they are very susceptible to oxidation. The 
rate of milk fat oxidation is well-known to be accelerated in the presence 
of oxidizing factors such as oxygen, light, heat and catalysts such as metal 
ions. Oxidation is, in almost all cases, an important issue to deal with when 
phospholipid-rich ingredients are used. However, PLs can be pro-oxidative 
or anti-oxidative to milk fat, depending on processing conditions and 
intrinsic factors of the matrices where PLs are incorporated (Chen and 
Nawar, 1991a,b; King, 1963; Lee and Choe, 2008). The antioxidation ability 
of PLs depends both on their head groups and their fatty acid composition 
(Nwosu et al., 1997). An amount of 0.1–0.2% buttermilk powder inhibits 
lipid oxidation in a simple peroxidizing model system and the reducing 
activity of the buttermilk is mainly attributed to sulfhydryl groups (of pro-
teins). These groups may scavenge peroxide and hydroxyl radicals, and 
sequester both Fe2+ and Fe3+ (Wong and Kitts, 2003a).

The nutritional properties of PL will be highlighted in the following 
section. For applications of milk PL, or dairy ingredients enriched in PL, 
in functional foods or any other products, one could utilize their technologi-
cal functionalities, benefi cial nutritional properties or their protective 
effects (e.g. in the form of liposome) or any combination of these three 
advantages.
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4.5 Nutritional properties of dairy fats

A large amount of research data with focus on the nutritional properties 
of dairy lipids is now available. Nevertheless, additional data are still needed 
to gain better insights in the role of dairy lipids in nutrition and health, and 
to make appropriate recommendations for consumers in terms of dairy fat 
intake, and to producers for modifi cation of dairy lipid composition and 
production of modifi ed food products.

Currently, the nutrition debate on dairy lipids has a high focus on the 
relationship between dairy fat intake and cardiovascular disease (Steijns, 
2008; Tholstrup, 2006). The ratio total cholesterol : HDL cholesterol in 
serum is now considered as a more sensitive and specifi c risk factor for 
coronary heart disease (CHD) compared with total cholesterol (Mensink 
et al., 2003). CHD risk is lowered when saturated fatty acids (SFAs) and 
trans-monounsaturated fatty acids are replaced by cis-unsaturated fatty 
acids. In the case of individual SFAs, myristic acid (C14  :  0) and palmitic 
acid (C16  :  0) show limited change in total cholesterol : HDL cholesterol 
when replacing 1 E% from carbohydrate, and are considered to have a 
negative effect on CHD risk (Mensink et al., 2003; Steijns, 2008). Although 
myristic and palmitic acids as well as trans-monounsaturated fatty acids are 
important constituents of dairy fats, their effects on CHD risk when present 
in ingested dairy products are still far from understood. Milk fat consump-
tion shows less pronounced effects on serum lipids than expected from its 
fat content, and epidemiological data frequently lack an association between 
milk consumption and CHD. Emerging issues that receive or need further 
attention in CHD research are: (i) the role of short and medium chain fatty 
acids and sphingolipids in milk and milk products; (ii) the infl uence of 
specifi c non-fat components in milk and milk products, e.g. calcium, pro-
teins, peptides and vitamin K; (iii) the type of dairy product used to carry 
dairy fat, e.g. cheese consumption may have more favourable effects on 
serum lipoprotein levels compared to butter at equal saturated fat intake; 
(iv) the infl uence of stereospecifi c distribution of fatty acids in triglycerides; 
and (v) the infl uence of dairy constituents on additional biomarkers for 
CHD risk, e.g. small and dense LDL particles (Pfeuffer and Schrezenmeir, 
2006; Haug et al., 2007; Tholstrup, 2006; Steijns, 2008). A more complete 
scientifi c update on the relationship between dairy fats and cardiovascular 
disease has recently been published (Lock et al., 2008).

Next to effects on cardiovascular disease, effects on other disorders are 
also being evaluated, such as insulin resistance and type 2 diabetes, obesity, 
and cancer (for reviews, see Mensink, 2006; Collomb et al., 2006; Pfeuffer 
and Schrezenmeir, 2006). The milk fat globule membrane in milk contain-
ing a high level of polar lipids has also received signifi cant attention in view 
of its potential bioactive effects (for a review, see Dewettinck et al., 2008). 
For instance, it is believed that PC supports liver recovery from chemical 
or viral damages, and has a protective effect on the gastrointestinal mucosa 
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against toxic attacks. Furthermore, some PLs are digested in the gastroin-
testinal tract to metabolic breakdown products that might possess antibac-
terial and antiviral activity.
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Modern approaches to lactose 
production
R. J. Durham, University of Western Sydney, Australia

Abstract: This chapter reviews recent improvements in the purifi cation and 
crystallisation of lactose from whey. The properties of lactose and traditional 
methods of manufacture are discussed, within this framework methods for whey 
and permeate pretreatments are examined including; calcium precipitation, 
nanofi ltration, ion exchange, electrodialysis, adsorptive decolourisation and ion 
exclusion chromatography. The fundamentals of lactose crystallisation are 
explored together with the impact of impurities on lactose crystal growth rate, 
purity, shape and size distribution. Innovations in lactose crystallisation and 
specialised pharmaceutical products are discussed including spray dried and 
anhydrous lactose, and dry powder inhalers. Post handling, separation, washing, 
milling and drying and impacts on lactose quality are described. Finally standards 
for hygiene and quality control of lactose manufacture, applications and 
functionality of lactose are covered in the last part of this chapter.

Key words: lactose, production, manufacture, whey, calcium, nanofi ltration, ion 
exchange, chromatography, crystallisation, pharmaceutical, edible.

5.1 Introduction

Lactose is the major carbohydrate found in the milk of mammals, whereby 
cows’ milk contains about 4.4–5.2% lactose and human milk 6.5–7.5% 
(Ganzle et al., 2008). Lactose is typically recovered from whey, a by-product 
from cheese or casein manufacture. Recovery has mostly relied on the low 
solubility of lactose, using crystallisation as the basis for separation and 
purifi cation. Early methods involved crystallisation from concentrated 
whole whey, which may have been adjusted to pH 6.8 and boiled to pre-
cipitate whey proteins and calcium. It was concentrated to 60% solids in 
single-effect vacuum pans, then the lactose was allowed to crystallise. The 
resulting crude lactose crystals were then washed and dried in rotary driers 
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(Weisberg, 1954). Purity and yields were low. Advances in membrane tech-
nology in the 1970s led to vast improvements in whey processing, with 
reductions in membrane costs throughout the 1980–1990s, enabling the 
effi cient recovery of whey proteins as a valuable by-product from whey, 
creating protein-free permeates for lactose manufacture. Improvements in 
lactose manufacture have addressed purifi cation as a key determinant of 
process effi ciency, with research and development focused on calcium 
precipitation, nanofi ltration, ion exchange, decolourisation and chromatog-
raphy. Research on lactose crystallisation has been aimed at better under-
standing of crystallisation at the molecular level, for better control over 
lactose crystal purity, shape and size distribution. There has also been much 
research directed at understanding the anomeric character of lactose and 
transformations during drying, milling and storage, and consequences on 
lumping and post-handling. Finally, the development of sophisticated phar-
maceutical lactose products, such as dry powder inhalers, has been the 
sharp edge of lactose research, directed at developments in particle engi-
neering for fi ne control over lactose morphology and performance of 
lactose as a drug delivery device.

5.1.1 Properties of lactose
Lactose is a disaccharide with a molecular formula of C12H22O11, composed 
of D-galactose and D-glucose linked by a β-1,4 glycosidic bond. The alde-
hyde group of the glucose moiety remains free and is able to be oxidised; 
therefore lactose is a reducing sugar (Rosenthal, 1991). Lactose has an 
anomeric centre at the C1 carbon of the glucose moiety, with the hydroxyl 
group able to be positioned in an equatorial (β-anomer) or axial (α-anomer)
direction relative to the pyranose ring, see Fig. 5.1.

Lactose in solution exists in dynamic equilibrium between α and β ano-
meric forms. Mutarotation rates are affected by pH, temperature, ionic 
concentration and solvent. The solubility of the α and β anomers differ 
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Fig. 5.1 The chemical structure of the α- and β-lactose.



 Modern approaches to lactose production 105

signifi cantly, for example the solubility of α-lactose monohydrate is 7 g/100 g 
water at 15°C, β anhydrous is 50 g/100 g water, while an equilibrium mixture 
of α and β is 17 g/100 g water at 15°C (Hartel and Shastry, 1991). The 
equilibrium lactose solubility increases with temperature and is determined 
by the mutarotation rate below 93.5°C. Above this temperature, β-lactose
solubility determines the overall solubility. Equations describing the equi-
librium solubility (g lactose/100g water) of anhydrous lactose were devel-
oped by Lifran 2007 (Eqs 5.1 and 5.2), using data by Hudson (1904), 
Herrington (1934), Foremost Foods (1970) and Visser (1982).

Lactose solubility C e  at T <93.5 CS
T= °+2 389 0 028. .  [5.1]

Lactose solubility C e  at T >93.5 CS
T= °+3 569 0 028. .  [5.2]

(Lifran, 2007)

Lactose normally crystallises as α-lactose monohydrate, containing one 
molecule of water for each molecule of lactose. The crystals are very 
hard and dissolve slowly, and if their size is over 10–14 µm, they can be 
detected sensorially, creating a defect known as sandiness (Ganzle et al.,
2008). α-Lactose monohydrate crystals normally form a tomahawk shape 
during crystallisation (see Fig. 5.2). The tomahawk shape arises from 
inhibition of growth of the {011} face, by the attachment and inclusion of 
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Fig. 5.2 Tomahawk shape of α-lactose monohydrate crystals (van Kreveld and 
Michaels, 1965).
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β-lactose at this face inhibiting further growth (Dincer et al., 1999; Ragha-
van et al., 2000). β-lactose is the predominant crystalline form for crystalli-
sations conducted above 93°C. Amorphous lactose forms when lactose 
is quickly dried and consists of a glassy state mixture of α and β
lactose. Amorphous lactose is very hygroscopic, with a strong tendency to 
recrystallise into α-lactose monohydrate, forming hard lumps during 
storage.

The properties of crystalline lactose are affected by its polymorphic 
structure, which to a large extent is defi ned by the anomeric ratio of β to 
α. Different polymorphs of lactose have different densities, hygroscopici-
ties, melting points, solubilities and speeds of dissolution. Consequently, 
the crystal form of lactose in dairy powders determines the physical proper-
ties of the powder; including fl owability, hygroscopicity, solubility and 
caking.

5.1.2 Current lactose manufacturing processes
The manufacture of edible lactose typically commences with the ultrafi ltra-
tion of whey to produce whey permeate as the feedstock to lactose process-
ing. The whey permeate may be partially demineralised by calcium 
precipitation and/or nanofi ltration. The permeate is then concentrated in a 
falling fi lm multiple-effect evaporator to 60–70% TS, taking about 6 hours 
to fi ll large, specially designed crystallisation tanks. Crystallisation takes 
place with slow controlled cooling to maximise the size of the lactose crys-
tals, with gentle mixing, taking up to 20 hours. The large lactose crystals 
are separated in decanter washers, creating a mother liquor by-product 
containing 20–30% of the lactose and 90% of the ash. The lactose crystals 
are washed in a refi ner washer with cold water (1 : 1 water to lactose ratio). 
Wash water is often recycled to maximise the yield and minimise waste. 
The crystals are dried in a fl uidised bed drier and milled to the desired size. 
The yields are in the range 65–75%. The edible lactose process is shown on 
Fig. 5.3, showing comments on the typical issues associated with each pro-
duction step.

Pharmaceutical grade lactose is manufactured by further refi ning of 
edible lactose. This involves redissolving the lactose crystals to 60–65% 
solids and treating the solution with activated carbon, which adsorbs a 
number of impurities including ribofl avin and peptides (Kellam, 1996). The 
carbon is removed by fl occulation and fi ltration, and is typically discarded. 
The concentrated lactose is then crystallised, with recycling to maximise 
the yield of pharmaceutical grade lactose, see Fig. 5.4.

Traditional lactose processes continue to challenge manufacturers 
despite improvements over the years. Impurities in the lactose-rich whey 
permeate constrain the effi ciency of the process; evaporator fouling by 
calcium phosphate can reduce operation times to 4–6 hours between clean-
ing cycles, creating high volumes of cleaning wastes. Purifi cation of lactose 
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Calcium DCP ppte
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Evaporator Condensate
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Crystalliser
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 20~30% lactose loss

Water Decanter washer Wash water

Recycled to evaporator 

Drying Steam, particulates

Large yellow crystals

Milling
Potential for amorphous lactose and caking

Packaging

Fig. 5.3 Process chart for the manufacture of edible grade lactose.

is dependant on slow crystal growth and washing procedures. Impurities 
affect crystal growth and yield, which are aggravated by recycling mid-
streams, required to improve yields and effi ciencies. Further losses 
occur after crystallisation in the decanter separator, with high wash-water 
demands and yield loss. The large crystals need to be milled and this 
can lead to caking and lumping during storage of the milled product 
(Listiohadi et al., 2005b, c). Entrained impurities and yellow colour reduce 
the grade and value of the lactose crystals. The yield is 65–75% with best 
practise. Greater losses can result from poor process control and variable 
feed quality. Pharmaceutical lactose production requires a second crystal-
lisation, with higher purities achieved by activated carbon and fi lter aids, 
which impose further costs and wastage. The mother liquor presents a 
signifi cant waste disposal problem for lactose manufacturers with BOD5
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Decanted raw lactose from 
edible process

Hot water, steam Dissolved 55-60%TS

Activated carbon, 
filtration agents

Filtration Filter waste

Spent carbon to furnace or waste

Crystalliser

Separator Mother liquor

Recycled to crystalliser or carbon treatment

Cold water Crystal washer Wash water

Recycled to crystalliser or carbon treatment

Drying Steam, particulates

Large white crystals

Milling Potential for amorphous lactose and caking

Packaging

Fig. 5.4 Process chart for the manufacture of pharmaceutical grade lactose.

at 160 000  mg/L. If the mother liquor is not quickly used as stockfeed 
by farmers close to the factory, its disposal can present serious environmen-
tal problems.

5.2 Whey and permeate pretreatments

5.2.1 Whey – feedstock for lactose manufacture
The feedstock for lactose manufacture is ultrafi ltered whey permeate, pre-
dominantly from sweet cheese whey. Whey contains 95% of the original 
water, most of the lactose, 20% of the protein, and traces of fat. There are 
two main types of whey, sweet whey and acid whey, see Table 5.1. Sweet 
whey is produced from rennetted cheese, such as mozzarella or cheddar. 
Sweet whey has higher pH and lower calcium phosphate levels compared 
with acid whey. Acid whey is produced from lactic acid fermentation for 
fresh cheese or from hydrochloric acid casein production.
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During the formation of acid whey, the pH is lowered (by lactic fermen-
tation or HCl) below the isoelectric point of casein to form the curd. 
The colloidal calcium phosphate is solubilised and the casein micelle struc-
ture is disrupted; consequently the casein proteins aggregate releases 
calcium phosphate into the whey (Brown, 1988). During the formation of 
sweet whey, the added rennet cleaves κ-casein on the surface of the casein 
micelle, destabilising the casein complex, releasing casein-macropeptide 
into the whey, while the hydrophobic α, β paracasein micelles fl occulate 
together, retaining the calcium phosphate within the curd structure. The 
composition of lactic fermented wheys is further complicated by the pres-
ence of microbial metabolites such as lactic acid and higher levels of non-
protein nitrogen.

Whey is ultrafi ltered for the manufacture of whey protein concentrate or 
whey protein isolate. Ultrafi ltration processes need to be monitored 
and controlled, as leaky membranes can lead to elevated protein levels in 
the permeate which can cause downstream problems during lactose manu-
facture. Diafi ltration can be employed during ultrafi ltration to produce 
higher protein products (e.g. WPC85). This can result in variable concentra-
tion of permeate to the lactose plant, particularly at the start-up and end of 
runs. Measures to control calcium fouling during ultrafi ltration include pre-
heating and holding the whey at elevated temperatures to allow the calcium 
to precipitate (Hiddink et al., 1981). However, this impacts upon protein 
functionality; therefore ultrafi ltration is now normally conducted at <15°C.

Table 5.1 Composition of milk and milk permeate; rennetted sweet cheese whey and 
permeate; lactic whey; hydrochloric acid whey and permeate (Durham, 2000)

Component Milk Milk
permeate

Cheese
whey

Cheese
whey
permeate

Lactic
whey

HCl
acid
whey

HCl
whey
permeate

Total solids g/100 g 12.9 5.6 6.7 5.5 6.0 5.1 5.8 
Lactose g/100 g 4.8 4.7 4.8 4.7 3.9 4.4 4.3 
Protein g/100 g 3.4 0.33 0.6 0.05 0.72 0.73 0.06 
Total N g/100 g 0.53 0.052 0.094 0.008 0.113 0.114 0.009 
NPN g/100 g – 0.032 0.039 0.003 0.042 0.034 0.03 
Fat g/100 g 3.5 <0.01 0.25 <0.01 0.06 0.05 <0.01
Ash g/100 g 0.75 0.46 0.54 0.51 0.72 0.6 0.56 
Citric acid g/100 g 0.18 0.16 1.49
Sodium ppm 410 370 433 430 400 370
Potassium ppm 1300 1400 1460 1445 1530 1200
Calcium ppm 1100 280 420 375 1140 1200
Magnesium ppm 100 80 82 79 89 90
Phosphorus ppm 890 330 440 411 900 680
Ribofl avin ppm 1.4 1.1 1.2 1.0 1.2 1.4
pH 6.8 6.6 6.1 6.0 4.0 4.7
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5.2.2 Calcium and phosphorous precipitation in whey and permeate
Cheese whey permeate contains about 375 ppm calcium and 411 ppm phos-
phorus. At these concentrations whey and permeates are supersaturated 
with calcium and phosphate, with respect to the solubility product of 
the various calcium precipitates – dicalcium phosphate dihydrate 2.6 × 
10−7 mol/L, dicalcium phosphate 1.2 × 10 −47 mol/L, hydroxyapatite 
10−58 mol/L (Walstra and Jenness, 1984). Consequently, whey permeate is 
thermodynamically unstable and precipitation of some form of calcium 
phosphate will take place sooner or later (Schmidt and Both, 1987).

Calcium phosphate precipitation is not rapid and involves a number of 
stages. Initially the solution becomes opalescent with the formation of 
hydrated amorphous calcium phosphate. This is followed by one of the 
precursor phases – dicalcium phosphate dihydrate (DCPD), dicalcium 
phosphate (DCP), tricalcium phosphate (TCP) or octacalcium phosphate 
(OCP), with the structure and composition depending on the pH, tempera-
ture and concentration. These precursors eventually recrystallise into 
hydroxyapatite (HAP) (Feenstra and de Bruyn, 1979). The fact that this 
process is slow and continues through stages is central to the problem of 
calcium phosphate removal.

Calcium phosphate precipitation is favoured by concentration, elevated 
temperatures and alkaline pH. Heating whey ultrafi ltrate causes the forma-
tion of fi nely dispersed precipitate and reduced soluble calcium (Tessier 
and Rose, 1958). Heat induces changes in the salt balance between the col-
loidal phase and serum phase, favouring the formation of dicalcium phos-
phate dihydrate. Alkaline pH favours calcium phosphate precipitation, with 
HPO4

2− the dominant species above pH 8, related to the pKa of phosphoric 
acid at 2.2, 7.2 and 12.3 (Brule et al., 1978).

During the manufacture of lactose, calcium phosphate precipitation is 
inevitable during heating and concentration, forming a hard, shell-like 
material on the heating surfaces of the evaporator. Lactose evaporators can 
have operational cycles as short as 4–6 hours, with frequent cleaning 
required to remove calcium precipitates fouling the heating surfaces.

5.2.3 Precipitation treatments to remove calcium and phosphorus
Rapid removal of calcium and phosphate prior to heating and concentra-
tion is the preferred option for lactose processing. Researchers have 
employed heat treatments and pH adjustments (Hayes et al., 1974; Hickey 
et al., 1980; Hobman, 1984) and additives such as calcium (Hayes, 1982; 
Karleskind et al., 1995), polyphosphates (Evans, 1980; Hiddink et al., 1981; 
Vembu and Rathinam, 1997) and EDTA (Evans, 1980; Ramachandra Rao 
et al., 1994) to force the equilibrium one way or another, see Table 5.2.

Early work was aimed at precipitating calcium in whey prior to ultrafi l-
tration to form calcium aggregates which remained in suspension rather 
than fouling the membrane (Hayes et al., 1974; Matthews et al., 1978). These 



Table 5.2 Whey and UF permeate pretreatments to reduce calcium and phosphate fouling

Feed material pH Other additives Heating
temp (°C)

Heating
time Separation Comments Reference

HCl casein whey 4.4 0 80 15 s nil higher UF fl ux Hayes et al., 1974
HCl casein whey 5.9 0 80 15 s nil double UF fl ux Hayes et al., 1974
Cheese whey 6.2 0 80 15 s nil no effect on fl ux Hayes et al., 1974
Acid casein whey 5.7 0 80 15 s nil higher UF fl ux Matthews et al., 1978
Acid casein whey 5.7 0 50 1 hr nil higher UF fl ux Matthews et al., 1978
HCl casein whey 6.2 0 80 15 s nil higher UF fl ux Hickey et al., 1980
Cheese whey 6.2 0 81 15 s nil lower fl ux Hickey et al., 1980
UF perm. 40–

45%TS
6 0 82–93 30–90 min centrifuged Ca and P removed Pederson, 1980

Acid w.perm. 
33–40%TS

7 EDTA, 
polyphosphate

50 lower ash in 
lactose

Evans et al., 1982

UF permeate 7.4 0.022 M Ca nil nil centrifuged 36% Ca, 65% P 
removed

Hayes, 1982

UF permeate 9 0.065 M Ca 20 nil centrifuged 70% Ca, 80% P 
removed

Brothersen et al., 1982

Lactic permeate 5.5 0.024 M Na2CO3 80 20 min centrifuged 75% Ca, 90% P 
removed

Hobman, 1984

Lactic permeate 6.7 0 70 8 min centrifuged 80% Ca, 65% P 
removed

Hobman, 1984

UF permeate 6.9–7.2 0 75–80 20–30 min ultrafi ltered GEA, 2008

WPKN041109
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treatments were found to have a more marked impact on lactic whey ultra-
fi ltration due to the higher calcium levels that would otherwise cause exten-
sive fouling of the membranes.

Subsequent work on whey permeates for lactose production employed 
combinations of pH adjustments, heat treatments and centrifugal separa-
tion. Some researchers (Brothersen et al., 1982; Hayes, 1982; Hobman, 
1984) also added calcium to push the equilibrium towards greater removal 
of phosphorous and calcium. Calcium addition also precipitated citrate, 
lipids, proteins and lactose. It is worth noting that calcium precipitation is 
the basis of the Steffen process used for the separation of lactose from whey 
(Olano et al., 1977). There are also patents describing the use of EDTA 
and polyphosphates to sequester calcium in concentrated UF permeate 
(Evans et al., 1982), whereby the addition of 2 × 10 −4 g/100 g EDTA to 
concentrated whey permeate produced lower ash lactose.

Calcium precipitation is retarded by the presence of permeate peptides 
(Halbert et al., 2000; Schmidt and Both, 1987). Studies have shown that the 
addition of milk or whey proteins to permeate before heat treatment 
reduces the precipitation of calcium salts (Brule et al., 1978). Schmidt and 
Both (1987) found that ultrafi ltration permeate is much less stable than that 
of the corresponding milk or whey, as the protein in milk stabilises the 
calcium and phosphate in solution. This is an issue when leaky ultrafi lter 
membranes increase protein contamination of permeates, impacting upon 
the performance of calcium phosphate precipitation processes.

The most successful calcium precipitation process has been the GEA 
Westphalia de-calcifi cation process (GEA, 2008a). In this process, whey 
permeate is adjusted to pH 6.7 by the addition of NaOH and heated to 
75–80°C for 20–30 mins. The resulting calcium precipitate is stabilised by a 
short holding time, then separated by cross-fl ow ultrafi ltration with diafi l-
tration. The slurry is then spray dried into a fi ne powder. There are some 
variations whereby the calcium precipitate is separated in a decanter washer 
and then dried; however, calcium driers require special care as the calcium 
precipitate is highly abrasive. The milk calcium can be sold at a premium 
for use in dietary supplements as a natural milk product (Harju, 2001).

5.2.4 Nanofi ltration treatments to remove monovalent ions
Nanofi ltration has been widely applied to demineralise and concentrate 
whey permeate for increased effi ciency in lactose manufacture. Yield 
increases have been reported at 8–10% (Guu and Zall, 1992) and 6% (Mik-
konen et al., 2001), along with reduced lactose solids lost in the mother 
liquor. Mikkonen et al. (2001) also found that nanofi ltration reduced viscos-
ity, enabling higher solids concentration and higher yields. However, some 
researchers found the effect on fi nal lactose purity to be small, as polyvalent 
ions and ribofl avin continue to be retained in the crystallising liquor 
(Mikkonen et al., 2001).
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The rejection characteristics of nanofi ltration membranes depends on 
the true charge of the membrane and the concentration of the salts in solu-
tion (Baticle et al., 1997). Neutral molecules larger than 200–300 g/mole are 
rejected by the membrane, while inorganic ions are rejected on the basis 
of their charge, valency, degree of hydration, concentration and their inter-
actions with other inorganic ions present in solution. The commonly avail-
able thin fi lm polymeric nanofi ltration membranes have ionisable carboxyl 
and amine functional groups and tend to carry a negative surface charge at 
neutral pH (Childress and Elimelech, 1996); therefore they actively reject 
multivalent anions (such as colourants, phosphates and citrates) and favour 
the permeation of monovalent ions (chloride, sodium and potassium) 
(Suarez et al., 2006; Cuartas-Uribe et al., 2007). If the feed has a very high 
content of multivalent anions, the permeation of monovalent anions is 
favoured to maintain electroneutrality, thus negative rejection of chloride 
ions can occur due to their small size and charge (Suarez et al., 2006).

Multivalent cations such as calcium and magnesium tend to be rejected 
due to their larger hydrated size compared to monovalent cations. van der 
Horst et al. (1995) observed retentions of 75% Ca2+ and 45% Na+ from 
CaCl2/NaCl mixtures. Calcium can also be involved in phosphate com-
plexes and citrate chelation, which further reduces the availability of free 
Ca2+. Studies on the effect of pH on membrane rejection have shown that 
membrane rejection characteristics can be manipulated due to the ampho-
teric nature of polymeric nanofi ltration membranes. For example, calcium 
rejection can be enhanced when the feed is acidifi ed below the isoelectric 
point of the membrane, i.e. <pH 3, thereby achieving calcium rejection up 
to 95% (Durham et al., 2003). This effect can be employed for recycling 
spent ion exchange brines used for softening, whereby nanofi ltration can 
be used to separate the calcium from spent brine regenerant (see Section 
5.2.6).

Studies on the operating conditions of nanofi ltration of whey permeate 
have established that 18–20 Bar trans-membrane pressure and 12–15°C 
maximises fl ux, minimises lactose transmission and maximises mineral 
transfer (Durham, 2000). Lower operating temperatures, although associ-
ated with lower fl uxes, are preferable to higher temperatures due to micro-
bial risks in the range 25–55°C, plus increased propensity for calcium 
precipitation (Rice et al., 2006). Furthermore, the lactose content of the 
permeate increases with temperature, with the rate of lactose permeation 
higher at higher temperatures (Atra et al., 2005). Increased demineralisa-
tion rates are possible by diafi ltration (Cuartas-Uribe et al., 2007).

Membrane fouling is a common problem for nanofi ltration, particularly 
with calcium and phosphate being concentrated at the surface of the mem-
brane (Alkhatim et al., 1998; Tay et al., 2002). Additionally, peptides and 
proteins can absorb onto the membrane and contribute to fouling. Fouling 
leads to increased membrane cleaning costs, waste disposal and is associ-
ated with shortened membrane life. Removal of calcium and phosphate 
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prior to nanofi ltration can alleviate many of these problems, either by 
calcium phosphate precipitation as described in Section 5.2.3 or by soften-
ing ion exchange described in Section 5.2.6.

5.2.5 Electrodialysis for removal of monovalent ions
Electrodialysis demineralisation relies on transport of ionic species across 
permeable ion exchange selective membranes under the infl uence of a DC 
electric current. The electric fi eld acts as the driving force and charged 
membranes perform the separation (Bazinet, 2004). The charged mem-
branes can carry cation or anion ionisable groups, much like ion exchange 
resins. The membranes are available as monopolar (cation or anion) or 
bipolar membranes (Bazinet, 2004). Monopolar membranes are permeable 
to only one type of ion. Cation and anion exchange membranes can be 
stacked alternately and employed for demineralisation. Bipolar membranes 
are composed of three parts: an anion exchange layer, a cation exchange 
layer, and a hydrophilic transition layer at their junction. These membranes 
can carry out dissociation of water in the presence of an electric fi eld 
(Bazinet, 2004).

Electrodialysis demineralisation has been employed for many years, 
principally for the demineralisation of whey for the manufacture of infant 
formula, but it is less reported for lactose manufacture. As with nanofi ltra-
tion, monovalents are preferentially removed, enhancing the Ca : Na ratio, 
favourable for manufacture of demineralised whey for infant formula. 
Partial (50%) demineralisation is economically achievable, while higher 
levels of demineralisation requires a disproportionate increase in recirculat-
ing time and electrical power (Batchelder, 1987). The process can suffer 
from fouling, with calcium deposits forming on the cation membrane and 
protein fouling of the anion membrane (Ayala-Bribiesca et al., 2006). 
Recent patents describe the use of softening ion exchange of whey to 
remove divalent cations and anions prior to electrodialysis, thus achieving 
improved process effi ciency by reducing calcium fouling (Noel, 2002).

Newer applications of bipolar membranes have been the focus of much 
recent research, including for the production of organic acids (Bazinet, 
2004), acid casein manufacture (Balster, 2006), peptide fractionation 
(Poulin et al., 2008), delipidisation of whey protein (Lin Teng Shee et al.,
2007), defl avouring whey protein (Crowley, 2006) and waste water process-
ing (Sleigh et al., 2006); and may offer opportunities in lactose processing 
not yet realised.

5.2.6 Ion exchange demineralisation or softening of permeates
Ion exchange demineralisation is well established for the production of 
demineralised whey for use in infant formula (Herve, 1974; Houldsworth, 
1980; Berghoffer and Scheibl, 1986; Jonsson and Arph, 1987). Ion exchange 
demineralisation of whey permeate prior to crystallisation has been 



 Modern approaches to lactose production 115

described by Gonzales et al. (2008) for the manufacture of modifi ed whey 
powder with superior organoleptic qualities, whereby ion exchange was 
used to remove 95% chloride, 90% of sodium and potassium and 60–70% 
of calcium. Ion exchange softening has also found increased acceptance for 
sugar juice processing (cane and beet) for sugar manufacture (Rousset, 
1997; Kochergin and Tzschatzsch, 2005; Gula et al., 2007) and offers com-
parable benefi ts for lactose manufacture.

Ion exchange demineralisation employs mixed bed or sequential cation 
and anion resin fi lled columns. The process can be operated for complete 
demineralisation, whereby the resin is regenerated with concentrated alkali 
and acids, or for softening decalcifi cation, whereby the resin is regenerated 
with salt solutions. The control of the separation is based on the relative 
affi nities of ions to the ion exchange resin as follows:

Strong cation resin: Ce3+ > Al3+ >> Ba2+ > Sr2+ > Ca2+ > Mg2+ >> Ag+ > Rb+

> K+ > NH4+ > Na+ > H+ > Li+

Strong base anion resin: citrate > SCN− > I− > S2O3
2− > CrO4

2− > SO4
2− > 

HPO4
2− > NO3− > Cl− > HCO3

− > H2PO4
− > HCO2

− > BrO3
− > ClO3

− > 
F− > OH−

(Haddad and Jackson, 1990)

There are a number of diffi culties associated with ion exchange process-
ing; short running times between regeneration, high consumption of 
regenerant chemicals, salt waste from regenerant chemicals, high water 
requirements to rinse resins and remove NaOH in particular, plus pH fl uc-
tuations when regenerated with strong acids and bases (Jonsson and Arph, 
1987).

Innovations to ion exchange processing of whey permeate has been 
reported by Durham (2000) and Durham et al. (1998). This process is based 
on the ion exchange softening or decalcifi cation of whey permeate. The key 
to this process is the recovery of monovalent salts from the nanofi lter per-
meate for use as regeneration brine. Moreover, water can also be recovered 
from the permeate streams for resin rinsing. This work was aimed at 
addressing the cost and wastage associated with regenerant chemicals, 
resulting in a cleaner, more cost-effi cient softening process. The softened 
whey permeate has many advantages for lactose processing: nanofi ltration 
with improved fl ux and no fouling; improved effi ciencies for subsequent ion 
exclusion purifi cation; resulting in longer operation times between cleaning 
cycles; and minimal fouling during evaporation.

Studies on the operating conditions of ion exchange softening have 
established that calcium removal is greater with treating single strength 
whey permeate, otherwise high sodium and potassium concentrations in 
concentrated whey permeate create a competing regeneration effect during 
ion exchange (Durham et al., 2007). Further studies confi rmed that the 
temperature effect on ion exchange was minimal; therefore operating at 
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low temperature was better from a microbiological perspective. It was also 
observed that protein or peptides can adsorb onto ion exchange resin and 
negatively impact on ion exchange effi ciency. Therefore it is important to 
monitor ultrafi lter membrane integrity to prevent peptides entering the 
permeate, to maintain process stability for the ion exchange softening of 
permeates.

This softening process has been patented by Durham et al. (1998), cover-
ing a four-step process of ion exchange, nanofi ltration, recovery of whey 
brine for the regeneration of the ion exchange column and subsequent 
purifi cation of lactose by ion exclusion. The process has been licensed by 
Groupé Novasep. The process was developed as a pretreatment for ion 
exclusion chromatography for lactose purifi cation; however, it has also 
been employed as a softening pretreatment to ion exchange demineralisa-
tion, with improvement in process and cost effi ciencies (Novasep, 2005; 
Friesland Foods Domo, 2007).

5.2.7 Chromatography purifi cation of lactose
The softening pretreatment patented by Durham et al. (1998) creates a 
softened nanofi ltered whey permeate that can be further purifi ed by ion 
exclusion chromatography to produce a purifi ed lactose stream suitable for 
direct crystallisation into pharmaceutical grade lactose or conversion into 
lactose derivatives (Durham et al., 2007).

Ion exclusion chromatography is a method whereby sugars (non-ionic 
components) can be separated from minerals (ionic components) on long, 
resin-fi lled columns. In this process, discrete quantities of a sugar/salt 
mixture such as softened whey permeate, are loaded onto long columns 
fi lled with a strong cation resin and eluted with water. The resin is saturated 
with counter ions in the same composition as the feed, so there is no net 
ion exchange between the resin and the feed. The ionic material is excluded 
by the resin and quickly moves through the column (see Fig. 5.5). The non-
ionic substances partition between the eluent phase and the occluded resin 
liquid and pass slowly through the column, moving into and out of the resin 
beads as they traverse the length of the column. The ionic materials emerge 
fi rst, followed by the non-ionic substances.

Ion exclusion separations are improved when the resin is in the mono-
valent cation form. Monovalent resins have a stronger Donnan potential 
so that ionic components are more strongly excluded, ensuring that they 
quickly pass down the column and separate from the non-ionic compo-
nents. There is no internal ion exchange during elution. Monovalent separa-
tions have a single, narrow, mineral peak. The separation of the sugar is 
also enhanced as the minerals move faster down the column, allowing the 
resin beads to swell after the minerals pass, more able to absorb the sugar 
and delay its progress. To achieve monovalent separations, the process 
relies on pre-treatments such as ion exchange to remove calcium from the 
feed prior to ion exclusion (Durham et al., 2007).
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There are a number of advantages associated with ion exclusion chro-
matography. The resin does not require regeneration; therefore no down-
time for regeneration, no need for expensive regenerant chemicals, and no 
accompanying impact of spent regenerant salts on the environment. The 
elution solvent is water, which can be recovered by recycling the evaporator 
condensate and reverse osmosis permeate. Anionic and cationic species can 
be separated in a single pass with up to 99% demineralisation achieved. 
This process has found widespread application for the recovery of sucrose 
from beet and cane molasses (Ehrenhuber, 2005; Suhr and Schulze, 2003; 
Lancrenon, 1997; Chertudi, 1991) and offers similar benefi ts to lactose 
processing.

Research on chromatographic purifi cation for lactose manufacture can 
be traced to Harju and Heikkilae (1989), who describe a chromatographic 
process which recovers lactose from the mother liquor, similar to chroma-
tographic separation of beet sugar molasses being applied commercially in 
the sugar industry (Harju and Heikkilae, 1989; Harju, 2007). In this process, 
only the mother liquor is treated by ion exclusion to increase overall lactose 
yield.

More recently, the Ion Exclusion Lactose (IEL) process by Durham 
et al. (2007) describes a technique whereby the entire lactose stream is 
recovered by chromatography as purifi ed lactose. In this process, the ion 
exchanged, softened, nanofi ltered whey permeate is separated by ion exclu-
sion chromatography. The mineral peak contains the ionic fraction (potas-
sium, sodium, chloride, non-protein nitrogen, etc.). The lactose peak is 
essentially pure lactose. The purity, yield and throughput is determined by 
column length, fl owrate and injection size. The resultant purifi ed lactose 
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Fig. 5.5 Schematic of ion exclusion resin showing Donnan exclusion of minerals 
from the charged resin particles and delayed path of lactose permeation through 

the resin beads (Durham et al., 2004).
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stream is suitable for direct crystallisation into pharmaceutical grade lactose 
or conversion into derivatives. This process captures the entire lactose 
stream, achieving an environmental footprint smaller than traditional tech-
nology, while avoiding the production of mother liquor. Costings of chro-
matographic purifi cation of lactose reported by Theobald (2007) show a 
2-year return on investment for a plant processing 1 million L UF permeate 
per day, with a 20% increase yield of lactose, optimal lactose purity, lower 
water and chemical consumption and lower effl uent rejection.

5.2.8 Decolourisation by activated carbon or resin adsorption
Whey and permeate solutions also contain coloured compounds, such as 
ribofl avin and Maillard browning products, which are responsible for yellow 
and brownish colours in crude and edible grade lactose. Ribofl avin is spar-
ingly soluble in water, up to 100–250 µg/ml at room temperature (Associa-
tion of Vitamin Chemists, 1966). In concentrated permeates, ribofl avin 
tends to co-crystallise with lactose at low temperatures, and is diffi cult to 
wash away. Consequently, the fi nal crystallisation temperature can be 
affected by the amount of ribofl avin present in the concentrate.

Maillard browning products are formed by reactions between free amino 
groups of peptides (particularly lysine) and reducing sugars such as lactose. 
This reaction is favoured by elevated temperatures and long holding times, 
as occur during evaporation and fi lling the crystallisation tanks, which can 
take many hours. Leakage of primary amino groups through the ultrafi lter 
membranes can add to this problem. These coloured compounds can be 
removed by activated carbon or adsorbent resins.

Activated carbon is made from a variety of carbonaceous materials 
including wood, coal, peat, nut shells, lignite, bone and petroleum residues. 
The material is dehydrated and carbonised in a kiln in the absence of 
oxygen, which drives off the volatile matter and produces a rudimentary 
pore structure. The ‘charcoal’ is then activated by thermal or chemical 
processes (OMRI, 2002). Activated carbon is employed in the manufacture 
of pharmaceutical grade lactose. The process involves redissolving (edible 
grade) lactose crystals and treating the solution with granular or powdered 
activated carbon to absorb a range of solutes including ribofl avin, proteose 
peptones, Maillard browning products and a variety of proteins. Montilla 
et al. (2005) found 65–92% colour reduction using 5 mg/L activated carbon. 
Kellam (1998) reports that extra protein can be absorbed onto the activated 
carbon by temporarily adjusting the liquor pH. The carbon can be removed 
from the liquor by fl occulation and fi ltration, and is typically discarded 
(Kellam, 1998). Activated carbon can be recycled by thermal regeneration, 
but this is mainly done off-site by specialised companies. Activated carbon 
has a number of disadvantages, including costly operating expenses, 
complex thermal regeneration requirements (or waste disposal costs), the 
risk of microbial growth if conducted at ambient temperatures, and health 
risks to workers if the carbon is not handled safely (Gula and Paillat, 2005).
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Adsorptive ion exchange resins can also be applied to remove coloured 
compounds. Ion exchange decolourisation involves a number of phenom-
ena such as ion exchange (mostly anionic interactions regenerated by chlo-
ride ions); hydrogen bond interactions between colourant and resin; steric 
interactions whereby slow fl owrates and macroporous resins maximise 
retention of coloured compounds; or by hydrophobic absorption of non-
polar solutes requiring non-polar regeneration (Gula and Paillat, 2005). 
Studies by Pragono et al. (2008) on batch columns using macroreticular 
adsorbent resin, found more than 90% of ribofl avin could be removed from 
a 15% TS lactose solution containing 8–9 mg/L ribofl avin without nearing 
saturation. These studies also demonstrated that sorption followed a 
pseudo-fi rst-order kinetic model in batch adsorption column system, and 
that the mechanism for ribofl avin adsorption relies on hydrophobic interac-
tion (Pragono et al., 2008).

Adsorption resins have been widely applied in sugar processing for 
decolourisation of beet and cane juice prior to crystallisation (Broadhurst 
and Rein, 2003; Coco et al., 2008; Garcia Agudo et al., 2002; Gula and 
Paillat, 2005; Rein et al., 2007; Serpen et al., 2007; Singhal, 2005). However, 
resin-based decolourisation is less widely reported for whey and permeate 
processing. Resin based decolourisation has advantages over activated 
carbon, as the resin can be regenerated and, when combined with mem-
brane recycling of the spent regeneration brine, the waste can be reduced 
by 90% (Gula and Paillat, 2005), or 75–80% (Coco et al., 2008).

5.3 Lactose crystallisation processes

5.3.1 Fundamentals of lactose crystallisation
Industrial crystallisation of lactose is usually performed by slow batch 
cooling of evaporated permeate, producing large lactose crystals that can 
be separated, washed and dried. The mother liquor from which lactose is 
crystallised, comprises a complex mixture of minerals, peptides and organic 
acids. Consequently, crystallisation functions as a purifi cation and separa-
tion process, as much as a crystal recovery step. Crystallisation rates rely 
on a complex set of interactions determined by lactose solubility, supersatu-
ration, α/β lactose mutarotation, nucleation, temperature, and agitation, 
and is affected by the type and concentration of impurities in solution 
(Randolph and Larson, 1988).

Lactose crystallisation commences with the formation of nuclei in a 
super-saturated solution. At high supersaturation, spontaneous nucleation 
(primary) can occur. Below this region is the intermediate zone, where 
nucleation will occur only if seed crystals are present, known as secondary 
nucleation. Next is the metastable zone, where nucleation does not occur, 
but seed crystals will grow (Lifran, 2007), see Fig. 5.6. Nucleation rates 
depend on supersaturation, agitation, impurities, seed crystal number and 
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size (Kauter, 2003). There are diffi culties in accurate measurement of the 
kinetic parameters for nucleation. Studies by Shi et al. (1990), and Liang 
et al. (1991) calculated parameters of nucleation kinetics for continuous 
lactose crystallisation using Mixed Suspension, Mixed Product Removal 
(MSMPR) population balance technique. However, Butler (1998) found 
that these studies ignored the large numbers of small crystals below 10 µm. 
Butler (1998) subsequently developed an equation representing a closer 
estimate of nucleation rate, see Equation 5.3.

C e  at T < 60 CSNT
T= °+2 992 0 0196. .  [5.3]

(Butler, 1998)

The principle driving force for crystallisation is supersaturation. This is 
achieved by slowly cooling the concentrated lactose solution (65–70% TS) 
from 70–75°C to 20–10°C. Cooling crystallisation is suited to lactose due to 
its low solubility (at 22 g/100 g at 25°C, compared with sucrose at 200 g/100 g 
at 25°C). During lactose crystallisation, the nuclei begin to grow, lactose 
molecules diffuse towards the crystal, adsorb on the surface and incorpo-
rate into the lattice (Hartel and Shastry, 1991). As the crystals grow, 
α-lactose is depleted and β-lactose mutarotates into α-lactose which con-
tinues to be crystallised into α-monohydrate. Concurrently, the solids con-
centration of the syrup reduces, and cooling is continued maintaining 
supersaturation and crystal growth. Lactose crystallisation is thus a complex 
interrelated phenomenon, determined by the kinetics of mutarotation, 
nucleation and crystal growth, described in a kinetic model by Mimouni 
(2009).
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Existing practices for cooling crystallisation of lactose take 20–24 hours, 
including 6 hours to fi ll the crystallising tank with evaporated whey perme-
ate and 14–18 hours crystallisation. Lactose crystallisation is conducted in 
specially designed lactose crystallisers, with large cooling surfaces for con-
trolled cooling. Stirring agitator blades ensure that the crystals remain 
suspended in solution, allowing the crystals to grow but not be damaged by 
the gentle agitation (Terlet, 2008). Agitation has been found to markedly 
increase the overall rate of crystallisation by increasing the surface area 
available for crystallisation from the supersaturated solution (Haase and 
Nickerson, 1966).

Optimum lactose crystals are 200–300 µm and tomahawk shaped (Oster-
gaard, 1988). Crystal size distribution (CSD) is one of the main variables 
governing the performance of downstream processes such as separation, 
washing and drying. It has been reported that crystals of uniform shape and 
size, growing under the same environment, do not grow at the same rate 
and this is known as growth rate dispersion (Hartel, 2001). The resulting 
CSD affects the end product performance, such as bulk density and fl ow 
properties (Vu et al., 2004b). Large crystals with a narrow size distribution, 
with the least mother liquor inclusion, which can be easily washed, produce 
the highest quality lactose (Shi et al., 2006).

5.3.2 Effect of impurities on lactose crystallisation
The components naturally present in whey and permeate have been exten-
sively studied to determine their effect on crystallisation of lactose (Bhar-
gava and Jelen, 1996; Guu and Zall, 1991; Jelen and Coulter, 1973; Michaels 
and van Kreveld, 1966; Nickerson and Moore, 1974; Smart, 1988; Smart and 
Smith, 1991; Visser, 1980, 1984). Some impurities have been found to 
promote growth, others not to affect it, and yet others to inhibit crystal 
growth. Impurities infl uence crystal growth in three different ways: impuri-
ties can change the equilibrium solubility, therefore supersaturation; impu-
rities can adsorb onto the crystal faces inhibiting the growth by limiting 
docking of more growth units; impurities can adsorb on the crystal surface, 
inhibiting growth, and become included within the crystal lattice, modifying 
the crystal habit (Mullin, 2001).

Bhargava and Jelen (1996) examined the effect of mineral salts on 
lactose growth, following on from earlier studies by Jelen and Coulter 
(1973). They confi rmed that some salts accelerated growth (LiCl, CaCl2 and 
MgSO4) while other salts slowed growth (K2HPO4 and KCl). The effect of 
the different minerals is complex and depends on the species involved. 
Some minerals increase lactose solubility; for example, calcium increases 
lactose solubility due to the formation of lactose-CaCl2 complexes (Her-
rington, 1934). Other mineral impurities may accelerate the surface deposi-
tion step of crystallisation, by lowering lactose solubility and accelerating 
the mutarotation (Jelen and Coulter, 1973). Guu and Zall (1991) found that 
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potassium, in particular, decreased lactose growth and yields. Bhargava and 
Jelen (1996) also found that lactose crystal growth was slowed in the pres-
ence of whey permeate, refl ecting the presence of potassium in whey 
permeate.

Lactose phosphate has been found to strongly retard lactose crystal 
growth (Visser, 1988). This has been attributed to the ability of lactose 
phosphate to dock at the growth sites of all lactose faces, preferentially onto 
the fastest growing faces {010} and {110}. Further studies on the mechanisms 
of lactose phosphate by Lifran (2007) found that lactose phosphate is incor-
porated into the crystal since its structure is comparable to lactose and it is 
anionic at the pH of crystallisation. Consequently, lactose phosphate mono-
valent anions form a single layer on the crystal surface, creating a negative 
charge and forming a barrier against further adsorption. The presence of 
only 60 ppm lactose phosphate was found to be suffi cient to cut crystal 
growth rate by 50% compared to growth rates in ultra pure lactose (Lifran 
et al., 2006a). Lactose phosphate also decreased the yield, the fi nal median 
size, and modifi ed the shape of some crystals. Lactose phosphate was found 
to be concentrated in pharmaceutical grade lactose at levels of 270 to 
400 ppm, being concentrated into the lactose during repeated crystallisa-
tions. Theories on the origin of lactose phosphate have shown links to 
cheesemaking processes and the metabolism of lactic acid bacteria, with 10 
fold increases in lactose phosphate found in cheese and whey 24 hours after 
manufacture, compared with the content in fresh milk (Lifran et al., 2006b).

Ribofl avin has been found to retard the growth of lactose crystals due 
to its ability to dock onto the crystal growing surface and block growth sites, 
retarding the growth of that particular face (Michaels and van Kreveld, 
1966; Smart and Smith, 1991). However, ribofl avin is mainly adsorbed at 
the surface of the crystals and can be washed off, as opposed to lactose 
phosphate which is integrated within the crystal structure (Lifran, 2007).

β-Lactose has also been found to impact on α-lactose crystal growth. The 
asymmetric tomahawk shape of α-lactose monohydrate crystals arise from 
the growth inhibition caused by incorporation of the β isomer in the {011} 
sector of the crystal (Dincer et al., 1999; Raghavan et al., 2000). Studies have 
shown that growth under conditions that restrict β-lactose formation result 
in needle-like crystals (Raghavan et al., 2000).

The effect of impurities on lactose quality is magnifi ed when crystallisa-
tion is accelerated, as would occur under highly supersaturated conditions 
or rapid cooling, with the impurities present in the mother liquor entrained 
in the lactose crystals. Smart and Smith (1991) found calcium phosphate 
and calcium sulphate salts co-precipitated with the lactose when their solu-
bility had been exceeded during crystallisation. Impurity analysis of lactose 
crystals by Butler (1998) also revealed entrapped calcium phosphate and 
adsorbed ribofl avin. Consequently, rapid crystallisation is not desirable 
when it results in the incorporation of large amounts of impurities within 
the crystal.
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5.3.3 Innovations in lactose crystallisation
Lactose is generally crystallised in cooling batch crystallisers in a highly 
empirical process which can be unpredictable, with diffi culties in optimising 
for quality, recovery, effi ciency, capital cost and energy consumption (Shi 
et al., 2006). The control of lactose crystallisation has been the subject of 
much recent research, with a range of crystallisation parameters being the 
focus for improvement, including; cooling profi le (Shi et al., 2006), seeding 
(Guu and Zall, 1991; Jayaprakasha et al., 1994; Vu et al., 2004a), sonocrys-
tallisation (Bund and Pandit, 2007a; Vu et al., 2003), continuous crystallisa-
tion (Henningfi eld and Dinesen, 2003); recycling mother liquor (Cloidt and 
Lehmann, 2007), crystallisation from solvents and ternary systems (Bou-
chard et al., 2008; Brito and Giulietti, 2007; Bund and Pandit, 2007b; Lifran 
et al., 2005) and permeate crystalliser driers.

A process employing a controlled cooling profi le to achieve lactose 
crystals with uniform size and narrow size distribution has been patented 
by Shi et al. (2006). This patent recommends that the concentrated lactose 
permeate be initially rapidly cooled from 80°C to 50°C and then held 
at 50°C to encourage nucleation, thereafter gradually cooled to 30°C 
to assist crystal growth and maximise yield. The resulting crystals with 
narrow size distribution can be more effi ciently washed and separated. This 
process relies on primary nucleation as the source of seeds and control of 
the cooling profi le to manage the size distribution of the resulting 
crystals.

Seeding is rarely employed for control of industrial crystallisation of 
edible lactose, yet there has been consistent research demonstrating the 
value of seeding for improved yield and control over crystal size distribu-
tion. Ideally, seeded crystallisation is conducted within the metastable solu-
bility zone; that is where seed crystals grow but nucleation does not occur. 
This allows for better control of the crystallisation process, with the crystal 
size distribution controlled by seeding and controlled cooling (Lifran, 
2007). Guu and Zall (1991) and Jayaprakasha et al. (1994) both showed that 
seeding increased the relative gross yield. Vu et al. (2004a) found that 
seeding could speed up crystallisation growth rate with more consistent 
product quality, achieving high yields of crystals with narrow size distribu-
tions compared to self-nucleated batch crystallisation.

A dynamic optimization model developed by Vu et al. (2006) has been 
used to investigate and compare seeded and non-seeded batch cooling, 
semi-batch and continuous cooling crystallisation of lactose, to identify 
conditions for producing uniform size distribution at the highest yield. 
Semi-batch seeded crystallisation was found to achieve higher yields in 
shorter times, compared with batch cooling. Semi-batch mode involves 
cooling in accordance with a defi ned temperature profi le, while syrup is 
continually fed into the tank until it is fi lled. Continuous feeding of 
fresh syrup maintains the high driving force for crystallisation and con-
strains temperature drops (Vu et al., 2006). These results also suggest that 
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evaporative batch operation is faster than batch cooling; however, its imple-
mentation is more complicated and nucleation is diffi cult to control.

A continuous evaporative crystallisation apparatus for lactose has been 
patented by Henningfi eld and Dinesen (2003), whereby the concentrated 
permeate or lactose is simultaneously concentrated and crystallised whilst 
being conveyed along a horizontal evaporative crystalliser with a hollow 
screw shaft for agitation and cooling. The resulting lactose crystals are 
recovered from the crystalline slurry (at 75% TS).

Another recent patent in lactose crystallisation describes a process 
whereby a part of the desugarised permeate (mother liquor) is fed back 
(recycled) to the lactose concentrate prior to the evaporation step and 
reduces yield loss from the mother liquor. The process includes deminer-
alisation of the permeate by nanofi ltration, electrodialysis or ion exchange 
to maintain purity to the crystalliser (Cloidt and Lehmann, 2007).

Lactose crystals with uniform size distribution have been produced using 
drop-based microfl uidic crystallisers, whereby supersaturated solutions of 
lactose are expelled dropwise from narrow tubing at 100 µm, 150 µm or 
300 µm I.D., creating crystals in the size range close to that of the tubing 
diameter. Dombrowkski et al. (2007) report CSD at 16% compared to 40% 
for bulk crystallisation, while drops containing single crystals had 7% CSD.

Sonocrystallisation has been investigated to initiate nucleation and 
accelerate the growth of lactose crystals (Bund and Pandit, 2007a; Vu et al.,
2003, 2004b). Sonocrystallisation thus provided a solution to the diffi culties 
associated with long induction times associated with natural nucleation of 
lactose (Raghavan et al., 2001). Studies have shown that ultrasound enhances 
nucleation, with higher ultrasound levels resulting in higher crystal yields 
and smaller size particles, due to the high number of nuclei that have been 
generated, and also that agglomerates are broken-up (Vu et al., 2004b). 
Sonocrystallisation has also been combined with solvent addition and 
cooling to produce fi ne seed crystals for use in controlling bulk crystallisa-
tion of lactose (Vu et al., 2003, 2004b).

The use of solvents for accelerated crystallisation to control crystal shape 
and size distribution, has also been the subject of research in a number of 
studies over the years (Olano et al., 1977; Singh et al., 1991; Lifran et al.,
2002, 2004b; Bund and Pandit, 2007a). Bund and Pandit (2007a) found that 
alcoholic crystallisation increased the yield of lactose from concentrated 
deproteinated paneer whey (containing 19.5% w/v lactose) up to 90% with 
65–85% ethanol at 7°C. The method described by Lifran et al. (2002)
involves staged alcohol (preferably ethanol) addition for demineralisation 
and then controlled crystallisation, producing free-fl owing pharmaceutical 
grade, rosette shaped crystals with unique properties. Work by Vu et al. 
(2004b) found that solvent addition and sonocrystallisation could be used 
to produce very fi ne crystals for pharmaceutical applications or seed lactose, 
thus avoiding the problems associated with amorphous lactose created 
during size reduction milling (hammer, ball or jet mill).
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Finally, recent literature describes a number of permeate crystalliser 
driers used for the production of free-fl owing dried permeate. These proc-
esses employ special evaporators capable of making permeate pastes at 
very high concentrations (78–86% TS) yet avoiding heat damage. Evapora-
tion is followed by rapid crystallisation to create very fi ne lactose crystals 
which are dried in specially constructed driers to produce a free fl owing 
powder. The Niro Thixotherm process is named after the thixotropic nature 
of highly concentrated crystallised lactose. The permeate is dried in a 
RosinaireTM paddle dryer with a screw conveyor to cure and crystallise the 
permeate followed by drying and cooling in a combined back-mix/plug-fl ow 
fl uid bed drier (Pisecky, 2005). The Anhydro Parafl ash process utilises a 
Parafl ash forced circulation fl ash evaporator to concentrate the permeate 
to 78% solids, accompanied by continuous crystallisation of lactose and 
drying in a spin fl ash dryer (Andersen, 2005). The Relco Keller drying 
system concentrates the permeate to 78% solids, followed by triple 
C (cooling concentrator crystalliser), then an air lift drier, an integrated 
two-stage fl uid bed (Keller, 2007). Carlisle Process Systems also developed 
new approaches for drying acid whey and permeates which are prone 
to stickiness (Boersen and Veldmeijer, 2003), described by Neville (2006), 
in a modern, purpose-built whey and permeate drying plant in the 
Netherlands.

5.4 Post handling – separation, washing and drying crystals

5.4.1 Decanting and washing crystals
The crystalline lactose slurry exiting the crystalliser requires separation and 
washing to remove the mother liquor and prepare for drying. There are a 
number of different types of separators available; solid bowl decanter (hori-
zontal shaft centrifugal decanter), screen bowl decanter (worm/screen cen-
trifuge) (Brinkman, 1976; Gesterkamp, 1994; Mans, 1994; Bylund, 2003; 
TEMA, 2007), and hydrocyclones (Zeevalkink et al., 2005). Decanter sepa-
rators are deployed in series, with the crystal slurry fi rst being centrifuged 
in the solid bowl decanter to separate the mother liquor and raw lactose. 
Effi cient operation of the decanter centrifuge is facilitated by large crystals 
(200–300 µm) with narrow size distribution, ensuring a free-fl  owing crystal 
slurry, from which the mother liquor can be drained and separated. Too 
many fi nes will clog the separator and large amounts of mother liquor will 
be retained, with the resulting crystals containing higher levels of impurities 
and higher levels of moisture impacting on drier running costs.

The raw lactose is then washed and centrifuged in a series of screen bowl 
centrifuges. The quantity of wash water required to wash the crystals 
depends on the CSD, the number of wash steps and the counter current 
recycling of wash water (Mans, 1994). Wash water corresponding to 10% 
of the feed quantity has been reported by Ostergaard (1988) and van den 
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Bos (1987), while Bylund (2003) report 1 : 1 wash water ratio with the 
lactose processed. The wash water can be recycled back to an earlier step 
in the process to recover lactose and minimise losses from washing. The 
purity of the wash water impacts on the purity of the lactose; thus, higher 
grades of lactose require demineralised water or RO permeate, while 
potable water would suffi ce for edible grades of lactose. After decantation, 
the lactose is 88–90% TS and requires drying.

5.4.2 Drying lactose crystals
Moist lactose crystals exiting decanter separators are dried in a fl uidised 
bed drier to produce a free-fl owing powder with a fi nal moisture content 
of 4.5–5.5% (in α-lactose monohydrate). This applies to both edible grade 
lactose and pharmaceutical grade lactose that has been further processed 
by secondary purifi cation and crystallisation. The fl uidised bed drier is 
limited by a product temperature of 93°C, otherwise β-lactose will be 
formed from the residual amorphous lactose. Above 100°C, further mois-
ture will be driven out, forming anhydrous unstable α-lactose (Brinkman, 
1976). The fi nes from the drier exhaust should be collected in a bag fi lter 
to maintain air quality in the surrounding area (GEA, 2008b). Drying 
time impacts on product quality: if the lactose is dried too fast then amor-
phous lactose on the surface of the crystals dries as amorphous glass and 
increases the risk of caking during storage. The amorphous lactose should 
be given suffi cient time to crystallise as α-lactose monohydrate during 
drying.

The air used to dry the crystals should be dehumidifi ed and monitored 
for RH% (GEA, 2008b), to prevent caking problems during storage. The 
lactose should also be cooled prior to packing, otherwise when placed in a 
cool store, moisture will migrate from the hot region within the centre of 
the bag to the cool region at the surface; and if there is enough moisture 
present in the powder, capillary condensation between particles will cause 
liquid bridging and dissolution, which eventually leads to caking and 
lumping as the moisture is redistributed when the temperature has equili-
brated (Paterson and Bronlund, 2009).

5.4.3 Grinding and milling
Lactose crystals are normally milled and sieved to a range of size specifi ca-
tions. There is a range of lactose sizes available on the market: for example, 
60 Mesh (40–65% 250 µm), 100 Mesh (60–80% 100 µm), 200 Mesh (75–85% 
75 µm), 350 mesh (>65% 45 µm), achieved by milling and sieving. Milling 
has the potential to cause changes in the crystalline lactose. Otsuka et al. 
(1991) found that the crystal water of α-monohydrate was converted into 
absorbed water by mechanical stress, and that isomerisation of lactose 
occured in the solid state during grinding. Crystallinity decreases with 
grinding time, resulting in the formation of amorphous lactose with the 
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release of the water of crystallinity (Otsuka et al., 1991). Amorphous lactose 
is very susceptible to elevated humidity levels, with lumps of black mould 
found to occur within the sacks of lactose when there have been insuffi cient 
control over humidity during drying and milling. Furthermore, there is 
also an increased propensity to lump and cake as the amorphous lactose 
recrystallises into α-lactose monohydrate during storage (Listiohadi et al.,
2005a).

5.5 Specialised pharmaceutical products

5.5.1 Spray-dried lactose
Spray-dried lactose consists of spherical particles of small α-lactose mono-
hydrate crystals, glued together in an amorphous lactose matrix (Vander-
bist et al., 1998). It is commonly used as an excipient for direct compression 
tableting, fi ller and fl owing agent in pharmaceutical preparations (Patel and 
Chen, 2008). Its spherical shape is advantageous for use in high-speed tab-
leting machines used by pharmaceutical manufacturers.

Spray-dried lactose is manufactured from redissolved pharmaceutical 
grade lactose, which has been pre-crystallised by fl ash cooling and rapid 
mixing in specialised tanks to encourage a shower of very fi ne crystals 
(Jensen, 1987). The lactose slurry is atomised in the spray drier and the 
semi-dried particles are subsequently processed in vibratory fl uidised bed 
driers to encourage secondary crystallisation into α-lactose monohydrate. 
An agglomerated powder can be produced by recycling the fi nes into the 
drying chamber (Patel and Chen, 2008). Agglomerated powders have 
improved fl owability, reduced dustiness and instant properties.

Pre-crystallisation has a number of advantages in that it is possible to 
process concentrates up to 60% solids with improved process effi ciency if 
the lactose has been subject to crystallisation. It is not possible to spray dry 
non-crystallised concentrate over 42–45% due to risk of blockages (Jensen, 
1987). Pre-crystallisation into α-lactose monohydrate also creates a product 
that is less hygroscopic and more stable, with improved fl owability and drug 
dispersion properties (Schuck and Dolivet, 2002).

Spray-dried agglomerated lactose typically contains 9–12% β-lactose, 
present in an amorphous matrix which is usually 15–20 wt.% of the total 
product (Bolhuis et al., 2004). Controlling the degree of crystallisation in 
spray-dried lactose is the key factor for controlling many of its properties, 
including density and porosity (Trivedi and Axe, 2001), solubility (Blagden 
et al., 2007; Pokharkar et al., 2006), fl owability (Fitzpatrick et al., 2007) and 
sorption characteristics (Chiou and Langrish, 2008; Lehto et al., 2006). The 
degree of pre-crystallisation, the inlet air temperature and the particle 
temperatures throughout the dryer have been established to be important 
in determining the fi nal crystallinity of the product, storage stability and 
propensity to cake (Chiou and Langrish, 2008).
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5.5.2 Anhydrous lactose
Anhydrous lactose, containing high levels of crystalline β-lactose, is used 
as a pharmaceutical excipient for wet granulation and direct compression, 
and for Direct Powder Inhalation (DPI) formulations. β-Lactose is more 
soluble than α-lactose monohydrate and has low water content, which is 
advantageous if the pharmaceutical active is sensitive to moisture (Vander-
bist et al., 1998). Roller-dried anhydrous lactose also yields more reproduc-
ible results as a carrier for DPI, due to its highly crystalline, anhydrous 
nature (Chow et al., 2007).

Anhydrous lactose is manufactured by redissolving pharmaceutical 
grade lactose in purifi ed water then roller-drying between two heated coun-
ter-rotating drums. The metal rollers are heated from inside with condens-
ing steam (120–160°C) (Shilton, 2002). The product to be dried is spread 
as a thin fi lm onto the surface of the hot drum and after one revolution is 
scraped off by knives (Vanderbist et al., 1998). Since the lactose is dried at 
<93°C, it comprises more than 70% crystalline β-lactose (Lerk et al., 1983). 
The fl owability of the roller-dried lactose can be improved by sieving to 
remove fi nes (Kussendrager and Walsma, 2006). There are also patents 
indicating that improved fl owability and compressibility can be achieved by 
an agglomeration process whereby the anhydrous lactose primary particles 
are treated by a wet granulation step and dried, to obtain anhydrous lactose 
agglomerates (Kussendrager and Walsma, 2006).

There are also patents describing the manufacture of anhydrous stable 
lactose by extrusion, whereby dry lactose is introduced into an extruder 
heated above 100°C, with 161–164°C exemplifi ed in the patent (van Lev-
erink, 1981). The resulting extruded lactose yields an anhydrous product 
high in β-lactose, which can be used for tableting and other pharmaceutical 
applications requiring anhydrous lactose.

5.5.3 Dry powder inhalers
The highest value pharmaceutical grade lactose with the most exacting 
physical specifi cations is Dry Powder Inhaler (DPI) lactose, a carrier for 
drugs used for the treatment of asthma and chronic obstructive pulmonary 
disease, administered locally to the lungs and airways by inhalation. The 
micronised drug (<5 µm) is evenly mixed with very fi  ne micronised lactose 
particles (1–5 µm) and a coarser grade lactose (typically 30 to 100 µm). The 
fi ne lactose adheres to the ‘drug active’ to aid dispersion, while the coarse 
lactose plays a role in the aerosol, carrying the drug into the airways. During 
inhalation, the drug has to be ‘stripped’ from the lactose so that it can be 
inhaled through the airways into the lungs (Williams, 2007).

The behaviour of particles is the foundation on which dry powder inhaler 
performance is built. Powder engineering advances include micronisation 
and powder blending, controlled solvent crystallisation, spray drying, spray 
freeze drying, particle formation from liquid dispersion systems, supercriti-
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cal fl uid processing and particle coating (Chow et al., 2007). Research has 
also been directed towards understanding how the specifi c properties of 
formulation components are directly linked to aerosolisation performance 
of DPI systems (Young et al., 2007). Hickey et al. (2007) has also reviewed 
static and dynamic methods of characterising dry powder inhaler formula-
tions with the intention of developing standard methods.

5.6 Lactose standards and specifi cations

5.6.1 Standards for lactose
The standard for edible grade lactose is defi ned by the Food Chemicals 
Codex (2004) as a white to creamy white, crystalline powder, which func-
tions as a nutritive sweetener, processing aid, humectant and texturiser (see 
Table 5.3). The standards for pharmaceutical grade lactose are governed 
by the pharmacopoeia; European Pharmacopeoia (PhEur), Japanese Phar-
macopoeia (JP) and US Pharmacopoeia–National Formulary (USP–NF). 
In recent years, these have been harmonised, with ten of the eleven chap-
ters covering excipient monographs signed off as interchangeable in 2006 
(US Pharmacopeia, 2005). The Pharmacopeial Discussion Group (PDG) 
continues to meet and discuss further harmonisation with the ultimate goal 
of globally workable standards.

Table 5.3 Lactose specifi cations for edible grade lactose according to Food 
Chemicals Codexa (2006) and pharmaceutical grade lactose according to US 
Pharmacopoeiab

Analysis Ediblea Pharmaceuticalb

α-Lactose monohydrate
Lactose content (anhydrous basis) 98.0–100.5% 99.80% 
Ash (sulphated, anhydrous basis) <0.3% <0.1% 
Water content (‘as is’ basis)
 Loss on drying at 120°C for 16 hours 4.5–5.5%
 Loss on drying at 80°C for 2 hours <0.5% 
 Karl Fischer 4.5–5.5% 
pH 4.5–7.5
Total plate count cfu/g <100 

Anhydrous lactose
Lactose content (anhydrous basis) 98.0–100.5% >99.8% 
Ash (sulphated, anhydrous basis) <0.3% <0.1% 
Water content (‘as is’ basis)
 Loss on drying at 120°C for 16 hours <1.0%
 Loss on drying at 80°C for 2 hours <0.1% 
 Karl Fischer <1.0% 
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5.6.2 Hygiene and quality control
Lactose manufacturers are required to apply accredited quality manage-
ment practises (HACCP; ISO 9000; ISO 22000) for the control and manage-
ment of lactose manufacturing processes. The manufacture of lactose 
should be conducted in accordance with the Codex General Principles of 
Food Hygiene, and comply with the Principles for Microbiological Criteria 
for Food (Codex, 2001). Manufacturers of pharmaceutical excipients will 
also need to comply with upcoming legislation covering Good Manufactur-
ing Practises, being implemented in the light of recent Public Health con-
cerns (McGlue, 2008).

Microbiological specifi cations for pharmaceutical grade lactose require 
<100 cfu/g total plate count. The Food Chemicals Codex (2004) does not 
specify standards for edible grade lactose. Manufacturers quote a range of 
maximum microbiological specifi cations: <500 cfu/g for Hilmar refi ned 
edible (Hilmar, 2008); <1000 cfu/g for Lactose India edible (Lactose India, 
2008); <2500 cfu/g for Hilmar natural lactose (Hilmar, 2008) and <10,000 cfu/g 
for Davisco edible grade lactose (Davisco, 2008). High microbial counts 
have implications in food applications, increasing the risk of mishandling. 
These numbers can be compared to the standards for a major application 
for lactose, powdered infant formula, at <1000 cfu/g (FSANZ, 2008).

There are a number of microbial hazards naturally associated with the 
lactose process. The raw material is a by-product from cheese or casein 
manufacture, high in nutrients and perishable, and should be treated with 
care. The evaporator is operated at conditions whereby thermophilic bac-
teria can multiply. The extended crystallisation times are within the tem-
perature range for microbial growth of 60°C to 20°C. Crystalline α-lactose
monohydrate contains 5% crystalline water which may become available 
for mould growth should amorphous lactose form during milling, or if the 
lactose is exposed to high humidities during drying, milling and storage.

Operational prerequisite programs or good manufacturing practises, 
include hygienic plant design, sanitiser foot baths, protective clothing, 
regular cleaning and sanitation programs, fi ltration of air into factory, and 
proper management and documentation of the process. Critical control 
points include: adequate pasteurisation of the whey prior to ultrafi ltration; 
holding the evaporated concentrate at 75°C for at least 15 min prior to 
initiating cooling to pasteurise and kill microorganisms (this carries a risk 
of Maillard browning when fi lling extremely large tanks, as the entire tank 
is generally held at elevated temperatures prior to cooling); and the control 
of relative humidity of drying and milling conditions to control the risk of 
mould growth during subsequent storage.

5.7 Mother liquor

Mother liquor is the liquor remaining after lactose crystallisation and con-
tains signifi cant quantities of nitrogen (peptides, non-protein nitrogen), 
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Table 5.4 Dry weight composition of mother liquor and grandmother liquor 
(Friend et al., 2004)

Component Mother liquor g/kg 
mean ± SD n = 88

Grandmother
liquor g/kg 
mean ± SD n = 11

Total solids 276 ±19 352 ±29
Fat 3 ±2 4 ±4
Protein (Nx6.38) 23 ±5 37 ±6
Ash 183 ±26 229 ±36
Salt 81 ±33 86 ±17
Sodium 19 ±12 27 ±4
Potassium 25 ±13 63 ±10
Calcium 23 ±13 20 ±2
Chloride 50 ±14 62 ±19
Magnesium 4 ±1 4 ±1
Phosphorous 16 ±8 24 ±2
Sulphur 3 ±3 4 ±2
Lactose 670 ±36 558 ±31
Lactic acid 12 ±13 24 ±11
Citric acid 50 ±9 63 ±8

minerals, vitamins and lactose. Mother liquor is also known as delactosed 
permeate (DLP) or delac. Although the composition is highly variable from 
day-to-day and plant-to-plant, mother liquor will typically contain 28–30% 
solids, of which two thirds is lactose. This represents signifi cant loss of 
lactose yield. The composition of mother liquor is shown in Table 5.4.

The disposal of mother liquor is a major problem; it has limited use as 
a stockfeed due to its perishable nature, whereby animals need to live close 
to the factory. Animal feeding also needs infrastructure; transport and feed 
lots. In New Zealand, a product based on mother liquor is used as a potas-
sium-rich, liquid feed supplement with 42% solids, known as Proliq (Dexcel, 
2007), while the same name is used in Australia for a foliar nutrient 
(FarmOz, 2000). Mother liquor can be also used as a fertiliser by metering 
it into irrigation; however, it has a very high BOD5, and has been found to 
kill fi sh if leakage occurs directly into streams.

The best way to deal with mother liquor is to limit its production. There 
are several patents and processes describing the recovery of the mother 
liquor to increase the yield of lactose and minimise the mother liquor by-
product. Friend et al. (2004), describe recrystallisation of mother liquor, 
increasing lactose yield and creating grandmother liquor, with the ash 
content as a proportion of lactose at 27% in mother liquor and 41% in 
grandmother liquor. Cloidt and Lehmann (2007) describe a process whereby 
a part of the mother liquor is returned to the lactose concentrate prior to 
the evaporation step, for re-purifi cation and crystallisation to increase the 
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yield of lactose. Harju and Heikkilae (1989) describe a process whereby the 
mother liquor is treated by ion exclusion, similar to cane and beet molasses 
desugarisation used for increasing sugar yields (Harju, 2007; Rousset, 1997; 
Chertudi, 1991; Saska and Lancrenon, 1994).

5.8 Applications and functionality of lactose

Lactose has number of properties that make it a unique energy supply for 
the growing infant, with low glycaemic index ensuring steady energy release, 
prebiotic functions for a healthy gut plus low cariogenicity, it is an ideal 
energy source for the suckling infant (Rutishauser, 2002). Lactose also has 
a range of functions that make it a unique sugar in a wide range of food 
products, low sweetness, reducing sugar properties and stable protective 
functions. The major applications of lactose include standardisation of milk 
for skim milk powder, infant formula, milk chocolate and other confection-
ery, baked goods and as a carrier base for dry food ingredient mixes. Below 
is a list summarising the functionality and applications of lactose:

Physiological – Glycaemic Index 46, ensuring gradual release of energy 
controlled by lactase activity, providing a gradual and prolonged energy 
supply and constant blood glucose levels.

Prebiotic function – encourages the growth of benefi cial bacteria, reducing 
pathogenic bacteria proliferation, producing antimicrobials and enzymes 
that release bioactive peptides ensuring a healthy intestine.

Sweetness – 30–35% of the sweetening power of sucrose, it has synergistic 
effects with other food ingredients, including sweetness enhancement 
and sweetness suppression. Benefi cial in masking the bitter aftertaste of 
saccharine or enhancing the milky fl avour in caramels. Lactose can be 
used in a range of foods, including savoury mixes, confectionery, fruit 
fi llings and bakery products, to accentuate natural fl avours without being 
cloying.

Colour/fl avour carrying properties – a strong affi nity for absorbing sub-
stances such as fl avour volatiles and pigments, for bulking and free fl ow.

Free fl ow agent – α-lactose monohydrate is non-hygroscopic and can be 
used in powdered foods as a free fl ow agent or anti-caking agent. The 
relatively low solubility of lactose allows lactose to be used in instan-
tising, or increasing the dispersibility of dry food mixes.

Protein stabilising properties – protects the solubility of casein during spray 
drying, maintaining its functional properties, e.g. coffee whiteners.

Crystallisation control – alters the crystallisation behaviour of other sugars 
and can be used to control crystallisation in food formulations. In formu-
lations containing both lactose and sucrose, all crystals remain smaller 
and the tendency of sucrose crystals to combine together is reduced. This 
reduces sandiness and yields a softer, smoother crystalline mass, with 
improved mouth-feel and chewiness.
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Reducing properties – reducing sugar able to react with proteins, peptides 
and amino acids by the Maillard reaction to form compounds that are 
highly fl avoured and golden brown. e.g. creating the brown crumb colour 
of baked products.

Emulsifying properties – aids in the emulsifi cation of shortenings, improving 
the volume, grain and tenderness of bakery products and reduces the 
amounts of sugar and fat needed.

Selective fermentation – is not fermented by bakers yeast so it can be added 
to bread for brown crusts and production of caramelised fl avours.

Chocolate and chocolate products – substitution for sucrose in milk choco-
late gives chocolate a shorter, less sweet fl avour; adsorbs volatiles enhanc-
ing the fl avour; participates in the Maillard reaction during conching, 
contributing to typical chocolate fl avours and formation of brown pig-
ments; lowers tempered viscosity assisting the release of entrained air 
bubbles during moulding.

Processed means – can be incorporated into brines for processed meas such 
as hams, to increase the concentration of salt and phosphate in the 
aqueous phase, without sweetening.

Pharmaceutical grade lactose is further refi ned and converted into a range 
of products: milled lactose crystals, spray-dried lactose, anhydrous β-lactose
and micronised lactose. It is mainly used in pharmaceuticals as a tableting 
excipient, but also as a dry powder inhaler. Pharmaceutical lactose and 
edible lactose are also used as raw material for lactose derivatives such as 
lactulose, lactobionic acid, lactitol and galacto-oligosaccharides, or hydro-
lysed to liquid lactose syrup.

5.9 Current and future trends

Global production of all types of lactose (edible and pharmaceutical) was 
870 000 tonnes in 2006, up from 724 000 tonnes in 2002 (Affertsholt, 2007). 
The major lactose producers are located in Europe (46%), United States 
(37%) and New Zealand (13%) (Affertsholt, 2007). In recent years, lactose 
manufacturers have undergone amalgamations and takeovers resulting in 
a few major companies dominating the market, such as DMV Fonterra, 
Friesland Foods Domo, Leprino Foods, Hilmar Ingredients, Meggle, Lac-
talis and Arla Foods. Larger and more sophisticated companies are able to 
invest in infrastructure and support the manufacture of high value pharma-
ceutical lactose products and derivatives, thus meeting the requirements of 
the pharmaceutical market with security of quality and supply.

While the volumes of lactose production has continued to grow, there 
have been signifi cant price fl uctuations in 2006–2007, see Fig. 5.7. These 
price fl uctuations, should be viewed in the context of the preceding 10 years 
of stable prices. The rapid price increases in 2006 have been attributed to 
drought and biofuels (competing for land); the growth of China and India; 
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and the growing demand for lactose for infant nutrition, pharmaceuticals 
and milk standardisation. However, the practises of futures market traders 
have also been implicated in the price shocks across all the commodity 
sectors (Baum, 2008). In the end, the price rises were not sustainable, with 
the resulting correction bringing the lactose price back to pre-2006 levels, 
as have prices for all dairy commodities in recent times.

These price challenges have reinforced the commodity nature of edible 
lactose and dried permeate. Manufacturers will need to respond to this 
by continuing to develop higher value lactose products, such as specialist 
high-grade pharmaceutical lactose products and lactose derivatives, which 
are less vulnerable to the vagaries of commodity prices. The market for 
these products has shown signifi cant growth rates of up to 20% p.a. in 
recent years (Affertsholt, 2008). High-value fractions and derivatives can 
be marketed into the health and ‘wellness’ industry and for use in dietary 
supplements, sports nutrition, clinical nutrition and functional foods 
(Affertsholt, 2008), to become the main driving force for market develop-
ment of lactose and lactose products into the future.

5.10 Sources of further information and advice

International dairy organisations
IDF-FIL International Dairy Federation. Website: http://www.fi l-idf.org
IDF Symposium on Lactose and Lactose Derivatives, 14–16 May 2007, 

Moscow, Russia. Website: http://www.lactose.ru/
International Dairy Foods Association. Website: http://www.idfa.org/

National dairy organisations
EuroMilk – European Dairy Association / European Whey Products Asso-

ciation. Website: http://www.euromilk.org/
American Dairy Products Institute. Website: http://www.adpi.org/
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U.S. Dairy Export Council (USDEC). A non-profi t, independent member-
ship organisation that represents the export trade interests of U.S. milk 
producers, proprietary processors, dairy cooperatives, and export traders. 
Website: http://www.usdec.org/

Dairy Australia. Research and development, information, national market-
ing and international trade development. Website: http://www.dairyaus-
tralia.com.au

Pharmaceutical organisations
International Pharmaceutical Excipients Council (IPEC). Global associa-

tion of manufacturers and users of pharmaceutical excipients. The asso-
ciation consists of three closely related but independent associations 
[IPEC Americas, IPEC Europe and IPEC Japan (JPEC)]. Website: 
www.ipec.org

United States Pharmacopeia (USP). An offi cial public standards-setting 
authority for all prescription and over-the-counter medicines. USP sets 
standards for the quality, purity, strength, and consistency of these prod-
ucts – critical to public health. USP’s standards are recognised and used 
in more than 130 countries around the globe. Acquired the rights for 
maintaining The Food Chemicals Codex in 2006. Website: www.usp.org

Major lactose manufacturers
Campina DMV International. Joint venture with Fonterra in 2007, Joint 

venture with Friesland Foods in Dec 2008. Address: NCB-laan 80, 5462 
GE Veghel, The Netherlands. Websites: http://www.dmv-international.
com http://www.dmv-fonterra-excipients.com/ http://www.campina.com/
english/Products/Ingredients/Lactose.aspx

Friesland Foods-Domo. Joint venture with Warrnambool Cheese and 
Butter in 2008. Address: Hanzeplein 25, 8017 JD Zwolle, The Nether-
lands. Websites: http://www.domo.nl/ http://www.domo.nl/pharma/ http://
www.lactose.com/

Hilmar Ingredients. Address: 9001 N. Lander Avenue Hilmar, California 
95324 USA. Website: http://www.hilmarcheese.com/Lactose.cms

Molkerei Meggle. Address: Megglestraße 6–12, 83512 Wasserburg am Inn, 
Germany. Websites: www.meggle-pharma.com/ http://www.meggle-
foodingredients.de/Commodities-Angebot.42.0.html

Sheffi eld Pharma Ingredients. Division of Kerry Bio-Science, a Kerry Group 
company. Strategic marketing agreement with Foremost Farms USA. 
Address: 158 State Highway 320, Norwich, NY 13815 USA. Website: 
http://www.sheffi eld-products.com/index.php?/content/view/23/56/
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Abstract: At the heart of the milk system are the colloidal casein–calcium–transport 
complexes termed the casein micelles. Despite extensive research in more than half 
a century, accomplished by the application of a wide range of physical techniques 
such as light, neutron, and X-ray scattering, and Electron Microscopy (EM), the 
molecular details of casein micelles and the main contributing forces that stabilize 
them in milk remain controversial and still sustain interest and effort in the dairy 
science research community. Among various proposed molecular models, two main 
confl icting theories about the internal structure of casein micelles have emerged. 
One places the emphasis on the four main protein constituents, αs1-, αs2-, β- and 
κ-casein in the micelles, while the other proposes that inorganic calcium phosphate 
nano-clusters are the dominant players in holding the micelles together. In this 
chapter, casein micelles are examined in the light of recent advances in 
understanding protein–protein interactions (associations) and protein structure–
function relationships. The biological signifi cance of casein micelles, in relation to 
their unique construct, allows for an effi cient transit through the mammary 
secretory apparatus and this is critically assessed, in addition to the existing 
overwhelming amount of evidence supporting the argument that proteinaceous 
complexes act as the formative agents in the synthesis of casein micelles in 
mammary tissue; in other words, that protein–protein interactions are paramount in 
the formation and stabilization of casein micelles.

Key words: casein micelles, structure, protein–protein interaction, biological 
function, TEM.

6.1 Introduction

The appearance of milk is that of a creamy white fl uid. The lubricity and 
taste of milk are based upon three unique biological structures: the colloidal 
calcium–protein complexes, often termed as casein micelles, the milk fat 
globules with their limiting membrane, and the milk sugar, lactose. The 
complexity of these structures is necessitated by the fact that milk, in most 
species, is in essence predominantly water. It is the accommodation of these 
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ingredients to an aqueous environment that forms the basis for the struc-
ture of milk at the molecular level and calls for the unique secretory process: 
milk synthesis (Patton, 2004).

It is generally believed (Farrell, 1999; Farrell et al., 2003a) that the casein 
micelles are responsible for transporting and delivering the otherwise insol-
uble inorganic calcium and phosphate, indispensable nutrients for the neo-
nates. Although these colloids have been the subject of extensive research 
for more than half a century (Noble and Waugh, 1965; Waugh et al., 1970; 
Payens, 1979; Schmidt, 1982; Griffi n and Roberts, 1985; Farrell and 
Thompson, 1988; Holt, 1992; Hansen et al., 1996; Walstra, 1999; Horne, 
2002; Tuinier and de Kruif, 2002; Qi, 2007; McMahon and Oommen, 2008; 
Fox and Brodkorb, 2008), the structural details of the casein micelles on 
the molecular level remain elusive and still sustain interest and effort 
(Farrell et al., 2006a; Qi, 2007; Fox and Brodkorb, 2008; McMahon and 
Oommen, 2008). Past biochemical and physical studies of these colloids 
have focused on the size and properties of the colloids, their protein and 
mineral composition, and the central building block of the micelles. 
Confl icting views on the structure of the casein micelles have arisen from 
various interpretations of the core data published so far. In the light of 
recent advancements in the fi eld of structural biology and systems biology, 
this manuscript will focus on the implications of protein–protein interac-
tions in an attempt to discern the biologically competent route for the 
formation, and possibly stabilization, of the casein micelles.

The central theme of protein primary sequence to structure to function 
that dominated the fi eld of molecular biology and structural biology for the 
past few decades is currently being challenged and debated by many (Meier 
et al., 2008; Szilagyi et al., 2008; Wright and Dyson, 1999). It has recently 
been recognized that the family of natively unfolded (Weinreb et al., 1996) 
or intrinsically unstructured (Wright and Dyson, 1999; Dyson and Wright, 
2002, 2005; Tompa, 2002) or intrinsically disordered proteins (Dunker 
et al., 2001; Uversky, 2002; Bracken et al., 2004; Radivojac et al., 2007) is 
rapidly expanding. They are often found in eukaryotes (Dunker et al., 2008) 
and are believed to be involved in multiple-partner binding sites, post-
translational modifi cations, and alternative splicing that may lead to protein 
aggregation and amyloidogenesis (Uversky, 2008). These proteins, or 
sometimes long stretches of sequence in one protein, have been categorized 
as ‘non-folding’ and contain different amino acid sequences from those that 
fold into globular 3D structures. Caseins have been implicated as a prime 
example of this class of proteins (Farrell et al., 2006b,c).

6.2 Brief review of proposed models for casein micelles

6.2.1 Protein composition of skim milk
The dominant protein constituents in skim milk are present in an aggregate 
form: the casein micelle (Fig. 6.1). This unique supramolecular aggregate 
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imparts the opalescence characteristic of skim milk. The chief function of 
the micelle is to fl uidize the casein molecules and solubilize the calcium and 
phosphate (Farrell and Thompson, 1988). In general, when milks that 
contain >2% protein are analyzed, the accompanying inorganic phosphate 
and calcium levels found would, by themselves, yield insoluble precipitates 
(apatite or brushite, depending upon the pH). Conversely, in the absence 
of these salts, the casein components, as a result of their open structures, 
would have a high viscosity. The formation of the casein colloidal com-
plexes, micelles, averts these two problems.

Four major casein components in cows’ milk, αs1-, αs2-, β- and κ-casein, 
have been well characterized in the past (Swaisgood, 2003). Caseins have 
been found to be homologous to these proteins in their gene and primary 
protein sequences in all species examined to date (Farrell et al., 2004). 
However, the proportions of the various caseins vary widely. For example, 
β-casein is the primary casein in human milk, and in goats’ milk it comprises 
40% to 50% of the casein. In goats’ milk there is also a high degree of 
variance in casein proportions in different animals, which appears to be 
genetically controlled (Table 6.1). Despite the variations in casein compo-
nents, all species competently form colloidal casein micelles for the trans-
port of calcium and phosphate. At the ultra-structural level, particularly in 
terms of the average size, the casein micelles of most species such as goat 

100 nm

0.2 µm

Fig. 6.1 Transmission Electron Micrograph of bovine milk casein micelles fi xed 
with glutaraldehye and stained with uranyl acetate and lead citrate (pH 7.0). Inset 

at the upper right shows an enlarged single micelle.
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(Pierre et al., 1998) and mouse (Burgoyne and Duncan, 1998) appear to be 
quite similar.

The αs1-, αs2-, and β-caseins are precipitated by calcium (calcium-
sensitive) binding to their phosphoserine residues at the concentrations of 
protein and calcium found in most milks (Fox and Brodkorb, 2008). 
However, κ-casein is not only soluble in calcium (calcium-insensitive), but 
also interacts with and stabilizes the calcium insoluble caseins to initiate 
formation of the stable colloidal state. It has been generally recognized by 
studies (Hill and Wake, 1969; Dalgleish, 1980; de Kruif and Zhulina, 1996; 
Carroll and Farrell, 1983). Using numerous chemical, enzymatic and immu-
nological techniques, that while the majority of the κ-casein resides on the 
surface of the casein micelles, other caseins might occur there as well 
(Dalgleish, 1998; Horne, 2006). In all models for casein structure, κ-casein
is thought to predominate on the micellar surface (Hill and Wake, 1969). 
In milk clotting in the neonate stomach, the enzyme chymosin (rennin) 
specifi cally cleaves one bond in κ-casein to initiate aggregation of the 
micelles. It has been clearly demonstrated recently (Shekar et al., 2006) by 
κ-casein gene null mutation experiments in mice, that κ-casein is essential 
for the assembly of the casein micelles and for lactation to occur in vivo.

6.2.2 The submicelle theory of casein structure
For many years, the most accepted theory (Farrell, 1988; Schmidt, 1982) of 
the structure of the casein micelle was that it was composed of spherical 
aggregates of the caseins (submicelles) held together by calcium–phosphate 
linkages. The submicelle hypothesis has been historically supported by 
biochemical and biophysical studies (Kumosinski et al., 1987; Stothart, 1989; 
Kakalis et al., 1990; Jang and Swaisgood, 1990) on the individual casein 
components and reconstitution of micelles from their component caseins 
(Griffi n et al., 1988; Slattery, 1979), as well as electron microscopy of the 
micelles themselves (Carroll et al., 1968) and partially disrupted micelles. 
Early studies on the calcium-depleted caseins demonstrated that in the 
absence of calcium they formed rather large aggregates, traditionally 
termed as ‘submicelles’ (Walstra, 1990; Stothart, 1989; Pepper and Farrell, 
1982; Jang and Swaisgood, 1990), and that these aggregates formed col-
loidal complexes in the presence of added calcium. Gradual removal of 

Table 6.1 Casein distribution (%) in various milks

Milk αs1- αs2- β- κ-

Goat 5 to 17 6 to 20 50 15
Cow 38 10 40 12
Human Trace Trace 70 27
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calcium by dialysis or EDTA treatment showed the emergence of rather 
uniform submicellar structures, as visualized by physical techniques and 
freeze fracture electron microscopy (Lin et al., 1972; Knoop et al., 1979). 
These aggregated particles had physical properties similar to the aggregates 
found in whole casein preparations in the absence of calcium and were 
considered as submicellar in nature. Based on these data, Schmidt proposed 
the ‘submicelle’ model. In summary, this model begins with ‘specifi c and 
productive’ casein–casein interactions, traps calcium phosphate and forms 
the colloidal complexes.

This theory has been later challenged by concepts (Holt, 1992; Horne, 
1998) arising from the study of the casein–calcium–phosphate interactions, 
the micelles themselves, and physical chemical studies of the structure–
function relationships and calculations from polymer condensation theory.

6.2.3 Casein micelle models with an internal gel matrix
Two more recently proposed models for the casein micelle have emerged 
that refute the notion of discrete submicellar structures within the micelle. 
The fi rst experiment to indicate departure from the submicelle theory was 
that of Rose and Colvin (1966) who, from X-ray diffraction, postulated that 
the electron-dense particles were granules of colloidal calcium phosphate 
instead of proteins. During a series of studies on casein–calcium–phosphate 
interactions, Holt and coworkers (Holt et al., 1998; Holt, 1998) discovered 
that the phosphopeptide fraction of β-casein could bind to and stabilize 
calcium–phosphate aggregates, resulting in the formation of nanoclusters 
of a discrete size and composition: without the peptides, the calcium phos-
phate structures would grow randomly and precipitate. This discovery led 
De Kruif and Holt to propose that such nanoclusters are the centerpiece 
of the casein micelle structure (de Kruif et al., 2002). The formation of 
nanoclusters with a radius of 2.3 nm would drive micelle formation by 
randomly binding phosphoproteins, causing an inverted micelle, and then 
more proteins could coat this new hydrophobic surface and, in turn, bind 
more calcium phosphate until a size limited colloid is formed. There are 
about 800 of these amorphous calcium phosphate nanoclusters in an average 
sized casein micelle (~100 nm in diameter). This nanocluster model is sup-
ported by the rheomorphic theory of casein structure (Holt and Sawyer, 
1993). In this view, the unstructured proteins form about the amorphous 
inorganic species and their function of binding to the calcium phosphate 
gives rise to their structure; hence no specifi c protein secondary structures 
or protein–protein interactions are invoked, except that a surface position 
for κ-casein is required. However, it is not yet clear what is the cell assembly 
mechanism that causes this to happen.

The casein micelle model proposed by Horne (1998, 2002, 2006) consid-
ers the surface chemistry of the individual caseins and their assembly 
behavior, and concludes that protein–protein interactions are indeed 
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important, but in essence the model retains the rheomorphic concept. In 
this view, the amphiphilic nature of the caseins causes them to act more as 
block copolymers of alternating charge and hydrophobicity, that is, a 
charged phosphopeptide loop on the N-terminal and a hydrophobic train 
toward the C-terminal for β-casein, the reverse being true for κ-caseins, in 
which an N-terminal hydrophobic train is followed by a charged loop. 
In the case of αs1-casein, it ends with a fi nal C-terminal hydrophobic train. 
In this model, the hydrophobic interactions among various caseins are 
mostly considered, and the growth of the calcium phosphate nanoclusters 
begins the process of micelle formation, but it is limited by binding to the 
phosphopeptide loop regions of the caseins. Once bound to the amorphous 
inorganic matrix, further protein–protein interactions are related to the 
hydrophobic blocks, and polymerization proceeds by repeating the entire 
process. Micelle formation leads to an internal gel-like structure with 
embedded nanoclusters of calcium and phosphate, and the reaction of 
κ-casein, which contains only one phosphoserine residue, limits micellar 
growth by acting as a dead-end capping unit, in analogy with the growth of 
synthetic polymers.

Interestingly, these two distinctly different views of the internal structure 
of the casein micelles–submicelles versus gel matrices arise essentially from 
the same biochemical and physical chemical databases. For a further expo-
sition on their similarities and differences, see the excellent review of Pieter 
Walstra (1999). A recent review by McManhon and Oommen (2008) sug-
gested an interlocked lattice model (to reconcile the combined action 
between casein-calcium phosphate aggregates and casein polymer chains 
as the main building block) that maintains the integrity and stability of the 
casein micelles.

6.3 Synthesis and secretion of caseins

6.3.1 Cell physiology
The evolution of the mammary gland, presumably from external sweat 
glands, has yielded a great variety of exterior appearances in many species 
(Patton, 2004), but at the tissue level there is a common organizational 
theme as shown in Fig. 6.2a. Mammary secretory cells are epithelial in 
nature and are arranged in alveoli which are connected to ductal tissue. 
The secretory epithelial cells (SEC) are surrounded by a layer of myoepi-
thelial cells, which are able to contract and expel milk into the ducts in 
response to the hormone oxytocin. The alveoli are highly vascularized to 
ensure a constant fl ow of the metabolic precursors needed for milk synthe-
sis and secretion. Finally the vascularized alveoli are embedded in an extra-
cellular matrix. This matrix not only supports the cells, but also, through 
cell–cell interactions, is responsible for the full expression of the genes that 
control milk synthesis (Patton, 2004).
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6.3.2 Protein synthesis and secretion: Overview
Adaptation of milk components to their ultimate aqueous environment 
begins during secretion. Lipid and protein synthesis are partitioned from 
the start. Amino acids and their metabolic precursors are actively trans-
ported into the SEC and assembled into proteins on the ribosomes of the 
highly developed rough endoplasmic reticulum (Patton, 2004). All milk 
proteins of mammary origin have conserved leader sequences which cause 
insertion of the nascent proteins into the lumen of the endoplasmic reticu-
lum (ER), shown in Fig. 6.2b. The proteins are then transported through 
the Golgi apparatus (Patton, 2004; Farrell, 1988), as shown in Fig. 6.2b; 
presumably the globular proteins of milk are folded during this period. In 
the Golgi apparatus, the caseins, which are the major milk proteins in most 
species, appear to be spherical complexes of about 10 nm in diameter. The 
caseins are phosphorylated by a calcium-activated membrane-bound kinase 
to begin the process of calcium transport (Bingham and Farrell, 1974). A 
membrane associated ATPase delivers calcium to the vesicles (Bingham 
et al., 1993). The gradual intercalation of calcium, casein, and phosphate 
into the submicellar structures (or complexes formed through specifi c 
casein–casein interactions) leads to the formation of casein micelles and 
insures the effective transport of these vital minerals. This process can 
be visualized in Fig. 6.3 (top), where small submicellar or particles of 
casein–casein complexes are seen in the secretory vesicles nearest the trans 
Golgi. Through the binding of calcium and the accretion of phosphate, the 
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Fig. 6.2 Cell physiology of lactating mammary gland. (a) A single alveolus 
consisting of lactating epithelial cells (SEC) surrounding the lumen. (b) A typical 

lactating cell indicating active secretion of protein and lipid by distinct 
mechanisms; reprinted with permission of Scientifi c American and S. Patton.
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colloidal casein micelles are formed and fi nally secreted by reverse pinocy-
tosis (Fig. 6.3, bottom). Overall, this view strongly supports the involvement 
of proteinaceous complexes in the synthesis and secretion of casein micelles 
though it remains unclear if any structural rearrangements or changes occur 
during and after secretion.

6.3.3 Protein synthesis and secretion: Details in the ER lumen
The process of casein secretion within the lumen of the ER has not been 
studied in specifi c detail (Farrell et al., 2006a); however, reference to recent 
information on cell biology and protein folding in other systems may shed 
more light on the issues of casein micelle formation. The issue of quality 
control of protein folding has become a widely researched area in cell 
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Fig. 6.3 Formation of casein micelles (CM) within Golgi vesicles (G) and 
depicting the aggregation of small submicellar particles into large micelles (top). 

A Golgi vesicle (G) about to discharge its contents into the alveolar lumen 
(bottom); a casein micelle (CM) is already present in the lumen; reprinted from 

Farrell et al. (2006a).
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biology (Meusser et al., 2005). The process of endoplasmic reticulum associ-
ated degradation (ERAD) has been found to occur in many secretory 
systems. As noted above, conserved leader sequences of casein cause inser-
tion of the nascent proteins into the lumen of the ER. Before the newly 
secreted proteins can traffi c beyond the ER, they must fold into their fi nal 
dispositions, and multicomponent systems must assemble. Failure to prop-
erly associate or fold leads to the unfolded protein response, tagging and 
removal by the ERAD system. Overall, the environment of the ER lumen 
would be conducive to the signature functional property of the caseins 
(self-association) so initial casein–casein interactions would naturally occur 
here. While the ER lumen serves as a calcium storage center, the free 
calcium ion concentration fl uctuates between 1 and 3 µm, a concentration 
well below the binding constants for the unphosphorylated caseins. 
Presumably, proper association of the caseins helps them to escape degra-
dation and move on to the Golgi for processing. It has been our contention 
that conserved sequences of the individual caseins give rise to selected 
secondary structural elements and that these elements lead to self-
association of the caseins without classical protein folding (Farrell et al.,
2002b, 2003a): that is to say, caseins contain little or no tertiary structure 
and proceed directly from secondary structure formation to quaternary 
structures exhibiting both rigid and fl exible elements. This is in line with 
the basic tenet of structural biology that protein structure gives rise to 
biological function – the Anfi nsen hypothesis (Anfi nsen, 1973). Recent 
development in the fi eld of protein folding has shed light on understanding 
protein self-assembly and aggregation as delineated by Jaenicke and Lilie 
(2000). Self-associations are those on-line and productive reactions which 
lead to competent biological protein assemblies such as amyloid (Jahn 
et al., 2006), whereas non-productive aggregations lead to often mis-assem-
bled protein complexes. The latter would be targeted for the ERAD 
process. The question now arises as to which of the many known in vitro
reactions of the caseins studied to date are important in this context. It may 
be of interest to examine those ‘productive’ self-associations that may lead 
to the formation of casein micelles and those ‘non-productive’ aggregations 
formed through various protein–protein interactions.

The self-association of bovine β-casein has been studied by many (for 
example de Kruif and Grinberg, 2002; O’Connell et al., 2003). The most 
commonly accepted mechanism is that the β-casein molecules form rather 
spherical polymers of limited size, following a critical micelle pathway. 
Interestingly, the dimensions of this polymer are rather fi xed, but its molec-
ular weight is highly dependent on ionic strength and temperature. In 
species such as human, where β-casein is the predominate protein, this 
process could be viewed as a prominent on-line self-association in the ER 
lumen. It must be noted that the unphosphorylated form of human β-casein
has nearly the same propensity for self-association as its phosphorylated 
forms (Bu et al., 2003). The weight average molecular weight of bovine 
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β-casein at 37°C in the absence of calcium is 1 250 000, as shown in Table 
6.2. This is almost three times the estimated value for the submicellar struc-
tures (or casein–casein complexes) and could potentially lead to ER stress 
and ERAD tagging.

Studies on the polymerization of αs1-casein had previously shown 
(Alaimo et al., 1999) that the molecule exhibits a progressive consecutive 
association to dimers, tetramers, hexamers, etc., and that this process is 
highly dependent on pH and ionic strength. Most early studies (Schmidt, 
1982) on the polymerization of αs1-casein were conducted at or below 25°C. 
Because of its hydrophobic nature, it was expected that polymerization 
would be accentuated at 37°C. This clearly is not the case, as shown in Table 
6.2: all three major genetic variants depolymerize (Malin et al., 2005) and 
behave essentially as dimers. The dimer formation is centered on its 
C-terminal half, with a strong selective interaction between residues 136 
and 160 of each monomer, and there appears to be no involvement of 
N-terminal hydrophobic train of αs1-casein at normal ionic strength and 
37°C. In addition, the latter region is positively charged and could partici-
pate in phosphate binding. This appears to contradict one of the modes of 
crosslinking postulated by Horne (1998) as part of the casein gel network. 
Finally, it has been shown (Bingham et al., 1972) that both native and 
dephosphorylated αs1-caseins undergo similar aggregation and precipita-
tion reactions. Thus, in the ER lumen, the αs1-casein molecule would not 
be greatly polymerized, and the higher order polymers observed in vitro

Table 6.2 Weight average molecular weights of selected caseins and mixtures by 
analytical ultracentrifugation at 37°C

Casein or mixture Weight average 
molecular weight

Weight average 
polymeric size

Rotor speed 
(rpm)

αS1-Caseinb 56 000 Dimer 12 000
β-Caseinc 1 250 000 52 mer 3000
RCM κ-Caseind 3 040 000 160 mer 3000
1.5 αS1- : 1 RCM κ-d 316 000 15 mer 3000
4 αS1- : 1 RCM κ-c 92 400 Tetramer 6000
4β- : 1 RCM κ-c 1 010 000 43 mer 3000
1β- : 1αS1-c 213 000 Nonamer 3000
RCM whole caseinc 110 000 Hexamer 6000

a All data were obtained at 37°C, pH 6.75 in 25 mm PIPES (disodium piperazine-N,N′-bis(2-
ethane sulfonic acid)) with 80 mm KCl to mimic milk salt conditions in the mammary gland 
in the absence of calcium: The rotor speeds were appropriate to the weight average molecular 
weight as previously described (Malin et al., 2005; Farrell et al., 2003b). The protein SH groups 
were reduced and carboxymethylated (RCM).
b (Malin et al., 2005).
c (Farrell et al., 2006a).
d (Farrell et al., 2003b).
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are the products of an aggregation process, which would likely be 
‘non-productive’.

Of all the caseins, the self-association behavior of αs2-casein has been 
studied the least (Euston and Horne, 2005). Horne (1998) has speculated 
that it will form linear micelles similar to αs1-casein.

κ-Casein is the calcium-soluble stabilizing protein of the casein micelles: 
it is also the only casein whose disulfi de bonds play a signifi cant role in 
casein structure. As isolated from milk, the protein displays a unique lad-
dered disulfi de bonded pattern in SDS gel electrophoresis, with sizes 
ranging from dimer to octamer and above (Farrell et al., 2003b). In analogy 
with the use of cleavable disulfi de reporter groups, it can be stated that the 
nearest neighbor to a κ-casein molecule is another κ-casein molecule, as 
shown in the Schmidt model (Schmidt, 1982). In essence, the monomeric 
κ-casein molecules depicted in the Horne model (Horne, 1998) are not 
found.

The source of the laddered disulfi de pattern of κ-casein is unknown. In 
most secretory systems, the enzyme protein disulfi de isomerase (PDI) 
occurs on the inner membrane of the ER, and acts as both a chaperone and 
a catalyst for the rearrangement of disulfi de bonds. However, this enzyme 
may not be responsible for the linear polymer pattern. For this pattern to 
form, the κ-casein monomers would have to be in a queue at or near the 
PDI. Theκ-casein’s ability to polymerize may inhibit the action of PDI and 
thus allow it to retain the SH character in the ER. Therefore, the studies 
on the polymerization of reduced κ-casein that demonstrate an association 
involving a critical micelle model similar to that of β-casein (Schmidt, 1982) 
may be relevant. However, as was the case for αs1-casein, these studies were 
primarily conducted below 25°C. At 37°C, reduced carboxymethylated 
κ-casein (RCM-κ) forms large, stranded amyloid bodies (Farrell et al.,
2003b); the latter, as seen in Table 6.2, are clearly aggregations and not a 
part of competent casein secretion. So the κ-casein must either be SH 
capped or self associate with other caseins for the successful transit through 
the ER lumen. At a ratio of 1.5 αs1- : 1 RCM κ-casein, amyloid formation is 
inhibited and moderate molecular weight complexes of 316 000 are formed 
at 37°C (Table 6.2). Increasing the ratio of αs1-casein to 4 : 1 substantially 
reduces the complexes to 92 400. Bovine β-casein, while limiting amyloid 
formation, does not have the same effect of reducing the weight average 
molecular weight as αs1-casein (Table 6.2). Since the κ- and β-caseins seem 
to share a similar self-association mechanism, it would appear that in mixed 
associations the reduced κ-casein can be inserted interchangeably into the 
self-association reaction of β-casein, but the resulting overall size is some-
what smaller than that of β-casein alone (Table 6.2). Such large complexes 
might not allow the associated proteins to escape ERAD and move on to 
the Golgi apparatus. In fact, Chanat et al. (1999) have studied the transport 
of caseins from the ER to the Golgi apparatus in mammary epithelial cells. 
Their data suggest that for animals with high casein content, αs1-casein must 
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interact with the other caseins for effi cient transport to the Golgi. In cells 
that completely lack αs1-casein, the accumulation of β-casein (or κ–β mix-
tures?) is observed in the ER. In the long term, this causes ER stress, 
activates the ERAD system and impedes secretion. Recent work by Shekar 
et al. (2006) has demonstrated that κ-casein is essential for the formation 
of casein micelles, as well as for lactation to occur.

To test the effi cacy of αs1-casein at reducing the size of β-casein aggre-
gates in vitro, 1 : 1 mixtures of the two proteins were studied by analytical 
ultracentrifugation at 37°C. The weight average molecular weights of the 
complexes were speed dependent, increasing with decreasing speed, indi-
cating strong hydrophobic interactions; see Table 6.2. The weight average 
molecular weight of the 1 : 1 complexes was 213 000, which represents a six-
fold reduction of the β-casein aggregate or a four-fold increase over that of 
the αs1-casein alone. This result is of importance because there are few 
studies of the mixed associations of these two caseins at 37°C and condi-
tions close to that of the ER. Here, the αs1-casein acts to diminish the size 
of either the β- or κ-casein aggregates; in this sense it may be considered a 
molecular detergent for the other caseins. Thus, these in vitro data confi rm 
the in vivo observations that αs1-casein can reduce aggregated species and 
allow the associated particles to escape the ER. For human milk, the small 
amount of α-caseins present may help reduce the aggregates of β-casein: 
also, the net casein content in human milk is only 17% of that in bovine 
milk (Table 6.1), so smaller aggregates would be favored (Dev et al., 1994, 
Sood et al., 1997). Finally, RCM-derived whole bovine casein, with the 
standard ratios of the four caseins, has a weight average molecular weight 
of 110 000 at 37°C under the same conditions of pH and in the absence of 
calcium. From all of these biological and physical chemical studies it would 
appear that for the competent synthesis and secretion of casein: preformed 
casein complexes of the size of the putative casein submicelles (or casein–
casein complexes) must form through protein–protein interactions – trig-
gered by conserved protein sequences – and emerge from the ER for 
effi cient transit via secretory vesicles to the Golgi apparatus.

6.3.4 Protein synthesis and secretion: Details in the Golgi vesicles
From the discussion above, it seems most likely that the individual casein 
molecules undergo signifi cant self-association in the ER and are then trans-
ported in vesicles to the cis face of the Golgi apparatus. In this region, three 
signifi cant events occur in the process of casein secretion. The fi rst event is 
most likely an increase in calcium concentration, accomplished by an 
ATPase-driven pump (Bingham et al., 1993). The second most likely next 
step is the phosphorylation of the associated caseins by a membrane-
associated casein kinase which uses calcium-ATP as substrate and is specifi c 
for Ser residues, preceded at the n + 2 position by Glu or a serine phosphate 
(SerP) residue (Farrell et al., 2004). The casein kinase (Bingham and Farrell, 
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1974) responsible for this reaction has not been purifi ed, but in Golgi 
preparations the enzyme requires a surprisingly high calcium ion concentra-
tion (KM~20 mm) so that, at the time of phosphorylation, calcium ions may 
be almost immediately bound to the caseins (KD~5 mm). The third and 
often overlooked step is that one of the byproducts of the kinase reaction, 
ADP, retains bound calcium, so that when this is converted by membrane 
associated diphosphatases to phosphate and AMP (Farrell et al., 1992), 
both calcium and phosphate are released near the interior membrane 
surface where the casein proteins are still being phosphorylated. Studies by 
West and Clegg (1983) showed that phosphorylation of casein is still pro-
ceeding in large Golgi vesicles as is, most likely, calcium transport. Thus, 
both calcium and phosphate may automatically be bound to the casein–
casein complexes, as seen in Fig. 6.3, prior to micelle formation. In general, 
when milks that contain >2% protein are analyzed, the accompanying 
inorganic phosphate and calcium levels found, yield insoluble precipitates 
(apatite or brushite) in the absence of casein. But the question arises, are 
the concentrations of these compounds ever high enough or concentrated 
enough to form nanoclusters in the Golgi vesicles? Additionally, would the 
energy gained by coating these precipitating clusters be suffi cient to depo-
lymerize the preformed casein complexes in the manner suggested by the 
Horne model? Veis (2005) has suggested that, in general, mineralization in 
mammalian systems such as collagen and dentin matrices is directed and 
controlled (assembled) by the structural proteins present: inorganic direc-
tion appears to be limited to simpler systems such as the crystalline shells 
of corals.

Based on the average composition of the colloidal caseinate (Farrell, 
1988), the average concentrations of calcium and phosphate within the col-
loidal complexes are 18.7 and 15.2 mm, respectively. In turn the average 
concentration of casein within the casein micelles is 1 mm, but the average 
casein molecule has 6.5 phosphate groups, thus the concentration is 6.5 mm
SerP. Moreover, all four caseins have selected areas of positive surface 
(Swaisgood, 2003) which may bind phosphate after calcium binds to the 
protein as suggested for αs1-casein (Malin et al., 2005). In most of the models 
available on the structure of the casein micelles, the binding details of 
phosphate have been largely neglected. The prominent positive patches of 
the caseins are: 1–10 of αs1- (+6); 165–199 of αs2- (+11); 97–113 of β- (+6) 
and 97–116 of κ-casein (+6); these, too, average out to 6.5 mm. Assuming 
each serine phosphate binds one calcium, which in turn binds one inorganic 
phosphate, this would result in a double layer. Further, assuming each posi-
tive charge in the above mentioned areas then binds one phosphate and 
one calcium in a second double layer, then the possible concentrations of 
unbound calcium and phosphate within the micelle is further reduced. It 
can be seen in a molecular dynamics study (Farrell et al., 2002a) that both 
the smaller calcium ions and the larger chloride ions bind to the peptide 
and then associated ions tend to form a charged double layer about the 
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peptide chain. In this case there is limited attraction between the aqueous 
calcium and chloride ions, but complexes between calcium and phosphate 
would be more numerous. In vivo, the formation of such a double layer of 
calcium phosphate would reduce the unbound (uninfl uenced) concentra-
tions of these two ions to 5.7 and 2.2 mm respectively. This is far from the 
concentrations used by Holt and coworkers (Holt et al., 1998, Holt, 1998) 
to form nanoclusters in vitro (37 mm calcium, 30 mm phosphate and 3 mm
phosphopeptide). In this same context the supramolecular aggregate would 
have 65 negative charges (Malin et al., 2005) due to clusters of SerP groups 
and 65 positive charges due to clusters of basic amino acids: in total it could 
carry 260 ions as a simple double layer. The standard nanocluster has about 
355 ions at its core (Holt et al., 1998; Holt, 1998). The coalescence of two 
casein–casein complexes, with their bound (infl uenced) ions, would then 
terminate any possible calcium phosphate growth and begin micelle forma-
tion. It may be that nanoclusters then have an interesting and informative 
chemistry but actually represent a process which is an inorganic aggregation 
similar to amyloid formation by κ-casein, rather than an on-line productive 
biological process. Thus, from the point of view of the synthesis and secre-
tion of casein micelles, the Schmidt model may be representative of the 
biological process, although the stoichiometry of the inorganic ‘cement’ is 
probably incorrect, based upon the latest physical chemical data (de Kruif 
and Holt, 2003; Dalgleish et al., 2004), which indicates that a type of apatite 
is the most likely candidate for the molecular structure within the micelles.

6.4 Studies on the structure of casein micelles

Clearly, the proteinaceous complexes, formed through specifi c casein–
casein interactions with an average size of ~10 nm, not necessarily spherical 
(Figs 6.1 and 6.3), play a major role in the on-line formation of casein 
micelles in mammary tissue. Additionally, it would appear that αs1-casein
acts as a type of detergent to limit the size of these submicellar particles in 
order to defeat the unfolded response and escape the ERAD system. The 
formation of these controlled aggregates (productive association) allows for 
and facilitates transfer from the ER to the Golgi apparatus. Once present 
in the Golgi, presumably, micelle formation subsequently occurs. Past 
research on understanding the detailed structure of the micelles has cen-
tered on using electron microscopy, neutron scattering and X-ray scattering 
techniques. Atomic Force Microscopy (AFM) (Uricanu et al., 2004; 
Gebhardt et al., 2006) has only recently been applied to the study of the 
casein micelles.

6.4.1 Electron microscopy
Electron microscopy (EM) represents a powerful tool for elucidation of 
biological ultrastructures, as seen in Figs 6.1 and 6.4. The problem with this 
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technique lies in the fi xatives and metal staining used to accentuate the 
particular features they react with and visualize, usually at the expense of 
other features. In contrast, when uranyl oxalate is used as a positive stain 
for proteins (McMahon and McManus, 1998; McMahon and Oommen, 
2008), a more uniform distribution of material is seen because the stain is 
binding to the caseins, particularly the SerP, and accentuating the protein 
distribution. However, more details can be visualized from our studies of 
casein micelles and sodium caseinate (Figs 6.1 and 6.4). Similar strand-like 
protein structures with a ‘knot’ about 10 nm (diameter) can be found in 
skim milk (Fig. 6.1) and sodium caseinate, a casein product depleted of 
calcium. In addition, Fig. 6.3 shows the presence of casein–casein aggre-
gates in rat Golgi vesicles. Clearly, EM images are infl uenced by the stains 
used in the experiments. One is tempted to employ the scientifi c dialectic 
here and say that neither the thesis (submicelles) nor the antithesis (no 
submicelles) is correct but that synthesis is needed. Walstra (1999) has 
proposed that the submicelles re-emerge in EM representations of products 
such as cheese. Work on a variety of cheeses (Tunick et al., 1997) demon-
strates the dynamic nature of the submicellar structures, loosely defi ned as 
casein–casein complexes of the cheese protein matrix.

0.2 µm

Fig. 6.4 Transmission Electron Micrograph of sodium caseinate in imidazole 
buffer (pH 7.0), fi xed with glutaraldehyde and stained with uranyl acetate and 

lead citrate.
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6.4.2 Micelle dissociation studies
Studies on micelle dissociation were among the fi rst to indicate the exis-
tence of submicelles or casein–casein complexes, and Schmidt (1982) drew 
heavily on these and on the reconstitution studies (Schmidt and Payens, 
1976). Clearly, the Walstra hypothesis on micelle equilibria is at play in 
these experiments (Walstra, 1999). Those components in rapid equilibrium 
will quickly exchange and yield one result, while those slow to equilibrate 
will accentuate another feature. It has also been suggested that calcium 
binding to caseinates must precede phosphate binding (Visser et al., 1979). 
Temperature plays another role in that the aggregation of αs1-casein is, as 
noted above, accentuated at lower temperatures.

Finally, Holt (1998) studied the effect of κ-casein on micelle dissociation: 
he expected that added κ-casein would cause dissociation of the micelles, 
and it did not. The experiment conducted was similar to what Talbot and 
Waugh (1970) termed micelle transformation. In all previous studies of 
κ-casein content versus size, the more κ-casein present, the smaller the 
micelles (Sood et al., 2003). Addition of purifi ed κ-casein to micelles causes 
a shift to smaller sizes, not complete dissociation. It should also be noted 
that the purifi ed κ-casein used in these experiments represents an SH-capped 
laddered polymer and not a reactive reduced monomeric species as dis-
cussed above (Table 6.2).

6.4.3 Scattering studies
Both small-angle X-ray scattering (SAXS) (Kumosinski et al., 1988; Holt 
et al., 2003; Marchin et al., 2007; Pignon et al., 2004) and small angle neutron 
scattering (SANS) (Stothart and Cebula, 1982; Hansen et al., 1996) have 
been applied to the casein micelles. Both these techniques provide informa-
tion on the electron density of the sample relative to the solvent. Because 
of technical limitations regarding the wavelength of the radiation relative 
to the total particle size, SAXS methodologies, in essence, provide a viewing 
window on the micelles. The data then must be interpreted in terms of the 
density of the average particles observed within the micelles. To circumvent 
this problem it has been common to study fi rst the sodium caseinate (protein 
aggregates), which is totally contained within the experimental q-scale, and 
so determine its scattering density. Comparison of the density difference is 
then made with that observed for the window on the micelle. When this is 
done carefully, good inferences into the nature of the particles within the 
overall micelle structure can be made. Using these concepts and enhanced 
experimental techniques, the two SANS studies came to very similar con-
clusions that the micelles have within them particles with electron densities 
(scattering centers) similar to those found for the sodium caseinates. For 
the SAXS data, the electron density difference for the sodium caseinate is 
extremely low relative to globular proteins (9.9 e/nm3 for casein versus 67 e/
nm3 for α-lactalbumin) and the particles within the micelles have this same 
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low electron density: similar calculations can be done for the SANS data. 
Where these calculations differ is in the mathematical models used to fi t 
the data for the proteins. Basically, the scattering centers within the micelles 
display a good deal of heterogeneity leading Hansen et al. (1996) to con-
clude a polydisperse distribution of submicelles, while Stothart and Cebula 
(1982) postulated submicelles of a more closely packed nature. Kumosinski 
et al.(1988) fi tted their data for sodium caseinate to a somewhat lopsided 
sphere within a sphere: basically, a spherical hydrophobic core and a loose 
hydrophilic shell reminiscent of Schmidt’s submicelle model (Schmidt, 
1982). However, the data could be fi tted well only for reformed synthetic 
micelles when there was signifi cant overlap among the casein molecules 
contained in adjacent submicelles. These studies arrived at the same conclu-
sion: proteinaceous complexes formed through specifi c casein–casein inter-
actions exist within the casein micelles.

Holt et al. (1998) studied calcium phosphate nanoclusters with both 
SANS and SAXS, and this led them to speculate that the calcium phosphate 
‘clusters rather than putative submicelles could be solely responsible for 
the heterogeneous structure revealed by electron microscopy, neutron scat-
tering and X-ray scattering.’ Recent studies on casein micelles by Marchin 
et al. (Pignon et al., 2004; Marchin et al., 2007) using SAXS/USAXS, com-
bined with the more modern microscopic technique of cryo-TEM, also 
questioned the existence of submicelles and suggested that the micelles are 
dominated by calcium phosphate nano-clusters of 2.5 nm in diameter, which 
is in general agreement with Holt’s model. However, the details of the 
internal structure and subsequent reorganization upon the removal of 
serum calcium phosphate or of β-casein remain uncharacterized.

Arguably, we raise the prospect that casein–casein interactions might be 
as prevalent as the possible existence of inorganic calcium phosphate nano-
clusters within the micelles. Despite the fact that the debate over the 
molecular details involving the formation and stabilization of casein micelles 
is likely to continue, few would doubt the complex and dynamic nature in 
the delicate balance of hydrophobic (casein–casein) interactions and elec-
trostatic (casein–casein and casein–calcium–phosphate) interactions. The 
fast advancement in the fi eld of protein folding research, theoretical and 
experimental, combined with emerging bioinformatics methodologies 
will, without doubt, signifi cantly advance our understanding of the growing 
class of proteins such as casein which inherently lack a well-defi ned three-
dimensional (3D) structure.

6.5 Future trends

Past research on casein micelles has provided us with a wealth of informa-
tion for consideration of possible applications aimed at improving human 
health. Various attributes of casein micelles, including their size and rela-
tive stability, make them an ideal candidate for the currently ever-growing 
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arena of nanotechnology. It has recently been demonstrated (Semo et al.,
2007; Sozer and Kokini, 2009) that casein micelles may be manipulated to 
act as an effective delivery vehicle for minerals, vitamins, bioactive and 
nutraceutical compounds through nanoencapsulation and nanoparticula-
tion processes. The lack of unifying safety regulations and generally nega-
tive public perception of manufactured nanomaterials for food applications 
will undoubtedly highlight the natural and superior advantages of casein 
micelles.
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Glycosylated dairy components: Their 
roles in nature and ways to make use of 
their biofunctionality in dairy products
I. Recio, F. J. Moreno and R. López-Fandiño, Instituto de 
Fermentaciones Industriales (CSIC), Spain

Abstract: This chapter deals with the most important proteins that are naturally 
glycosylated in milk, including i) κ-casein and caseinmacropeptide, ii) 
glycosylated whey proteins and iii) glycoproteins associated with the milk-fat 
globule membrane. Data based on structure–function and biological role of these 
glycoproteins are discussed in detail, with special attention to the health 
promoting activities that may be mediated by the carbohydrate portion. For 
instance, glycans from milk proteins may serve as recognition sites interacting 
with viruses, microorganisms and cell membrane lectins. In this sense, this 
chapter underlines the importance of carrying out further research on milk 
biologically active glycoproteins, as it could allow expanding their potential 
commercial applications in the food and pharmaceutical industries.

Keywords: milk proteins, glycosylation, caseinmacropeptide, whey, milk-fat 
globule membrane.

7.1 Introduction: Glycosylation of milk proteins

Glycan moieties that are covalently bound to proteins play a signifi cant role 
in defi ning the physicochemical and biological properties of such proteins. 
Carbohydrates can be attached to proteins in two major ways, resulting in 
the so-called N-glycans and O-glycans. N-glycans consist of a carbohydrate 
moiety N-linked to the amide nitrogen of Asp side chains within an Asn-
X-Ser/Thr motif, where X corresponds to any amino acid except for Pro, 
although there is also the option of having Cys instead of Ser/Thr (Vance 
et al., 1997). Due to their common biosynthetic pathway, all N-glycans share 
a well-defi ned trimannosyl pentasaccharide core with two molecules of 
N-acetylglucosamine (Man3GlcNAc2) and can be divided into three classes: 
i) high mannose-type glycans, containing only two GlcNAc, a variable 
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number of Man and sometimes also glucose (Glc) residues; ii) complex-
type glycans, exhibiting variable numbers of GlcNAc, galactose (Gal), 
fucose (Fuc) and sialic acid, and sometimes also GalNAc residues in addi-
tion to the pentasaccharide core; and iii) hybrid-type glycans, combining 
the characteristic features of both high-mannose and complex-type species 
(Dalpathado and Desaire, 2008; Geyer and Geyer, 2006). Depending on 
the number of branches attached, complex-type glycans can be also subdi-
vided to bi-, tri- and tetra-antennary structures (Nilsson, 1994). O-glycans
are formed by glycosylation of the hydroxy oxygen of Ser and Thr side 
chains, generally in sequence regions of high hydroxyamino acid density.

The mammary gland naturally secretes N- or O-glycosylated proteins 
and glycosylation is undoubtedly one of the most important post-
translational event for functional proteins. It is essential for the stability of 
many proteins and is often necessary for correct protein folding (3D), con-
formation, solubility, intracellular transport or tissue targeting. Glycosyla-
tion is also required for the biological activity of several proteins, e.g. 
antibodies. Likewise, since many pathogens use carbohydrate-binding pro-
teins to attach to cells and initiate infection processes (Zopf and Roth, 
1996), a number of milk glycoproteins, particularly those containing sia-
lylated oligosaccharides, have been shown both to inhibit adhesion of path-
ogens and separate bacteria already attached on the host tissue, as will be 
explained below.

The purpose of this chapter is to review the newest data based on 
structure–function relationships and the biological role of the most impor-
tant milk glycoproteins, including i) κ-casein and caseinmacropeptide, ii) 
glycosylated whey proteins and iii) glycoproteins associated with the milk-
fat globule membrane.

7.2 κ-casein and caseinmacropeptide

κ-casein is the only glycosylated component among the four milk caseins. 
In this protein, glycosylation, as well as all the other post-translational 
modifi cations, is found exclusively in the C-terminal portion of the mole-
cule. The 64 C-terminal amino acids of κ-casein can be released by chy-
mosin or pepsin cleavage between Phe105-Met106, during the manufacture of 
cheese or during digestion in the stomach, producing a heterogeneous 
group of polypeptides known as caseinmacropeptide (CMP) (Delfour et al.,
1965). CMP is abundant and comprises, approximately, 15–20% (w/w) of 
the protein in bovine milk whey. CMP is a highly soluble, acidic peptide, 
with an isoelectric point of 4–5. It is heat stable and, as it is the case of 
κ-casein, it can exist in several forms due to extensive post-translational 
modifi cations such as glycosylation, phosphorylation and genetic variance. 
Table 7.1 summarises the sites of genetic variant substitution, glycosylation 
and phosphorylation, which contribute to this heterogeneity in bovine 
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Table 7.1 Amino acid residues of bovine CMP, genetic variants and 
postranslational modifi cation sites involved in its heterogeneity. The 
nomenclature is based on the amino acid sequence of κ-casein whole mature 
protein

Amino acid sequence 
(dominant variant A)

Genetic
polymorphism

Glycosilation
sites

Phosphorilation
sites

κ-CN f(106–169)
Met-Ala-Ile-Pro-Pro-

Lys-Lys-Asn-Gln-
Asp-Lys-Thr-Glu-Ile-
Pro-Thr-Ile-Asn-Thr-
Ile-Ala-Ser-Gly-Glu-
Pro-Thr-Ser-Thr-Pro-
Thr-Thr-Glu-Ala-Val-
Glu-Ser-Thr-Val-Ala-
Thr-Leu-Glu-Asp-Ser-
Pro-Glu-Val-Ile-Glu-
Ser-Pro-Pro-Glu-Ile-
Asn-Thr-Val-Gln-Val-
Thr-Ser-Thr-Ala-Val

A/F) T135 T136

D148 I153 S155

B/C = D) T135 I136

A148 I153 S155

B2) T135 I136 A148

T153 S155

E) T135 T136 D148

I153 G155

G/H) I135 T136

D148 I153 S155

T121 T131 T133

T135/T136

S141 T142 T165

S127 S149

Mercier et al. (1973) Alexander et al.
(1988)

Coolbear et al.
(1996)

Prinzenberg et al.
(1999)

Claverol et al.
(2003)

Holland et al.
(2004)

Minkiewicz
et al. (1996)

Mollé & Léonil 
(1995)

Pisano et al.
(1994)

Vreeman et al.
(1986)

Claverol et al.
(2003)

Holland et al.
(2004)

Mercier (1981)
Minkiewicz

et al. (1996)
Mollé & Léonil 

(1995)
Talbo et al.

(2001)

CMP. The structures of ovine and caprine CMP have been reviewed by 
Manso and López-Fandiño (2004).

As shown in Table 7.1, up to 11 genetic variants of κ-casein are known, 
but variants A and B dominate in bovine milk. These differ by two amino 
acid substitutions: Thr136 in variant A and Ile136 in variant B, and Asp148 in 
variant A and Ala148 in variant B. In addition, there are three phosphoryla-
tion sites. Ser149 is fully phosphorylated and Ser127 is the second most impor-
tant phosphorylation site.

Glycosylated forms represent only about 50% of the total κ-casein or 
bovine CMP, which, in this case, is referred to as glycomacropeptide 
(Vreeman et al., 1986). Five different mucin-type carbohydrate chains, com-
posed of a sialic acid, N-acetylneuraminic acid (NeuAc), galactose (Gal) 
and N-acetylgalactosamine (GalNAc), have been identifi ed in κ-casein
(Saito and Itoh, 1992): (i) monosaccharide GalNAc-O-R, (ii) disaccharide 
Galβ1-3GalNAc-O-R, (iii) trisaccharide NeuAcα2-3 Galβ1-3GalNAc-O-R, 
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(iv) trisaccharide Galβ1-3(NeuAc α2-6)GalNAc-O-R, (v) tetrasaccharide 
NeuAcα2-3Galβ1-3(NeuAc α2-6)GalNAc-O-R.

These are O-glycosidically linked to the peptide through threonine resi-
dues. Thr121, Thr131, Thr133, Thr136 (variant A), and Thr142 seem to be accepted 
as the most important glycosylation sites, but also Thr165, Thr135 and Ser141

have been proposed as potential glycosylation sites (Kanamori et al., 1980; 
Pisano et al., 1994; Takeuchi et al., 1985; Zevaco and Ribadeau-Dumas, 
1984). A more recent identifi cation of the modifi ed sites, which involved 
the previous separation of the glycoforms by two-dimensional electro-
phoresis, revealed a distinct hierarchy in the O-glycosylation of κ-casein
that implies an ordered addition of glycans to Thr131, Thr142 and Thr133

(Holland et al., 2005). Microheterogeneity occurs due to variations in the 
extent and type of oligosaccharides linked. The post-translational modifi ca-
tions result in 14 glycosylated forms of κ-casein variant A and CMP, in 
addition to the identifi ed aglyco-forms (Mollé and Léonil, 1995).

CMP is a multifunctional peptide with many possible biological applica-
tions (for reviews, see Abd El-Salam et al., 1996; Brody, 2000; Dziuba and 
Minkiewicz, 1996; Manso and López-Fandiño, 2004; Thomä-Worringer 
et al., 2006). Structure-activity studies have pointed out the importance of 
certain elements of the peptide for the different biological functions. In 
particular, those activities that rely on interactions with cell components 
are linked to the content and structure of the sugar residues, while others 
depend on the primary structure and can be exerted by smaller peptides 
encrypted in the molecule. The value of CMP as a multifunctional bioactive 
compound is supported by the fi nding in human plasma of bovine and 
human CMP at physiologically active concentrations (Chabance et al., 1995, 
1998). In fact, in vivo studies showed that the peptide is released intact from 
the stomach and undergoes only partial hydrolysis by pancreatic enzymes 
(Fosset et al., 2002; Ledoux et al., 1999), although the digestion profi le may 
vary depending on the degree of glycosylation (Boutrou et al., 2008). Fur-
thermore, ovine CMP had a very long life when incubated in human or 
guinea-pig plasma (Qian et al., 1995). In addition, several active fragments 
of κ-casein were found in the blood stream of humans and rats, which 
provides evidence for the resistance of the active sequences, either gener-
ated in vitro or in vivo, to further digestion (Chabance et al., 1998; Fosset 
et al., 2002).

The functional properties of CMP make it an interesting ingredient for 
use in the development of novel foods with health-promoting benefi ts. On 
top of its solubility and heat stability, bovine CMP displays a good emulsify-
ing capacity, with a maximum activity observed at alkaline pH and a 
minimum in the pH range 4.5 to 5.5 (Martín-Diana et al., 2005). However, 
the stability of heat-treated CMP stabilised emulsions deteriorates after 
24 h of storage (Chobert et al., 1989; Minkiewicz et al., 1996; Moreno et al.,
2002). CMP modifi ed by conjugation with disaccharides or fatty acids may 
exhibit improved functionality and even enhanced biological activities 
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(Moreno et al., 2002; Wong et al., 2006). Further information about the 
technological functional properties of CMP and its incorporation into food 
matrices can be found in Thomä-Worringer et al. (2006).

Various methods have been described for the isolation of CMP, mainly 
by means of chromatography or ultrafi ltration, although the latter is pre-
ferred due to ease of scaling up and low cost. Most of the ultrafi ltration 
methods make use of the pH-dependence of the molecular weight of CMP 
to infl uence its permeation behaviour and to separate it from the other 
whey proteins (Kawasaki et al., 1993a). Such pH-induced changes in the 
molecular weight of CMP are attributed to self-associations through non-
covalent interactions that lead to the formation of oligomers at neutral pH, 
which partially dissociate at acidic pH (Kawasaki et al., 1993a; Xu et al.,
2000), although disagreement on this matter exists (Mikkelsen et al., 2005a; 
Minkiewicz et al., 1996). Other methods use the high thermal stability of 
CMP in comparison with whey proteins, which denature and aggregate at 
90°C, to facilitate its separation by ultrafi ltration (Martin-Diana et al., 2002; 
Metwally et al., 2001). As an alternative to the separation of CMP from the 
whey proteins, it is possible to treat micellar casein with chymosin to obtain 
a solution rich in CMP, before concentration by microfi ltration or diafi ltra-
tion (Thomä and Kulozik, 2004).

Regarding its recombinant production, human non-glycosylated CMP 
was produced in Escherichia coli with high yield (Liu et al., 2008), while 
yeasts were used to produce human glycosylated CMP, although it was 
signifi cantly less glycosylated than bovine CMP (Kim et al., 2005). Trans-
genic rabbits were also treated to express high levels of low-Phe κ-casein
in their milk. In the recombinant protein, four out of the fi ve Phe were 
mutated, but it kept its micelle formation ability and was digestible by 
chymosin (Baranyi et al., 2007).

In view of the different processes available for the production of CMP 
and of the importance of its structure (in particular glycosylation) in its 
various biological activities, it is necessary to know whether the methodol-
ogy used to obtain the CMP infl uences its structure and activity (Li and 
Mine, 2004a; Lieske et al., 2004; Thomä-Worringer et al., 2006). Similarly, 
storage and technological processes, such as heating, may affect the glyco-
sylation degree or the chemical stability of CMP (Lieske et al., 2004).

7.2.1 Bioactivity of glycosylated caseinmacropeptide
The sialic acid content of CMP is very important in terms of bioactivity. 
Large amounts of this carbohydrate are found in the brain and in the central 
nervous system in the form of gangliosides and glycoproteins, which con-
tribute to the functioning of cell membranes and membrane receptors, 
and to normal brain development. An in vivo experiment with laboratory 
animals has shown that the exogenous administration of sialic acid increased 
the production of ganglioside sialic acid in the brain, improving learning 
ability, an effect that could also be achieved with dietary CMP (Wang 
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et al., 2001, 2004). In fact, sialic acid from a CMP source fed to piglets, in 
amounts similar to those present in mature sow milk, for 35 days, was 
associated with faster learning, higher concentration of protein-bound sialic 
acid in the frontal cortex and higher mRNA levels of two learning-related 
genes (Wang et al., 2007).

κ-casein and CMP interact with toxins, viruses and bacteria, exerting 
health-promoting activities that are strongly mediated by the carbohydrate 
fraction, as many pathogens and enterotoxins adhere to cells by recognising 
carbohydrate receptors (Dziuba and Minkiewicz, 1996). Human κ-casein
prevented the adhesion of Helicobacter to sections of stomach tissue 
(Strömquist et al., 1995). CMP inhibits the binding of cholera toxins to their 
oligosaccharide receptors on cell walls (Kawasaki et al., 1992; Oh et al.,
2000) and protects cells from infection by infl uenza virus (Kawasaki et al.,
1993b). The carbohydrate structure and, in particular NeuAc, is considered 
crucial for the binding ability of CMP to Salmonella enteriditis and entero-
hemorrhagic Escherichia coli 0157: H7 (Nakajima et al., 2005). However, 
the antiadhesive activity of CMP shows a strong strain-dependent behav-
iour, which stresses the infl uence on the results of the existence of CMP 
forms varying in the degree of glycosylation, the lack of knowledge of the 
cellular receptors for different strains of pathogenic and non pathogenic 
bacteria, and the use of different assay formats and cell lines, (Brück et al.,
2002, 2003a, 2006a; Rhoades et al., 2005). In vivo, CMP was shown to reduce 
Escherichia coli induced diarrhoea in infant rhesus monkeys and it was 
observed that CMP supplementation even increased zinc absorption (Brück 
et al., 2003b; Kelleher et al., 2003).

Sialic acid containing substances, including human and bovine CMP, 
promote the growth of the Bifi dobacterium genus: B. breve, B. bifi dum, and 
B. infantis (Azuma et al., 1984; Idota et al., 1994; Metwally et al., 2001). 
Supplementation of milk with 2% CMP increased the counts of B. lactis
when compared with unsupplemented milk (Janer et al., 2004). The ability 
of CMP to nourish healthy gut microfl ora points at its potential as a prebi-
otic in functional foods, or as a supplement in infant formulae to simulate 
the benefi cial bacteriological effects of breast milk, effects that are sup-
ported by its anti-adhesive capacity to pathogens (Brück et al., 2002, 2003a, 
2006a). However, when the prebiotic effect of CMP-supplemented infant 
formulae was tested in healthy term infants, it could not be demonstrated 
that CMP altered the gastrointestinal fl ora making it closer to that of 
breast-fed infants. A possible explanation of the apparent discrepancy 
between this result and those previously observed in vitro, in batch and 
continuous culture models, is that the prebiotic effect is seen only with low 
starting populations of the benefi cial microbiota (Brück et al., 2006b). Fur-
thermore, to exert desirable effects on the gut microfl ora, the antiadhesive 
effect would need to be selective for pathogens and potentially harmful 
organisms over the desirable probiotic fl ora (Rhoades et al., 2005).

Dietary intake of CMP as a source of NeuAc was found to increase the 
sialic acid content of the saliva in piglets that infl uences its viscosity and 
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protective properties (Wang et al., 2004). Because of its anti-adhesive prop-
erties, CMP inhibits the adhesion of cariogenic bacteria such as Streptococ-
cus mutans, S. sanguis and S. sobrinus to the oral cavity (Neeser et al., 1988, 
1994; Vacca Smith et al., 2000) and modulates the composition of the dental 
plaque microbiota (Guggenheim et al., 1999; Schupbach et al., 1996). Various 
structurally different glycosylated CMP compounds prevent the adhesion to 
different degrees (Neeser et al., 1988). As part of common personal hygiene 
products, CMP can prevent dental caries by helping to control acid forma-
tion in the dental plaque, in turn reducing hydroxyapatite dissolution from 
tooth enamel and promoting remineralisation (Aimutis, 2004).

Glycosidic CMP forms containing sialic acid could also regulate food 
intake and gastrointestinal functions through the stimulation of the release 
of cholecystokinin (CCK) from intestinal receptors in the duodenum of 
animals and humans (Beucher et al., 1994; Yvon et al., 1994). CCK controls 
food intake and digestion by regulating the release of pancreatic enzymes 
and slowing down intestinal contractions (Pedersen et al., 2000). However, 
in contrast with reports stating that CMP could suppress appetite, according 
to Ney et al. (2008) CMP did not reduce food intake in growing mice. Whey 
protein isolate (WPI)-fed Wistar rats experienced a signifi cant reduction in 
body weight gain when compared to casein-fed animals, but inclusion of 
CMP did not offer a signifi cant benefi t in weight control as compared to WPI 
alone, although it decreased abdominal fat accumulation (Royle et al., 2008). 
In humans, a study conducted with adults over a short-time period suggested 
that CMP (at doses of 0.4 and 2.0 g) had no effect on food intake or on sub-
jective indicators of satiety (Gustafson et al., 2001). Furthermore, no remark-
able effects of CMP (0.8 g) were found on CCK release in ten men and ten 
women, although it was suggested that CMP could play a role in compensa-
tory energy intake regulation (Burton-Freeman, 2008). In another recent 
paper, CMP-enriched WPI (with a dose of 27 g/day of CMP for 6 months) 
had no additional effect on the weight loss produced by a high-protein meal 
(Keogh and Clifton, 2008). In the two latter studies, it was concluded that 
the most likely explanation for the lack of activity was that insuffi cient CMP 
was provided, as compared with the doses used in the rat studies (Keogh and 
Clifton, 2008). In particular, in food preparations with low protein, higher 
doses of CMP may be required to achieve the CCK release and satiety effects 
reported in animals (Burton-Freeman, 2008).

κ-casein exerts immunosuppressive effects, with the inhibitory activity 
depending on the CMP portion (Otani et al., 1992; Otani and Monnai, 1993; 
Otani and Hata, 1995). CMP inhibits mitogens from inducing the prolifera-
tion of lymphocytes and it can even induce apoptosis of certain lymphocytes 
(Matin and Otani, 2000; Otani et al., 1995). The immunomodulatory effects 
of CMP, such as the inhibition of mitogen-induced proliferative responses 
(Otani et al., 1995) and the enhancement of the proliferation and phagocitic 
activity of human macrophages (Li and Mine, 2004b), were reported to 
depend both on the polypeptide portion and on the presence of NeuAc. In 
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contrast, Mikkelsen et al. (2005b) stated that sialic acid was not important 
for the immunomodulatory activity of the four sialylated milk proteins: 
κ-casein, CMP, lactoferrin or PP3. This discrepancy could be attributed to 
the dependency of these effects on the immunological responsiveness of 
the mouse strain used for the cell proliferation assay, the cell type and the 
mitogen employed to stimulate proliferation (Gauthier et al., 2006; 
Mikkelsen et al., 2005b; Otani et al., 2005).

Monnai et al. (1998) showed that dietary CMP had a signifi cant suppress-
ing activity towards the production of IgG antibodies specifi c to dietary 
ovalbumin, helping to down-regulate the immune response to antigens in 
newborn mammals. Immunisation or feeding of mice with κ-casein gave 
rise to CMP-specifi c IgG1, IgG2 and IgM antibodies, whereas CMP per se
lacked immunogenicity independently of the route of presentation 
(Mikkelsen et al., 2006). While these results suggest that CMP is not likely 
to cause allergy, Pizzano et al. (2005) reported that at least one patient who 
had outgrown allergy to cows’ milk, presented serum IgE that exclusively 
recognised bovine κ-casein glycoforms.

κ-casein and CMP may infl uence downstream events in the immune 
infl ammatory response through the modulation of cytokine production, 
suppression of interleukin receptors expression, or induction of receptor 
antagonists (Monnai and Otani, 1997; Otani and Monnai, 1995; Otani et al.,
1996). In vitro assays showed that κ-casein inhibited all proinfl ammatory 
cytokines in lipopolysaccharide-stimulated murine dendritic cells, whereas 
less marked effects of CMP and lactoferrin were seen, and that these activi-
ties were independent of sialic acid (Mikkelsen et al., 2005b). In fact, CMP 
displayed anti-infl ammatory activity in rats with hapten-induced colitis and 
so its use was proposed in immunosuppressive foods and for the manage-
ment of infl ammatory bowel disease (Daddaoua et al., 2005). The mecha-
nism of action may involve downregulation of interleukin 17 (Th17) and 
regulatory T cells (Requena et al., 2008).

7.2.2 Nutritional and biological activities that do not 
depend on glycosylation

Regardless of the sugar content, CMP has a unique amino acid profi le, as 
it contains no aromatic amino acids (Phe, Trp, Tyr), no Cys, Arg or His, 
but it is rich in branched-chain amino acids (Ile and Thr) and low in Met. 
These characteristics make it a useful component that can be formulated 
into a variety of acceptable low Phe foods and beverages (Lim et al., 2007). 
CMP is suitable for nutrition in cases of phenylketonuria (PKU), a genetic 
disorder caused by a defi ciency of hepatic phenylalanine hydroxylase, with 
severe neuropsychological consequences. However, since CMP contains 
limiting amounts of the indispensable amino acids: Arg, His, Leu, Met, Trp 
and Try, it has to be supplemented to provide an adequate source of protein 
for individuals with PKU. In support of the utilisation of CMP in the PKU 
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diet, Ney et al. (2008) observed similar growth, with signifi cantly lower 
concentrations of Phe, in plasma and brain of a mouse model of PKU, 
compared to an amino acid diet. However, because of its high content of 
Thr, CMP can cause hyperthreoninemia (Fanaro and Vigi, 2002; Rigo 
et al., 2001), and it has been postulated that the application in infant formula 
of whey protein concentrates low or free from CMP would give plasma 
amino acid profi les that more closely resemble that of breast milk-fed 
infants (lower Thr, higher Trp and Cys) (Mallee and Steijns, 2007; Sand-
ström et al., 2008).

Certain biological activities can be exerted by non-glycosylated κ-casein
or CMP, or by shorter fragments within their structure, which can be 
released by specifi c enzymatic hydrolysis in vitro or in vivo. For instance, 
several short sequences, generated by enzyme digestion, possess antibacte-
rial properties against different Gram-positive and Gram-negative bacteria 
(López-Expósito et al., 2006; Malkoski et al., 2001).

The region 106–116 of κ-casein is analogous to the fragment 400–411 of 
fi brinogen γ-chain and thus, CMP can inhibit fi brinogen binding to its plate-
let receptors, which leads to platelet aggregation and the formation of 
thrombi (Jollès et al., 1978, 1986; Rutherfurd and Gill, 2000). A number of 
peptides deriving from the sequence 106–116 of κ-casein that can be pro-
duced by tryptic hydrolysis were shown to inhibit platelet aggregation 
in vitro (Léonil and Mollé, 1990; Manso et al., 2002; Maubois et al., 1991; 
Quian et al., 1995). Interestingly, the antithrombotic activity of bovine, 
ovine and human CMP, as well as bovine κ-casein fragments 106–116 and 
112–116, was achieved in vivo at lower doses than those suspected from the 
in vitro platelet aggregation data (1 mg kg−1). CMP was antithrombotic in 
the guinea-pig (Bal dit Sollier et al., 1996).

Peptides with in vitro angiotensin I converting enzyme (ACE)-inhibitory 
activity were liberated from bovine, ovine and caprine CMP by proteolysis 
with trypsin (Manso and López-Fandiño, 2003). In addition, CMP and its 
tryptic peptides exhibited, in vitro, relaxant actions on endothelium intact 
aortic rings, and in vivo studies revealed a blood pressure lowering effect 
of CMP and its tryptic hydrolysate on spontaneously hypertensive rats 
(Miguel et al., 2007). Provided that their effi cacy is proved in humans, CMP 
and its tryptic peptides, by virtue of their combined cardiovascular effects, 
could be applied in the development of functional foods to regulate blood 
circulation.

7.3 Glycosylated whey proteins

Whey contains components that not only provide nutrition, but can also 
prevent and attenuate disease, or augment conventional therapies, when 
delivered in amounts that exceed normal dietary intakes. Several reviews 
have covered the health properties of whey proteins and their clinical 
implications (Krissansen, 2007; Marshall, 2004). These biological activities 
are due mainly to the amino acid composition, to the presence of specifi c 
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clusters of amino acids, or to certain conformations; and, in some cases, 
these activities are also related to the glycan groups attached to the protein 
molecule. This section will deal with whey proteins that are naturally glyco-
sylated in milk and their biological activities in the organism. Special atten-
tion will be paid to the importance that glycan moieties may play on protein 
conformation and physiological function.

7.3.1 Lactoferrin
Lactoferrin is an iron-binding glycoprotein (about 80 kDa) of the trans-
ferrin family, found mainly in the milk of various mammals and in other 
exocrine secretions such as tears, saliva, synovial fl uids and blood (Lonner-
dal, 2003). The concentration of lactoferrin in milk varies widely among 
species: lactoferrin in human milk is the second most abundant whey 
protein, next to α-lactalbumin, whereas bovine milk contains much lower 
amounts of lactoferrin. The concentration of lactoferrin changes from 
2–5 mg/ml in colostrum to 0.1–0.3 mg/ml in mature bovine milk. The struc-
ture of lactoferrin has been studied in detail (reviewed recently by Legrand 
et al., 2008). Lactoferrin is composed of two homogeneous globular lobes 
(the N- and C-lobes). These two lobes share 40% identity, which is believed 
to be the result of duplication of an early ancestral gene (Baker et al., 2002). 
Each molecule of lactoferrin is capable of binding two molecules of Fe3+

and this binding affects its structure. Each lobe comprises two sub-lobes or 
domains, which form a cleft where the ferric ion is tightly bound in syner-
gistic cooperation with a carbonate anion. In the iron-free form (apo-
lactoferrin), the N-lobe has an ‘opened’ conformation and the C-lobe has 
a ‘closed’ conformation. In the ion-saturated form (holo-lactoferrin), both 
lobes are in their ‘closed’ conformations. (Kanyshkova et al., 2001).

Multiple molecular mass forms of bovine lactoferrin have been isolated 
from colostrum and mature milk. The high and low molecular mass forms 
have masses of 84 and 81 kDa and are designated as lactoferrin-a and -b, 
respectively. It has been suggested that the difference is due to the differ-
ence in the glycan moieties. The content of the high molecular mass form 
in colostrum and mature milk is less than half of that of lactoferrin-b. 
Bovine lactoferrin posses fi ve potential N-linked glycosylation sites (Asn233,
Asn281, Asn368, Asn476, and Asn545), of which four are always utilised, but 
Asn281 is glycosylated only in lactoferrin-a (Wei et al., 2000). The carbohy-
drate moieties of bovine lactoferrin consist of high-mannose type glycans, 
and the relative proportions of these glycans vary with the period of lacta-
tion. In bovine lactoferrin, Asn233 and Asn545 are linked to high-mannose 
type glycans and Asn368 and Asn476 with heterogeneous complex-type struc-
tures (Wei et al., 2001). In addition, the glycan containing GalNAc is only 
located at Asn476 (Wei and Nishimura, 2003), and N-acetylglucosamine
(GlcNAc) is present at Asn368 (Moore et al., 1997).

LF exerts various biological activities, which can be grouped under the 
heading ‘host defence’. These activities would include antibacterial, antivi-
ral and antitumour activities; regulation of cell growth and differentiation; 
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anti-infl ammatory activities; and modulation of the immune response 
(reviewed by Legrand et al., 2005, 2008; Valenti and Antonini, 2005; Wakaba-
yashi et al., 2006; Ward et al., 2005; Yamauchi et al., 2006). However, other 
less-known activities have also been reported for this protein, such as pro-
teolytic activity (Hendrixson et al., 2003), inhibition of bacterial biofi lms 
(Singh et al., 2002) and promotion of bone growth (Cornish et al., 2004).

The signifi cance of glycosylation for lactoferrin is not completely under-
stood. Most of the glycosylation sites are highly exposed on the protein 
surface, but there is one for which this is not the case, and that is likely to 
affect protein dynamics and/or function. Asn545, in cow, buffalo, sheep and 
goat lactoferrins, lies in a surface cleft between the two domains of the 
C-lobe, where, by providing additional interactions with both domains, it 
may help to stabilise the ‘closed state’ (Jabeen et al., 2005; Moore et al.,
1997). Crystal structures showed that the carbohydrate chain attached to 
Asn545 appears to contribute to interdomain interactions and may modulate 
iron release from the C-lobe (Moore et al., 1997). Although it has been sug-
gested that glycan moieties in lactoferrin could be involved in antimicrobial 
functions (Tomita et al., 1994) and in a decrease of the immunogenicity of 
the protein (Spik et al., 1988), it has been demonstrated only that glycosyla-
tion protects lactoferrin against tryptic hydrolysis. The major tryptic cleav-
age site reported for bovine lactoferrin is Lys282 (Shimazaki et al., 1993), 
which is located in the contiguous position to Asn281. This explains why the 
high molecular mass form of bovine lactoferrin, lactoferrin-a, where Asn281

is glycosylated, is less susceptible to tryptic hydrolysis than bovine lactofer-
rin-b (van Veen et al., 2004). Due to this resistance, it would be expected 
that bovine lactoferrin-a might also be superior in offering protection in the 
mammary gland and the intestinal tract of the newborn. However, even 
though bovine lactoferrin-a is about 10 times more resistant to trypsin than 
bovine lactoferrin-b, it is still much more sensitive to trypsin than human 
lactoferrin (which is 100-fold more resistant). Because human lactoferrin is 
also less susceptible to pepsin, it is clear that human lactoferrin has more 
resistance to survive in the environment of the gastrointestinal tract, and 
therefore it should be considered when looking for oral applications of 
lactoferrin. For human lactoferrin, it has also been demonstrated that 
glycosylation has little effect on protein affi nity but confers resistance to 
hydrolysis. A comparative study between native and deglycosylated human 
lactoferrin showed that their binding properties for iron, lysozyme and 
bacterial lipopolysaccharide are identical but the loss of carbohydrate 
increases the sensitivity to proteolysis (Vanberkel et al., 1995). Finally, in 
order to gain more insight into the latest understanding of the human health 
benefi ts of lactoferrin, the reader may be referred to Chapter 11 of this book.

7.3.2 α-Lactalbumin
α-Lactalbumin is, quantitatively, the second most important protein in 
bovine whey, representing approximately 20% (w/w) of the total whey 
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protein, and it is fully synthesised in the mammary gland. In human milk, 
α-lactalbumin is the most abundant protein. It functions as a galactosyl-
transferase co-enzyme in lactose synthesis. The crystal structure has been 
solved, revealing α-helical and β-sheet domains and four disulfi de bonds. 
The molecular mass of the bovine protein is 14 178 Da and it is a metallo-
protein with a high-affi nity binding site for Ca2+, although other divalent 
ions can also interact. In fresh milk, a small part of the native protein occurs 
in the glycosylated form (Barman, 1970). The glycan moiety is composed 
mainly of GlcNAc, GalNAc, and Man, and contains low quantities of 
fucose (Fuc), galactose (Gal) and NeuAc (Tilley et al., 1991). In bovine 
α-lactalbumin, Asn45 is reported to be the single point of attachment of 
carbohydrate groups, although one more potential glycosylation site is 
present at Asn74. The glycan moiety does not seem to be involved in the 
role of α-lactalbumin in lactose biosynthesis, since the glycosylated and 
nonglycosylated forms are equally active (Barman, 1970).

In addition to its activity as co-factor in the synthesis of lactose, 
α-lactalbumin has been found to exert other biological activities. 
α-Lactalbumin is especially rich in Cys and Trp. It is known that Trp and 
its metabolites regulate several neurobehavioural effects such as appetite, 
sleeping–waking rhythm and pain perception (Heine et al., 1995). Other 
studies have found that α-lactalbumin has a prebiotic effect, as demon-
strated by using in vitro (Brück et al., 2003a; Petschow and Talbott, 1991) 
and human studies (Bettler and Kullen, 2007; Brück et al., 2006b). In vitro,
a signifi cant reduction in the count of Salmonella and enteropatogenic 
Escherichia coli was observed in media supplemented with α-lactalbumin
(Brück et al., 2003a). It has also been observed that α-lactalbumin and its 
hydrolysates decrease association and internalisation of pathogenic bacte-
ria to intestinal cells (Caco-2) (Brück et al., 2006a; Peterson et al., 1998). 
However, the mechanism by which α-lactalbumin exerts this activity 
remains unclear. These authors suggested that this whey protein might 
disturb cellular metabolism by increasing cell permeability. It is likely that 
its prebiotic effect is related to the high Cys content of the protein, or to a 
possible antimicrobial effect of the protein and its hydrolysates rather than 
to the glycan chains of the molecule. As described in Section 7.2.1 for CMP, 
bacterial binding is mediated by adhesins and capsular material on the 
bacterial cell surface or by fi mbriae or pili, which are specifi c for various 
ceramide and ganglioside glycoconjugates of the epithelial cell membranes 
(Neeser et al., 1995). It is therefore considered that exogenous substances 
containing the same carbohydrate residues, such as NeuAc, might competi-
tively inhibit bacterial adhesion to intestinal cells and inhibit colonization. 
However, as only a small proportion of α-lactalbumin is glycosylated, it 
does not seem likely that the prebiotic effect is primarily caused by the 
glycosylated fraction of the protein.

An additional activity for α-lactalbumin, not related to the glycan moie-
ties of the molecule but to a conformational change, is the antitumoral 
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activity. Partly unfolded apo-α-lactalbumin forms an active complex with 
oleic acid known as HAMLET (human α-lactalbumin made lethal to tumor 
cells). The in vitro and in vivo activity and the mechanism of action of this 
molecular complex have been recently reviewed (Hallgren et al., 2008).

7.3.3 Immunoglobulins
Immunoglobulins (Ig) constitute a complex group of glycoproteins present 
in the serum, tissue fl uids and milk of all mammals. Colostrum is particu-
larly rich in immunoglobulins, but their concentration declines during 
normal lactation. In the cow, the major class of immunoglobulins is IgG1, 
with concentrations of about 48 g/l in colostrum and 0.6 g/l in mature milk; 
while in human milk the predominant class of immunoglobulins is IgA, with 
levels of about 17 g/l in colostrum and about 1 g/l in milk. They play the 
role of antibodies in response to antigenic or immunogenic stimuli, such as 
bacteria and viruses, and thus provide protection against microbial infec-
tions. The technologies to produce specifi c immunoglobulins and the clini-
cal studies undertaken to determine their effi cacies against human and 
animal infections have recently been reviewed (Mehra et al., 2006), and the 
biological basis for their health benefi ts will be considered in Chapter 10 
of this book.

In terms of quaternary structure, immunoglobulins are monomers or 
polymers of a four-chain molecule, consisting of two light polypeptide 
chains (with molecular masses in the range of 25 kDa) and two heavy chains 
(50–70 kDa) (Fig. 7.1). Antibodies form a Y-shaped structure consisting of 
two identical Fab ‘arms’, and an Fc stem. The Fab regions contain the 
antigen-binding sites, while the elimination of the antigen is mediated by 
the Fc through the activation of host immune mechanisms. All Igs contain 
carbohydrates at conserved positions in the constant regions of the heavy 
chains. IgG has a N-linked biantennary structure at Asn297 on each heavy 
chain, and crystallographic studies (Deisenhofer, 1981) have shown that the 
two CH2 domains of the Fc stem do not interact by protein–protein con-
tacts, but instead through an interstitial region that is formed by oligosac-
charides (Fig. 7.1). In addition, up to 30% of human and rabbit IgGs possess 
also Fab-associated carbohydrates. IgA1 and IgD molecules also contain 
several O-linked sugars (Wright and Morrison, 1997).

Structural roles for glycosylation in Igs are well documented (Krotk-
iewski, 1999; Rudd et al., 2001; Wright and Morrison, 1997). Sugar chains 
infl uence physicochemical properties of Igs in a manner similar to other 
types of glycoproteins, that is: (i) increasing solubility in polar solvents, (ii) 
increasing thermal resistance, (iii) protecting against protease digestion, 
and (iv) being responsible, to some exent, for the conformation of Ig mol-
ecules. The role of glycosylation in Ig secretion has been extensively studied 
with inhibitors of N-glycosylation (e.g. tunicamycin) or by mutation of 
Asn297. Secretion of aglycosylated species was totally abolished in the case 
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Fig. 7.1 Schematic representation of an IgG1 molecule, composed of two 
identical light chains (each composed of two domains, labelled VL and CL), and 
two identical heavy chains (each with four domains, labelled VH, CH1, CH2, and 

CH3). A fl exible hinge separates Fabs from Fc. Amino acid residues in the VH 
and VL domains form the antigen combining sites. Effector functions, such as 
complement activation and binding to cytotoxic cells, are mediated by the Fc 

region. The carbohydrates between the CH2 domains are represented by forked 
structures. Reproduced from Wright and Morrison (1997), with permission from 

Elsevier.

of IgE, while secretion of IgG and IgD was largely unaffected and IgM and 
IgA secretion was reduced to a moderate extent (Taylor and Wall, 1988). 
There is some discussion about the role of the carbohydrate moiety in the 
clearance of antibodies from circulation, and it has been suggested that the 
carbohydrate residues contribute only partly to the survival of IgG in vivo
(Wawrzynczak et al., 1992).

N-glycans attached at the conserved position Asn297 of the CH2 domain 
of the Fc stem contribute to several biological activities of Igs (see reviews 
by Krotkiewski, 1999; Rudd, et al., 2001; Wright and Morrison, 1997): (i) 
they infl uence the activation via the classical pathway, which starts with the 
binding of C1q (the fi rst component of the complement cascade) to the 
CH2 domain of an IgG molecule; (ii) they contribute to the induction of 
antibody-dependent cellular cytotoxicity; (iii) they infl uence the binding 
of IgGs to Fc receptors; and (iv) they contribute to the rapid elimination 
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of antigen–antibody complexes from circulation. In contrast, Fab glycosyla-
tion either infl uences antigen binding in a positive way (enhancing binding) 
or diminishes binding of antigen, depending on the structure and specifi city 
of the antibody and the structure of the antigen.

It should be noted that almost all key molecules involved in the innate 
and adaptive immune response (including Igs, cytokines, cytokine recep-
tors, complements, etc.) are glycoproteins. Changes in glycans or glycopep-
tide may have a signifi cant role in a variety of human immune-related 
diseases, such as rheumatoid arthritis, autoimmune disease, Wiskott–
Aldrich syndrome, infection diseases and cancer (Zhang, 2006). For 
example, in rheumatoid arthritis, agalactosylated glycoforms of aggregated 
IgG may induce association with the mannose-binding lectin and contribute 
to the pathology (Rudd et al., 2001).

7.3.4 Antimicrobial milk enzymes: Lactoperoxidase and lysozyme
Lactoperoxidase is a member of the family of mammalian peroxidases and 
it is one of the most abundant enzymes in mature milk: it represents approx-
imately 1% (w/w) of the total protein pool in whey (Reiter and Perraudin, 
1991). Lactoperoxidase utilizes hydrogen peroxide to oxidize specifi c sub-
strates, resulting in the production of potent antimicrobial reaction prod-
ucts. This mechanism also requires the presence of a second substrate, 
such as thiocyanate or a halogen, in order to form the highly reactive end-
products, thiocyanate anion (SCN-), I-, or Br- (Kussendrager and van 
Hooijdonk, 2000).

Bovine lactoperoxidase is a heme-containing glycoprotein that consists 
of a single polypeptide chain containing 612 amino acid residues, and has 
a molecular weight of 78 kDa (Kussendrager and van Hooijdonk, 2000). 
The lactoperoxidase molecule has a carbohydrate content ranging from 6.4 
to 11.5%, and possesses fi ve potential N-glycosylation sites. All fi ve of the 
Asn residues (at positions 6, 112, 222, 258, and 349) appear to be glyco-
sylated, except for Asn112, which is found to be 85% glycosylated. The 
nature of the glycans has been studied by mass spectrometry. Results indi-
cated that the oligosaccharides attached to Asn222 are solely Man, those at 
Asn6 and Asn222 are complex oligosaccharides, and those at Asn258 and 
Asn349 contain a mixture of high mannose, complex and hybrid structures 
(Wolf et al., 2000). Although previous studies had indicated the presence 
of sialic acid (Watanabe et al., 1998), its content could not be confi rmed by 
mass spectrometry.

The biological function of the lactoperoxidase system is predominantly 
the defence against microbial infections, and many in vitro studies 
have shown its bacteriostatic and bactericidal effect against a broad spec-
trum of microorganisms (reviewed by de Wit and van Hooydonk, 1996). 
Other reported biological functions of lactoperoxidase include antiviral 
activity (Yamaguchi et al., 1993), and protection against H2O2-mediated
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peroxidation (Reiter and Perraudin, 1991). The lactoperoxidase system is 
commercially used as a natural preservative (de Wit and van Hooydonk, 
1996).

While it is known that lactoperoxidase is a glycosylated protein, most 
attention has been focused on its amino acid sequence, the heme linkage 
to the protein (Thanabal and Lamar, 1989) and the binding of SCN- and 
I- to the lactoperoxidase molecule (Modi et al., 1989). However, as it occurs 
for other glycosylated enzymes, it is to be expected that the glycan moieties 
could play an important role in the biological function of this enzyme. It is 
already known that carbohydrate structures play a role in dimer formation 
in other mammalian peroxidases (Moguilevsky et al., 1991). Although pre-
vious data indicated that there are no signifi cant differences in the enzy-
matic activity of the various lactoperoxidase fractions (Paul and Ohlsson, 
1985), the establishment of glycosylation-function relationships for lac-
toperoxidase needs further study.

Lysozyme is known to be a potent antibacterial enzyme that cleaves the 
β-1,4 glycosidic linkages between N-acetylmuramic acid and GlcNAc, 
resulting in the lysis of the bacterial cell wall. Besides this well-known 
muramidase-based mechanism, more recently there are also evidences of a 
non-enzymatic antibacterial mechanism of native and denatured lysozymes. 
The antibacterial properties and the different modes of action of lysozyme 
and modifi ed molecules have been reviewed by various authors (Floris 
et al., 2003; Ibrahim et al., 2002; Masschalck and Michiels, 2003). Lysozyme 
is one of the most abundant proteins in human milk (0.4 g/L) but its con-
centration in bovine milk is about 3000 times lower (0.13 mg/L). In addition, 
human lysozyme, as compared to bovine lysozyme, appears to be more 
stable (Chandan et al., 1965). Because of its abundance in hen egg white 
(1–3 g/L), many structural studies have been performed with lysozyme from 
this source. It is known that the active site of hen egg white lysozyme con-
sists of six subsites A, B, C, D, E, and F, and contains six consecutive sugar 
residues (Jollés, 1996). There is little information about the importance of 
the carbohydrate residues in human or bovine milk lysozyme on their activ-
ity. From studies with recombinant human lysozyme, it has been concluded 
that glycosylated and nonglycosylated forms of mutant lysozyme have an 
enzymatic activity similar to normal human milk lysozyme (Horst et al.,
1991).

7.4 Glycoproteins associated with the milk-fat globule 
membrane (MFGM)

Milk contains a wide number of minor proteins, many of which are heavily 
glycosylated, distributed mainly in the whey fraction and the fat globule 
membrane. Although the importance and signifi cance of most of them 
remain poorly understood, minor milk glycoproteins are becoming of 
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increasing interest in nutritional and pharmacological studies as they may 
possess interesting physiological properties (Fox and Kelly, 2003).

The MFGM is a rich source for membrane, cytoplasmic or secreted 
proteins or glycoproteins, which account for only 1–2% of the total protein 
fraction in milk (Riccio, 2004). Following proteomic studies, up to 120 
proteins have been recently identifi ed in the bovine MFGM (Fong et al.,
2007; Reinhardt and Lippolis, 2006; Smolenski et al., 2007; Vanderghem 
et al., 2008). As their functions are not yet very well known, they have been 
grouped into eight broad functional categories, based primarily on func-
tions listed in the Swiss-Prot database (http://expasy.org/sprot/). These 
general functions include membrane/protein traffi cking, cell signalling or 
fat transport/metabolism, among others (Reinhardt and Lippolis, 2006).

The contribution of MGFM components to health and disease raises a 
controversial debate (Dewettinck et al., 2008; Michalski and Januel, 2006). 
On the one hand, Spitsberg (2005) proposed the use of MFGM as a poten-
tial nutraceutical due to the accumulated evidences that some MFGM 
components acted as health benefi cial factors, such as the cholesterolemia-
lowering factor, inhibitors of cancer cell growth or gastrointestinal patho-
gens, vitamin binders, bactericidal agents, etc. On the other hand, bovine 
MFGM has been also been considered to be a component of milk with 
adverse effects in relation to certain human pathologies such as autism or 
coronary heart disease (CHD) (Riccio, 2004). Regarding the latter, contra-
dictory epidemiological studies have been published on bovine milk con-
sumption and the risk of CHD (Moss and Freed, 2003; Warensjo et al.,
2004), indicating that these results should be taken with caution (Spitsberg, 
2005).

7.4.1 Butyrophilin (BTN)
Butyrophilin (BTN) belongs to the Ig superfamily and it is the most abun-
dant protein in bovine MFGM as it constitutes ~20–43% of the total MFGM 
protein fraction (Mather, 2000). The sequenced mature primary structure 
contains 500 amino acids with two site-specifi c N-glycosylation sites, Asn55

and Asn215 (Table 7.2). Its glycan moieties have been fully characterised 
and comprise bi-, tri-, and tetra-antennary high-mannose sugar chains (Sato 
et al., 1995). Furthermore, half of the Asn55-linked oligosaccharides contain 
the unusual GalNAcβ1-4GlcNAc structure, previously detected in bovine 
CD36 (see Section 7.4.4.) (Nakata et al., 1993). This structure represents 
37% of the total oligosaccharides content in bovine BTN (Sato et al., 1993).

BTN seems to be essential for the regulation of milk fat globule secretion 
(Mather and Keenan, 1998), with data supporting that BTN plays a direct 
role in the assembly, transport or secretion of lipid droplets (Ogg et al.,
2004). To date, it remains unknown if the glycan moieties of BTN exert 
some specifi c biological activity or effect on the human health. In this 
sense, a role of BTN on the development or suppression of experimental 



Table 7.2 Summary of structural and functional features of the major glycoproteins of the bovine milk-fat globule membrane

Protein name Family

Sequence
accession
number
(ExPASy)

Mr of 
mature
protein
(kDa)

pI

Content in 
milk (% of the 
total MFGM 
protein
fraction)

Glycan
moieties

Glycosylation
sites identifi ed Function Health aspects References

Butyrophilin Immunoglobulin 
superfamily

P18892 66–67 5.0–5.4 20–43 Bi-, tri- and 
tetra-
antennary
high-
mannose
N-linked
glycans also 
containing
Gal, 
GlcNAc, 
GalNAc 
and sialic 
acid.

Asn29, Asn189. – Milk fat globule 
secretion.

– Induces or 
modulates
Experimental
Allergic
Encephalomyelitis

– Suppresses Multiple 
Sclerosis

– Infl uences 
pathogenesis of 
autistic behaviour

Heid et al.
(1983); Sato 
et al. (1995); 
Mather
(2000); 
Riccio
(2004); 
Mañá et al.
(2004); Fong 
et al. (2007); 
Dewettinck
et al. (2008)

Mucin 1 Mucin family Q8WML4 120–220 <5 1.2 Major
O-glycans
and
N-glycans
consist of 
GalNAc, 
Gal, 
GlcNAc, 
Man, Fuc 
and sialic 
acid

O-sites not 
determined. 
Putative
N-sites: 
Asn139,
Asn179,
Asn219,
Asn362,
Asn438

– Protection from 
physical damage.

– Functions in the 
development of 
ducts and 
cavities during 
embryogenesis.

– Protective effect 
against rotavirus 
infection and 
invasive gut 
pathogens
(important role of 
glycan moieties).

Patton & 
Patton
(1990); 
Patton
(1994); 
Patton et al.
(1995); 
Mather
(2000); 
Pallesen
et al. (2001); 
Kvistgaard
et al. (2004); 
Liu et al.
(2005); 
Dewettinck
et al. (2008)
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Sequence
accession
number
(ExPASy)

Mr of 
mature
protein
(kDa)

pI

Content in 
milk (% of the 
total MFGM 
protein
fraction)

Glycan
moieties

Glycosylation
sites identifi ed Function Health aspects References

Mucin 15 Q8MI01 115–140 <4.5 1.5 O-sites not 
determined. 
N-sites
Asn7, Asn48,
Asn56,
Asn71,
Asn99,
Asn115,
Asn124,
Asn131,
Asn139,
Asn152,
Asn191

– Marker of the 
secretory and 
ductal
epithelium

– Unknown Pallesen et al.
(2002); 
Riccio
(2004); 
Pallesen
et al. (2007)

PAS 6/7 Cadherin 
superfamily

Q95114 47 
(PAS 
7)
and
50–52
(PAS 
6)

5.6–7.6 17–22 O-linked
glycans
composed
of Gal, 
GalNAc, 
GlcNAc 
and Fuc 
(and sialic 
acid in PAS 
7).

High-mannose
biantennary
N-glycans
also
containing
Gal, 
GlcNAc, 
Fuc and 
sialic acid.

Ser9, Asn41,
Asn209 (PAS 
6)

Thr16, Asn41

(PAS 7)

– Ca-dependent 
adhesive
properties.

– Phospholipid-
binding.

– Role in 
epithelization, cell 
polarization, cell 
movement and 
rearrangement, 
neurite outgrowth.

– Synaptic activity in 
the central nervous 
system.

– Phospholipid-
blocking
anticoagulant.

Mather et al.
(1980); 
Kim et al.
(1992); 
Hvarregaard
et al. (1996); 
Kim et al.
(1998); 
Seok et al.
(2001); 
Shi & 
Gilbert
(2003); 
Shi et al.
(2004); 
Riccio
(2004)

Sequence Mr of Content in 

Table 7.2 Cont’d
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autoimmune encephalomyelitis (EAE), a multiple sclerosis-like disease, 
has been described. Bovine BTN can modulate the encephalitogenic T-cell 
response to myelin oligodendrocyte glycoprotein (MOG), which is a minor 
component of the myelin membrane in the central nervous system and also 
a candidate auto-antigen in human multiple sclerosis, through molecular 
mimicry (Berer et al., 2007; Guggenmos et al., 2004; Stefferl et al., 2000). 
Alternatively, Mañá et al. (2004) have reported a tolerance induction mech-
anism, also caused by the molecular mimicry between bovine BTN and 
MOG, which suppressed the clinical manifestations of EAE in mice treated 
with BTN, before or after immunisation with MOG.

Despite some epidemiological studies (Lauer, 1997; Malosse and Perron, 
1993; Malosse et al., 1992) having given some support to the hypothesis of 
a link between milk consumption and multiple sclerosis (Butcher, 1986), 
recent reports have pointed out that the recommendation of the removal 
of milk from the diet of patients suffering multiple sclerosis is not warranted 
on current evidence (Rutter, 2006). Thus, further investigation must be 
addressed to elucidate the role of BTN and other milk products, such as 
vitamins D or B12, in protecting or increasing the risk of multiple 
sclerosis.

Finally, an association between autism and BTN has been also estab-
lished. Vojdani et al. (2002) found, in children with autism, some cross-
reactivity between several neuron-specifi c antigens, such as MOG and the 
unglycosylated BTN peptide 89–109, suggesting a role for common anti-
bodies against brain cross-reactive food antigens and infectious agents in 
the pathogenesis of autistic behaviour.

7.4.2 Mucin-like glycoproteins
Mucins belong to a heterogeneous family of heavily O-glycosylated, high-
molecular weight glycoproteins present on the apical surface of many 
epithelial cells (Patton, 2001). Three different mucins, MUC1, MUCX and 
MUC15 have been described in the milks of several species including 
bovine (Liu et al., 2005; Pallesen et al., 2002; Patton et al., 1995). Whilst 
there is relatively extensive information on MUC1 and MUC15, much less 
is known about MUCX. Conversely to the classical mucins, these glycopro-
teins are integral membrane components as they are transferred to the 
MFGM upon its secretion from mammary lactating cells. However, they 
can also behave as soluble proteins under certain conditions, and various 
soluble forms of MUC1 lacking the membrane anchor have been described 
(Mather, 2000).

The mature secreted bovine MUC1 comprises 558 amino acids, giving a 
calculated average mass of 55.7 kDa (Pallesen et al., 2001). The difference 
between this mass value and those estimated by SDS-PAGE for the most 
abundant polymorphic forms of MUC1 (120–220 kDa, Table 7.2), as well 
as their PAS-reagent stainability, which is specifi c for glycoproteins (Mather, 
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2000), indicate an extensive glycosylation. Bovine MUC1 contains around 
50% (w:w) of carbohydrate, 30% of which is sialic acid and the rest cor-
responds to Fuc, Gal, Man, GlcNAc and GalNAc (Pallesen et al., 2001; 
Snow et al., 1977). The primary structure of the mature bovine MUC15 
consists of 307 amino acids (Pallesen et al., 2002) and, as is the case for 
MUC1, the large divergence between the calculated average molecular 
mass, 33.3 kDa, and the estimated 115–140 kDa from the electrophoretic 
mobility on SDS-PAGE gels can be explained by the heavy glycosylation. 
Thus, it is estimated that the carbohydrate fraction constitutes 65% of the 
total molecular weight of MUC15, with glycans composed of Fuc, Gal, Man, 
GalNAc, GlcNAc and sialic acid (Pallesen et al., 2007).

The determination of α-linked (1-3, 1-6 or 1-2) mannose residues, 
together with the identifi cation of several N-glycosylation potential sites 
both in MUC1 and MUC15 (Table 7.2), indicate that bovine MFGM mucins 
also contain N-glycans in addition to the abundant O-linked glycans 
(Pallesen et al., 2001, 2002). The presence of sialic acids α2-6, and to a lesser 
degree α2-3, linked to core Galβ1-3GalNAc or Galβ 1-4GlcNAc O-linked
structures, as well as unsubstituted Galβ 1-3GalNAc, was determined in the 
three mucins. However, substantial differences have also been described in 
relation to their glycan moieties; as examples, bovine MUC1 possesses a 
much lower content of GlcNAc than bovine MUC15 (Pallesen et al., 2007), 
and MUCX seems to contain more complex carbohydrate structures than 
MUC1 (Liu et al., 2005).

The physiological signifi cance of mucin-like milk glycoproteins is still not 
totally elucidated. In general, mucins are proposed to be involved in many 
important biological processes, including barrier functions on epithelial 
surfaces, immune responses, or protection of exposed cells from physical 
damage and invasive pathogenic microorganisms (Moniaux et al., 2001). 
Mucin-like milk glycans are believed to be involved in some of these bio-
logical functions. For instance, the high sialic acid content of the mucins 
confers a strong negative charge to epithelial cell surfaces, which may 
prevent wall-to-wall adherence and serve to keep ducts and alveoli open 
(Patton, 1999). Thereby, MUC1 might be a factor in the virtual non-exist-
ence of mammary tumours in the cow as it could prevent cancer cell adhe-
sion and aggregation (Patton, 1999). Also, it has been shown that mucins 
from the human MFGM could protect the breast-fed infants from infectious 
diseases as they could act as a decoy for bacteria preventing the attachment 
of pathogens to the gastrointestinal mucosa (Hamosh et al., 1999; Peterson 
et al., 1998). This is supported by the fact that mucins were shown to be 
very resistant to degradation in the stomach and large fragments of these 
glycoproteins were detected in faeces of breast milk-fed infants (Patton, 
1994; Peterson et al., 2001). Milk mucins from human MFGM have been 
also shown to prevent adherence of S-fi mbriated Escherichia coli to buccal 
epithelial cells (Schroten et al., 1992) and to have antiviral properties (Habte 
et al., 2008, 2007; Yolken et al., 1992). In fact, in one of these studies, the 
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removal of sialic acid from the milk mucin resulted in the loss of antirota-
viral activity (Yolken et al., 1992).

As occurred for human κ-casein (Section 7.2.1), high molecular weight 
mucin-like components from bovine MFGM showed a high inhibitory 
activity towards Helicobacter pylori adhesion, which was signifi cantly 
decreased after the removal of sialic acids (Hirmo et al., 1998). Wang et al.
(2001), in a further study, also demonstrated the inhibition of Helicobacter
pylori infection in a BALB/cA mouse model by both bovine non-defatted 
and defatted MFGM fractions, indicating that the major role in the anti-
Helicobacter pylori activity was played by the protein component of MFGM. 
MUC1 from bovine milk was also shown to inhibit effi ciently the neurami-
nidase-sensitive rotavirus RRV strain, whereas the neuraminidase-resistant 
rotavirus Wa strain was unaffected (Kvistgaard et al., 2004).

7.4.3 Periodic acid/Schiff (PAS 6/7)
Glycoprotein isoforms PAS 6 and PAS 7, also known under the common 
name ‘lactadherin’, are major peripheral components of the MFGM of 
several species, although they are also found in a wide range of tissues and 
body fl uids (Butler et al., 1980; Mather, 2000). Bovine PAS 6/7 share a 
common polypeptide chain of 45.6 kDa in their mature form (Aoki et al.,
1995; Mather et al., 1993), and the differences observed in their SDS-PAGE 
molecular masses and isoelectric points (Table 7.2) are due to the glycosyla-
tion pattern.

The carbohydrate content for PAS 6 and PAS 7 was estimated to be 7% 
and 5.5%, respectively (Kim et al., 1992). Hvarregaard et al. (1996) identi-
fi ed the N- and O-glycosylation sites, as well as the monosaccharide com-
position, which was previously reported by Kim et al. (1992), for both 
isoforms (Table 7.2). PAS 6/7 contain similar O-glycans, comprising equi-
molar ratios of Fuc, GlcNAc and Gal, whereas an additional O-sialylated
form including NeuAc was also detected in PAS 7 (Hvarregaard et al.,
1996). Four biantennary complex-type N-glycans based on the core struc-
ture: Manα1-6(Manα1-3)Manβ1-4GlcNAcβ1-4GlcNAc, bound to addi-
tional residues of Fucα1-6, GlcNAcβ1-2, Galβ1-4 or β1-3 and NeuAcα
were characterised in PAS 6. In a similar study, Seok et al. (2001) deter-
mined in PAS 7 nine different biantennary N-linked sugar chains comprised 
of the same core structure linked to Fucα1-6, GlcNAcβ1-2, Galβ1-4, and 
NeuAcα2-6. An additional N-glycan with a unique structure containing a 
terminal Manα1-6 and two N-acetyllactosamine (Galβ1-4GlcNAc) units 
linked to a Manα1-3 arm was also described in PAS 7 (Seok et al., 2001).

The structure, topology, and tissue distribution of PAS 6/7 suggests that 
they may function as adhesive proteins (Mather, 2000). In fact, they belong 
to the cadherin superfamily, a major class of membrane proteins with 
prominent roles in cell adhesion, and the regulation of tissue organisation 
and morphogenesis (Pettitt, 2005). The bovine PAS 6/7 N-terminal region 
consists of two epidermal growth factor (EGF)-like domains (amino acids 
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1–44 and 45–89) (Andersen et al., 2000; Hvarregaard et al., 1996). The 
second EGF domain of bovine PAS 6/7 contains an Arg-Gly-Asp cell-
adhesion (unglycosylated) sequence in an extended loop which binds to 
integrin receptors on cell surfaces (Andersen et al., 1997, 2000; Hvarregaard 
et al., 1996). Thus, it has been considered that these proteins could have an 
important physiological role in apoptosis and endocytosis events involving 
the PAS 6/7 integrin receptors (Andersen et al., 2000). Bovine PAS 6/7 also 
bind to phospholipids, preferentially phosphatidyl-L-Ser, through their 
C-termini that resemble blood clotting factors V and VIII (Shi et al., 2004). 
Consequently, bovine PAS 6/7 may function as potent anticoagulants by 
competing with blood coagulation proteins for phospholipid binding sites 
in vitro (Shi and Gilbert, 2003). Furthermore, the ability of bovine PAS 6/7 
to inhibit thrombosis and hemostasis in mice by binding to platelets with 
partial or complete phosphatidylserine exposure has recently been reported 
(Shi et al., 2008).

Human milk PAS 6/7 prevent symptomatic rotavirus-induced infection 
in vitro and in vivo (Kvistgaard et al., 2004; Newburg et al., 1998; Peterson 
et al., 1998; Yolken et al., 1992). Yolken et al. (1992) demonstrated that the 
sialic acid residues of human PAS 6/7 play an important role in their anti-
viral action. Rotavirus infection occurs in the small intestine and is restricted 
to the upper and middle part of the villi in mature enterocytes (Kvistgaard 
et al., 2004). Human PAS 6/7 survive to the stomach digestion and are 
present in the gastric aspirates of breast-fed infants (Peterson et al., 1996). 
Results obtained in a cohort of clinical studies with 200 infants determined 
an increased risk of suffering a symptomatic rotavirus infection when the 
human milk PAS 6/7 concentration was low (Newburg et al., 1998). Kvist-
gaard et al. (2004) showed that, unlike human PAS 6/7, bovine PAS 6/7 did 
not inhibit rotavirus infection in vitro. A possible explanation for this dis-
similar behaviour could lay in the differences between the glycan moieties 
of human and bovine PAS 6/7. Unfortunately, the glycosylation pattern and 
carbohydrate composition of human PAS 6/7 has still to be elucidated 
(Kvistgaard et al., 2004). In contrast to these results, Kanamaru et al. (1999) 
observed that a high-molecular weight glycoprotein fraction from bovine 
milk containing MUC1, PAS 6/7 and an unidentifi ed 80-kDa protein was 
effective in inhibiting the replication of human rotavirus in vitro. Despite 
the fact that this fraction was not further purifi ed, these authors suggested 
that bovine PAS 6/7 might be responsible for the inhibitory activity.

7.4.4 Cluster of Differentiation (CD36)
CD36 is a ubiquitous glycoprotein widely expressed on epithelial cells from 
the mammary gland or on endothelial cells of adipocytes, monocytes, mac-
rophages, platelets and numerous organs such as heart, liver and pancreas 
(Greenwalt and Mather, 1985; Mather, 2000). Bovine CD36 has a 52.8 kDa 
polypeptide backbone that is heavily glycosylated to give rise to a fi nal 
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molecular mass of 75 to 88 kDa, depending on its source (Greenwalt et al.,
1990). The CD36 amino acid sequence is well conserved across species and 
a high homology, from 83 to 87%, is found for human, mouse, rat and 
hamster CD36 as compared to the bovine counterpart (Mather, 2000). 
Berglund et al. (1996) determined that bovine MFGM CD36 contains 
around 24% (w/w) carbohydrate (not including the amount of sialic acid) 
and eight N-glycosylation sites occupied with glycans containing Man, Gal, 
GlcNAc, GalNAc, Fuc and sialic acid (Table 7.2). Previously, Nakata et al.
(1993) characterised 16 different Asn-linked sugar chains in bovine MFGM 
CD36 consisting of high mannose-type, hybrid-type, and bi-, tri-, and tetra-
antennary complex-type oligosaccharides. About 28% of the total oligosac-
charides contained the unusual GalNAcβ1-4GlcNAc group, which was also 
detected in bovine BTN (Sato et al., 1995).

CD36 is considered a multifunctional protein as it may act as a long-
chain fatty acid transporter (Ibrahimi et al., 1996), or as a signal-transmis-
sion molecule in human platelets (Huang et al., 1991) and monocytes 
(Schuepp et al., 1991). Also, it plays a signifi cant role in oxidised low-
density lipoprotein uptake in vitro and in vivo (Endemann et al., 1993; 
Luangrath et al., 2008) and it can be involved in platelet aggregation and 
activation by binding thrombospondin (Asch et al., 1987) or collagen fi brils 
(Tandon et al., 1989), as well as in the macrophage recognition and phago-
cytosis of apoptotic neutrophils (Savill et al., 1992). In addition, it may also 
bind to specifi c proteins on the surface of erythrocytes parasitised with 
malaria (Oquendo et al., 1989). Nevertheless, the specifi c biological func-
tion of bovine MFGM CD36 is yet unknown and it is not clear why this 
glycoprotein is expressed on the surface of mammary epithelial cells and 
the MFGM (Mather, 2000; Wilcox et al., 2002). The N-linked oligosaccha-
rides appeared to be important for the stability of the conformation of 
human and bovine CD36 as both their resistance to proteolytic cleavage 
and their solubility in non-ionic detergent were dependent on the presence 
of N-linked oligosaccharides (Greenwalt et al., 1991). However, it still 
remains to determine if the glycan moieties of CD36 have any physiologi-
cally-relevant function.

7.4.5 Component-3 of the proteose peptone fraction (PP3)
Bovine PP3 is a native phosphorylated glycoprotein with an apparent 
molecular mass of 28 kDa and whose concentration in milk is around 
300 mg/L. Its high thermostability enables it to remain soluble after heat 
coagulation of whey proteins and to appear within the proteose peptone 
fraction (Girardet and Linden, 1996). Considering that PP3 does not derive 
from the enzymic hydrolysis of caseins, the term proteose peptone is con-
sidered a misnomer and alternative terms for PP3 such as ‘lactophorin’ 
(Kanno, 1989), ‘GlyCAM-1’ (Glycosylation-dependent Cell Adhesion Mol-
ecule 1) (Groenen et al., 1995) or ‘lactoglycophorin’ (Girardet and Linden, 
1996) have been proposed. Early immunological studies showed PP3 to 
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react with antibodies raised against the MFGM, suggesting that this glyco-
protein could be associated with the membrane or share one or several 
common carbohydrate epitopes with MFGM glycoproteins (Nejjar et al.,
1986; Paquet et al., 1988). Later on, Sorensen et al. (1997) demonstrated 
that PP3 is also present in the MFGM fraction, as they ruled out any cross-
reaction between PP3 and the glycan moieties of other MFGM proteins. 
Despite this immunological confi rmation, it is still debatable whether PP3 
is inherently part of the MFGM or is present as the result of protein–protein 
interactions (Fong et al., 2007).

Bovine PP3 possesses a single peptidic chain of 135 amino acid residues 
with fi ve phosphorylation sites at Ser29, Ser31, Ser38, Ser40 and Ser46, one 
N-glycosylation site at Asn77 and three O-glycosylation sites at Thr16, Thr86

(Sorensen and Petersen, 1993) and Ser60 (Kjeldsen et al., 2003) (Table 7.2). 
PP3 exhibits a great microheterogeneity of the glycan structures, and the 
structures of eight different N-linked biantennary oligosaccharide chains at 
Asn77, containing a common octasaccharide core comprised by GlcNAc, 
Fuc and Man units linked to GalNAc, Gal or NeuAc as terminal units, were 
determined by NMR (Girardet et al., 1995). Three O-glycan structures, (i) 
GalNAc, (ii) Galβ1-3GalNAc, (iii) Galβ1-4GlcNAcβ1-6(Galβ1-3)GalNAc, 
linked to the Thr86, were also characterized (Coddeville et al., 1998), and 
Kjeldsen et al. (2003) identifi ed a tetrasaccharide, NeuNAc-Hex-(NeuNAc)-
HexNAc, linked both to Thr16 and Ser60.

Although the exact biological role of PP3 remains unknown, several 
biological functions, attributed to the apoglycoprotein region, have been 
proposed. Thus, the phosphorylated N-terminus of the PP3 may have the 
ability to bind iron (Bernos et al., 1997) and calcium ions, thus controlling 
the solubility of the calcium phosphate that is not directly bound to casein 
micelles (Sorensen and Petersen, 1993). Hydrophobic peptides (from 1 to 
5 kDa) of bovine PP3 stimulated the growth of bifi dobacteria (Etienne et
al., 1994), whereas the amphipathic α-helix region, spanning residues from 
98 to the C-terminal 135, was responsible for the inhibition of lipolytic 
activities (Cartier et al., 1990). Within this amphipathic region, the fragment 
113–135, called lactophoricin, displayed growth-inhibitory activity against 
some Gram-positive (Streptococcus thermophilus) and Gram-negative 
(Salmonella St Paul and Pseudomonas aeruginosa) bacteria (Campagna 
et al., 2004). Regarding the biological signifi cance of the glycan moieties, 
mitogenic activities of caprine, ovine and bovine PP3 on MARK 3 hybri-
doma cells were related to the sialic acid content (Mati et al., 1993). On 
the other hand, the cDNA sequence of bovine PP3 has a high homology 
with a gene coding for GlyCAM-1 in mice and rats (Johnsen et al., 1995). 
GlyCAM-1 is a sulphated glycoprotein which is indirectly involved in the 
immune response by acting as an endothelial cell surface ligand for the 
L-selectin leukocyte. This fact has suggested that PP3 belongs to a family 
of GlyCAM type molecules that might play a (unknown) role in the immune 
defence of mammals (Girardet and Linden, 1996).
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7.5 Conclusions and future trends

It is recognised that glycans affect the activities of the protein to which they 
are attached by modulating their functions. Oligosaccharide groups present 
in glycoproteins impact upon the folding and conformational stability of 
the polypeptide scaffolds. In addition, carbohydrate-based biomolecular 
interactions also play key roles in pathological processes, including tumour 
metastasis, viral and bacterial infection and infl ammation. Consequently, 
the biological and biomedical signifi cance of glycoproteins makes studies 
of their functions one of the most important fi elds of research in the post-
genomic era. In this fi eld, advances in mass spectrometry instrumentation 
are being of great utilility in the characterisation of recombinant proteins, 
including post-translational modifi cations such as disulfi de bonds, glyco-
sylation and phosphorylation. For gaining better understanding of the 
molecular basis of the function of glycoproteins in biological processes, 
several chemical processes are being developed. These chemical approaches 
include chemical methods for probing carbohydrates, detection of proteins 
using synthetic carbohydrate probes, the construction of homogeneous 
glycoproteins and carbohydrate microarrays for the rapid analysis of car-
bohydrate-recognition events (Park et al., 2008).

Despite the important body of knowledge gathered so far about milk 
glycoproteins, the development of milk glycoprotein-based functional foods 
is limited by the absence of enough clinical data on their physiological effect 
and further studies should be carried out to generate the data for a dose/
response ratio valid for humans.

Regarding the bioactivity of the glycosylated compounds, deeper struc-
ture/activity relationships need to be established to link the role of the 
carbohydrate moiety in the biological functions. On the basis of the fi ndings 
published to date, it is thought that further research on milk biologically 
active minor glycoproteins would allow expanding their potential commer-
cial applications in the food and pharmaceutical industries.
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Application of dairy-derived ingredients 
in food intake and metabolic regulation
T. Akhavan, S. Panahi, G. H. Anderson, B. L. Luhovyy, University of 
Toronto, Canada

Abstract: This chapter discusses the role of milk and dairy products, and their 
ingredients in obesity and the regulation of food intake and components of 
metabolic syndrome. In addition to protein (whey and casein), fat (saturated, 
mono- and poly-unsaturated fatty acids) and carbohydrate (lactose), milk 
contains biologically active substances such as immunoglobulins, enzymes, 
antimicrobial peptides, oligosaccharides, hormones, cytokines and growth factors. 
Each of these may affect food intake and metabolic regulation through a large 
number of physiologic mechanisms. Thus, their actions may explain the positive 
health associations between more frequent dairy consumption, a healthier body 
weight, and decreased risk of developing the metabolic syndrome.

Key words: milk, dairy, food intake, metabolic syndrome, functional foods.

8.1 Introduction

Metabolic syndrome is defi ned by the presence of a combination of three or 
more of the following: (a) abdominal circumference >102  cm (40 inches) for 
men and 88 cm (35 inches) for women; (b) hypertension; (c) hyperglycemia; 
(d) dyslipidemia (elevated triacylglycerols (TG) and low levels of high 
density lipoproteins (HDL) in the blood) (Torpy et al., 2006). An American 
heart association, The National Heart, Lung and Blood Institute (Grundy 
et al., 2005), has set the criteria of blood pressure as ≥130/85  mmHg; fasting 
plasma glucose ≥5.6  mmol/L (100  mg/dL); triglycerides >1.7  mmol/L 
(150  mg/dL), HDL cholesterol <1.03  mmol/L (40 mg/dL) in men or 
<1.3  mmol/L (50  mg/dL) in women. Most of the metabolic disorders occur 
in the presence of insulin resistance (Bonora et al., 1998). In addition, meta-
bolic syndrome is further characterized by prothrombotic and proinfl amma-
tory states and is often associated with fatty liver, cholesterol gallstones, 
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obstructive sleep apnea, gout, depression, musculoskeletal disease and poly-
cystic ovarian syndrome (Grundy, 2008).

Impaired fasting glucose, impaired glucose tolerance and type 2 diabetes 
are the most frequently identifi ed risk factors for the metabolic syndrome. 
In addition, high cholesterol levels, particularly high low-density lipopro-
tein (LDL) and low HDL are risk factors for the development of (CVD). 
These risk factors combine to markedly increase the risk of cardiovascular 
disease CVD, the leading cause of morbidity and mortality in developed 
countries (Isomaa et al., 2001).

A dietary and lifestyle approach to the prevention and management of 
the metabolic syndrome is recognized as the fi rst preferred strategy to 
improve metabolic functions. Thus, it is important to identify foods, food 
components and dietary practices that contribute to a healthy body weight 
and reduce risk factors for the metabolic syndrome and other obesity-
related co-morbidities.

For this purpose, dairy products and ingredients are of interest for 
several reasons. First, milk and dairy products are readily available, good 
sources of high quality proteins and relatively inexpensive. Second, dairy 
products and components, particularly dairy proteins, are known to sup-
press short-term food intake, increase subjective satiety and stimulate the 
mechanisms known to signal satiation and satiety (Aziz and Anderson, 
2007), and do so beyond what is attributable to their energy content alone. 
Third, positive associations have been found between dairy consumption 
and the maintenance of healthy body weights (Barr et al., 2000; Phillips 
et al., 2003). Fourth, calcium (Zemel et al., 2004; Heaney et al., 2002), 
medium-chain triglycerides (St-Onge and Jones, 2003) and conjugated lino-
leic acid (CLA) (Wang and Jones, 2004) in dairy products have been estab-
lished as factors modulating lipid metabolism and energy expenditure. 
Finally, the reduced consumption of milk and other dairy products in the 
last few decades has been associated with a simultaneous rise in metabolic 
disease rates such as obesity, dysglycemia and dyslipidemia. Therefore, 
consumption of milk and dairy products has the potential to be an effective 
part of countermeasures against obesity, the metabolic syndrome and 
related diseases.

The objective of this chapter is to examine the role of milk and milk-
derived components as modulators of obesity, food intake and the meta-
bolic syndrome.

8.2 Dairy-derived ingredients

In addition to protein (whey and casein), fat (saturated, mono- and poly-
unsaturated fatty acids) and carbohydrate (lactose), milk contains biologi-
cally active substances such as immunoglobulins, enzymes, antimicrobial 
peptides, oligosaccharides, hormones, cytokines and growth factors. The 
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health benefi ts of dairy products may be due, in part, to each of these 
components.

8.2.1 Milk proteins and peptides
The primary effect of milk on both food intake and metabolic regulation 
originates from milk proteins, which is the main focus of this chapter. 
Casein and whey proteins are high quality proteins accounting for 80% and 
20% of cow milk proteins, respectively. A large majority of casein is con-
sumed in dairy products but whey protein, the by-product of cheese manu-
facturing, is under-utilized.

Bioactive peptides are both naturally present in milk and produced 
through the action of bacteria in fermented dairy products such as yogurt, 
sour milk and cheese. Milk proteins are considered the most important food 
source of bioactive peptides and an increasing number of these peptides 
has been identifi ed in milk protein hydrolysates and fermented dairy prod-
ucts. At least 26 bioactive peptides are encrypted in the primary structure 
of milk proteins and many of them have been isolated from dairy products, 
including sour milk, yogurts, and cheeses (Haque et al., 2009). Many bioac-
tive peptides are now considered to be multifunctional peptides, such as 
α-lactorphin, which is a tetrapeptide originally released from milk protein 
α-LA by enzymatic hydrolysis, has opioid activity, but also inhibits the 
angiotensin-converting enzyme (ACE) to have an antihypertensive effect 
(Meisel, 2004).

Bovine casein (CN) consists of αs1-CN (12–15  g/L of skim milk), αs2-CN
(3–4  g/L), β-CN (9–11  g/L), and κ-CN (2–4  g/L) (Farrell et al., 2004). 
Caseins, when digested by proteolytic enzymes, produce bioactive peptides 
that affect immune, digestive, cardiovascular and nervous systems (Korho-
nen and Pihlanto, 2006). Although caseinomacropeptide (CMP) or the 
glycosylated form of CMP called glycomacropeptide (GMP) is present in 
κ-casein, it becomes a whey constituent because it is hydrolyzed by chy-
mosin during cheese-making into para-κ-casein, which remains in the curd, 
and into CMP, which is removed with the whey liquid.

Bovine whey protein includes beta-lactoglobulin (β-LG) (2–4  g/L of 
skim milk), alpha-lactalbumin (α-LA) (0.6–1.7  g/L), lactoferrin (0.02–
0.1  g/L), serum albumin (0.4  g/L), immunoglobulins and secretory com-
ponents (0.47–0.85  g/L) (Farrell et al., 2004). Many of whey protein’s 
health-promoting properties have been attributed to peptides released 
during digestion. Peptides derived from whey have a number of physiologi-
cal functions including the modulation of blood pressure, infl ammatory 
processes, hyperglycemia and systems regulating food intake. However, 
these actions are not limited only to whey proteins and peptides, but are 
also due to synergism between whey proteins and other whey constituents 
such as calcium. The effect of milk with calcium in attenuating weight and 
fat gain and in reducing blood pressure is much stronger than that of 
calcium supplementation alone (Zemel et al., 2004).
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Whey proteins (α-LA, β-LG) are precursors of ACE-inhibitory peptides 
called lactokinins (Hartmann and Meisel, 2007), which have antihyperten-
sive and potentially anti-obesogenic activities. The peptides, α-lactorphin
and β-lactorphin (Meisel, 2004) affect adipocyte lipogenesis due to their 
ACE-inhibitory activities and may also reduce food intake via peripheral 
opioid receptors, similar to casein and soy protein hydrolysates (Pupovac 
and Anderson, 2002).

The differences in the physical properties of casein and whey contribute 
to their functionality in food systems and to their physiological effects when 
ingested, including their effect on food intake, which will be discussed later 
in this chapter. Whey protein is rapidly digested (a fast protein), whereas 
casein is more slowly digested (a slow protein). The classifi cation of whey 
and casein as ‘fast’ and ‘slow’ proteins is based on their contribution to 
protein synthesis and their effect on plasma amino acid concentrations 
(Boirie et al., 1997). In humans, the intake of whey (0.45 g/kg body weight) 
results in a fast, but short and transient, increase in plasma amino acids that 
peak in 40 minutes to 2 hours after its ingestion and returns to baseline 
values after 3 to 4 hours. Casein, in contrast, consistent with its slow gastric 
emptying, results in plasma amino acid concentrations that rise more slowly 
and are lower, but sustain a prolonged plateau lasting for at least 7 hours 
after its consumption (Boirie et al., 1997).

High protein diets, high in whey proteins, may reduce fat deposition and 
improve insulin sensitivity (Ebringer et al., 2008; Luhovyy et al., 2007; 
Pfeuffer and Schrezenmeir, 2007). Whey leads to higher pre-meal insulin 
concentrations than casein (Dangin et al., 2001) and may contain the pre-
dominant insulin secretagogue (a substance which causes another substance 
to be secreted) in milk because the insulin response after preloads of 25 g 
carbohydrate with 18.2 g of whey protein was 50% higher than after milk 
or cheese (Nilsson et al., 2004). Addition of whey to a meal containing 
rapidly digested and absorbed carbohydrates, stimulated greater plasma 
insulin concentrations (+57% after lunch) and reduced postprandial blood 
glucose (−21% over 180 min response) in subjects with type 2 diabetes (Frid
et al., 2005).

Amino acids may be the primary factor accounting for the insulinotropic 
effect of milk protein. Healthy subjects who ingested a mixture of leucine, 
isoleucine, valine, lysine and threonine had glycemic and insulinemic 
responses similar to those after whey ingestion (Nilsson et al., 2007), sug-
gesting that the branched-chain amino acids (BCAA) of whey are the major 
determinants of insulinemia as well as reduced glycemia resulting from the 
whey drink. However, the whey drink stimulated incretin (gastric inhibitory 
peptide (GIP) and glucagon-like peptide -1 (GLP-1)) response, while the 
BCAA mixture did not, suggesting that the action of whey is not related 
simply to the amino acid content, but presumably is due to the synergistic 
action of amino acids and peptides. The authors concluded that whey-
induced hyperinsulinemia occurs by two or even more separate pathways, 
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including one connected to the signifi cant increment in certain amino acids, 
but the other connected through the incretins, which are believed to inter-
act with bioactive peptides derived from proteins (Nilsson et al., 2007).

8.2.2 Milk minerals
In the food patterns, milk and dairy products contribute >10% of the 
requirements of many nutrients, especially minerals including calcium, 
phosphorus, magnesium, zinc and potassium (Weaver, 2009). Bioavailabil-
ity of minerals and trace elements including calcium, magnesium, zinc, 
selenium and iron is improved by dairy proteins and peptides (Vegarud
et al., 2000). The role of many of these minerals in the etiology and treat-
ment of metabolic disorders has been a subject of interest (Scholz-Ahrens 
and Schrezenmeir, 2006). Compared with other foods, milk and dairy prod-
ucts are a good source of dietary calcium which not only plays an important 
role in the regulation of body weight (Loos et al., 2004), but may also 
improve lipid profi les (Karanja et al., 1987; Denke et al., 1993). In addition, 
an inverse relationship between calcium intake and blood pressure has been 
consistently reported from epidemiological studies (Kromhout et al., 1985; 
Jorde and Bonaa,, 2000). A recent review showed that inadequate calcium/
dairy intake may increase the risk of positive energy balance and the risk 
of developing metabolic syndrome (Major et al., 2008).

8.2.3 Milk fats
The overall health benefi ts of milk fat may be more benefi cial than refl ected 
by current opinion (German and Dillard, 2004, 2006). Association between 
dairy fat consumption and increased risk for coronary heart disease (CHD) 
has led to the reduction of milk fat in many dairy products and the appear-
ance of fat-free dairy products. However, studies linking dairy consumption 
with elevated serum cholesterol levels and CHD mortality (Turpeinen, 
1979) have limitations, as reviewed recently (Nestel, 2008). Although the 
saturated fat content of milk has been found to increase blood lipids, some 
recent studies have reported that a milk supplemented diet decreased blood 
lipids (St-Onge et al., 2000, Samuelson et al., 2001), suggesting that milk 
may contain substances that counterbalance the effect of the saturated fatty 
acids (FA) in milk (Pfeuffer and Schrezenmeir, 2000). Furthermore, the FA 
in milk have several valuable metabolic functions.

Fat assists in the absorption of essential nutrients and fat-soluble vita-
mins A, D, E, and K, and plays an important antioxidant role. In addition, 
the amount and quality of fat in the diet is of importance in the develop-
ment of metabolic syndrome. Most raw cows’ milk contains about 3.5% fat, 
but the level varies widely, depending on many factors such as breed, stage 
of lactation, season, nutritional status, type of feed, health and age of the 
animal, intervals between milking and the point during milking when the 
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sample is taken (Fox and McSweeney, 1998). Processing has led to many 
variations in the fat composition of milk available for consumption, ranging 
from whole milk to skim milk, and more recently to milk with increased 
omega-3 FA (Visioli et al., 2000). On average, milk contains 33 g/L total 
fat, where TG account for about 95% of this lipid fraction. Other milk lipids 
are diacylglycerols (about 2% of the lipid fraction), cholesterol (less than 
0.5%), phospholipids (about 1%), and free fatty acids (FFA) accounting 
for less than 0.5% of total milk lipids. Nomenclature of FA classifi es them 
as short-chained (≤C4:0), medium-chained (C6:0–C10:0) and long-chained 
(≥C12:0) (Molkentin, 2000). Increased levels of FA in milk may result in 
off-fl avours in milk and dairy products (Ebringer et al., 2008). Cow milk fat 
contains up to 400 distinct fatty acids, the major proportion comprising 
twelve of these, of which 65% are saturated, 29.8% mono-unsaturated, and 
3.2% poly-unsaturated (Fox and McSweeney, 1998). Although much of the 
details of the composition and biological properties of the major FA in 
bovine milk have been described, the FA are the least constant and most 
variable component of milk (German and Dillard, 2006). Milk lipids are 
aggregated into milk fat globules (MFG) in natural milk; however, MFG 
are broken down during homogenization or heat treatment. Although it 
has little effect on fat composition, the nutritional effects associated with 
MFG are expected to be lost (Argov et al., 2008, Michalski, 2007).

Fat is an important regulator of intake and metabolic responses via the 
ileal brake which leads to delayed gastric emptying, and frequency of 
jejunal contractions, increased small intestinal transit time and reduced 
gastric and pancreatic secretion (Maljaars et al., 2008). Both FA chain 
length and saturation predetermine the magnitude of the ileac brake. Milk 
fat, which has 32.2% (% weight) of C18:1 plus C18:2 (2.4%) of total lipids 
in whole milk (Fox and McSweeney, 1998) may contribute to the satiety 
value of milk. A recent double-blinded, randomized, crossover study with 
healthy subjects showed that when shea oil, high in C18:0, canola oil, high 
in C18:2 and saffl ower oil, high in C18:2 FA were infused into the ileum, 
canola oil and saffl ower oil increased fullness, reduced hunger and increased 
cholecystikinin (CCK) secretion, although no effect on food intake was 
found (Maljaars et al., 2009). This fi nding suggests that the dairy products, 
where these FA naturally occur, may contribute to the ileal brake phenom-
enon while fat-free dairy products do not.

Milk poly-unsaturated FA are precursor eicosanoids and affect infl am-
matory and thrombogenic processes and blood pressure regulation (Vessby, 
2003). Among the saturated FA, lauric acid (C12:0) is present in bovine and 
human milk at approximately 3.1% of milk fat (Fox and McSweeney, 1998). 
While a meta-analysis based on reported intakes of individual saturated FA 
found that lauric acid was the most potent total- and HDL cholesterol-
raising saturated FA, this effect is proportionally higher for HDL than for 
LDL. Moreover, the replacement of the different saturated FA with carbo-
hydrates led to an increase in serum triacylglycerol concentrations to the 
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same extent (Mensink et al., 2003). Myristic acid (C14:0) makes up 9.5% of 
the fat content of bovine milk and 5.1% of human milk (Fox and McSweeney, 
1998). Dairy fat is a major source of myristic acid and high intake (10% of 
total energy) of this ingredient in human dietary interventions was associ-
ated with high LDL cholesterol and apolipoprotein-B levels, and a low HDL 
to LDL ratio (Zock et al., 1994). However, very few studies have been con-
ducted with lower (realistic) intakes or by taking into consideration the 
position of the FA on the triacylglycerol. In the case of myristic acid, in milk 
TG, it exists in the sn-2 position, which is the only bioavailable form (Dabadie
et al., 2006). In a dietary intervention for fi ve weeks where the main source 
of myristic acid (1.2% and 1.8% total energy) was milk, an improvement in 
lipid profi les was shown (Dabadie et al., 2005).

Palmitic acid (C16:0) accounts for 26.3% and 20.2% of milk fat in bovine 
and human milk, respectively (Fox and McSweeney, 1998). A comparison 
between the effects of dietary laurate–myristate and the effects of palmitic 
acid in humans with normal lipid concentrations showed that palmitic acid 
lowers serum cholesterol levels (Sundram et al., 1994). Also, replacement 
of dietary laurate–myristate with palmitate–oleate has a benefi cial effect on 
an important index of thrombogenesis, the ratio of thromboxane to pros-
tacyclin in plasma (Ng et al., 1992). Furthermore, stearic acid is present in 
bovine and human milk at 14.6% and 5.9% of milk fat, respectively (Fox 
and McSweeney, 1998). Dietary stearic acid decreases plasma and liver 
cholesterol concentrations by reducing intestinal cholesterol absorption 
through altering the microfl ora populations that synthesize secondary bile 
acids (Cowles et al., 2002).

In addition to these saturated FA, milk fat provides CLA and other 
components such as sphingomyelin and other sphingolipids, etheric lipids, 
and butyric acids that have health benefi ts. Sphingolipids are highly bioac-
tive compounds that have profound effects on cell regulation. Per capita 
sphingolipid consumption in the United States is estimated to be approxi-
mately 115–140 g/year (or 0.3–0.4 g/day) and is primarily received from 
dairy products (Vesper et al., 1999). Animal studies have shown that feeding 
sphingolipids inhibits colon carcinogenesis, reduces serum LDL and ele-
vates HDL (Vesper et al., 1999).

Milk and meat products from ruminants are a good source of CLA in 
the human diet (Ebringer et al., 2008). There are two predominant isomers 
of CLA, and they include cis-9, trans-11 CLA and trans-10, cis-12 CLA. 
Conjugated linoleic acid in animal fat was reported to reduce adiposity, 
improve plasma lipoprotein concentrations and reduce infl ammatory 
responses in laboratory animals. However, in order to cause such meaning-
ful changes in humans, the daily intake of CLA should be very high (equiva-
lent to 3.5 kg of cheese per day) to take in 10 g of CLA (MacRae et al., 
2005). On the other hand, benefi ts have not been found in a number of 
trials of dietary interventions (Nestel, 2008). For example, dairy products 
enriched with as much as 3 g of CLA daily did not affect serum lipid profi les 
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in moderately overweight subjects (Naumann et al., 2006). However, the 
potential mechanism of action of CLA on human adiposity are limited and 
understanding it may provide more certainty to the results of controlled 
studies (Brown and McIntosh, 2003, Brown et al., 2004). Both human and 
animal studies have shown that there are some concerns about CLA-
isomers and their safety when they are used as dietary supplements. For 
instance, the CLA trans-10, cis-12 isomer may produce liver hypertrophy 
and insulin resistance via a redistribution of fat deposition that resembles 
lipodystrophy (Larsen et al., 2003).

Milk fat also contains medium-chained FA. Caproic acid (C6:0) is present 
in bovine and human milk at approximately 1% and 0.1% of milk fat, 
respectively. Caprylic acid (C8:0) and capric acid (C10:0) are present at 
approximately 0.3% of human and 1.2% of cow milk fat, respectively 
(German and Dillard, 2004). These three FA have similar biological activi-
ties and have not been associated with the risk of coronary artery disease 
when consumed as part of a diet (German and Dillard, 2004). A study with 
healthy men and women suggests that the medium-chained triacylglycer-
ides in the diet may reduce body weight and fat more than long-chained 
triglycerides (Tsuji et al., 2001).

Among short-chained FA, butyric acid (C4:0), the shortest saturated FA, 
is present in ruminant milk fat and human milk at 2 to 5% and 0.4% by 
weight, respectively (German and Dillard, 2004). No other common food 
fat contains this FA. Butyric acid produces butter’s distinctive fl avour and 
occurs as TG in 5 to 6% of butter fat; it is found in rancid butter and 
parmesan cheese. It is a potent antineoplastic agent and its action is 
improved through synergy with other milk fat components (Parodi, 1999).

Of the mono-unsaturated FA, oleic acid (C18:1) is relatively high in milk 
(approximately 8 g/L). Oleic acid, like other unsaturated FA, lowers plasma 
cholesterol, LDL and triacylglycerol concentrations. The concentration of 
poly-unsaturated FA, including linoleic and α-linolenic acids is 2 g/L in 
bovine milk (German and Dillard, 2004). These FA are converted to ara-
chidonic acid and eicosapentaenoic acid (EPA), which have protective 
effects against dyslipidemia and CVD (Angerer and von Schacky, 2000).

The fat from sheep and goat milk, in comparison with cows’ milk fat, is 
richer in medium-chained TG (FA C6:0–10:0) (Sampelayo et al., 2007), 
which has led to the suggestion that it may confer more health benefi ts. 
Medium-chained TG are absorbed through the portal system without re-
synthesis of TG in intestinal cells, and are subjected predominantly to 
β-oxidation in the liver, and are not stored as fat (Tsuji et al., 2001).

In summary, individual FA yield extremely diverse effects on risk factors 
for type 2 diabetes and CVD. There is reasonably good understanding of 
the effects of individual FA on blood lipids and lipoproteins; however, 
much remains to be learned about these individual FA with respect to other 
risk factors such as platelet function, blood pressure, endothelial function, 
development of atherosclerosis and insulin resistance, and other risk factors 
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related to metabolic syndrome. There is a growing appreciation of the 
health benefi ts of mono-unsaturated and poly-unsaturated FA. A greater 
understanding of the roles played by milk fat in the pathogenesis of insulin 
resistance and metabolic syndrome is required. 

8.2.4 Milk carbohydrates
The primary source of milk carbohydrate is lactose, an oligosaccharide 
composed of glucose and galactose. It is hydrolyzed by the lactase enzyme 
and absorbed in the small intestine. Insuffi cient activity of this enzyme 
results in lactose intolerance. Lactose is dissolved in whey, the serum phase 
of fl uid milk. While the normal pasteurization used for fl uid milk has no 
signifi cant effect on lactose, the higher temperatures used for ultra high 
temperature pasteurization, to extend the shelf life of milk, or spray drying 
can cause isomerization of lactose and prevents digestive discomfort in 
lactose intolerant individuals. Milk lactose had not been found to have any 
negative effects on metabolic regulation and coronary artery disease.

Compared to sucrose and glucose, lactose has a lower glycemic response, 
and therefore contributes to the low glycemic effect of milk. In addition, 
when consumed by obese subjects, lactose (56 g) results in lower glycemic 
and insulin response and lower food intake at 180 min (Bowen et al., 2006b). 
Lactose also confers health benefi ts because it is an essential substrate for 
fermentation for many probiotic bacteria, including those involved in the 
processing of dairy products. While many consumers tend to avoid dairy 
products with lactose due to intolerance, in fact, it was shown that lactose 
maldigesters can consume at least one cup of milk without experiencing 
symptoms, and that tolerance can be further improved by consuming the 
milk with a meal or choosing yogurt or hard cheeses (Byers and Savaiano, 
2005).

Tagatose, a hexose epimer of fructose, occurs naturally in dairy products 
in small amounts, but is increased by high-temperature treatment, i.e. in 
sterilized milk (Troyano et al., 1991). Tagatose is also commercially pro-
duced by isomerization of galactose and has proven to be of interest in 
management of metabolic disease. Tagatose reduces postprandial hyperg-
lycaemia and hyperinsulinaemia, decreases food intake and in a 14-month 
trial reduced body weight and increased HDL-cholesterol (Lu et al., 2008). 
This dairy-derived ingredient is now undergoing phase 3 of clinical trial 
under FDA-affi rmed protocol.

8.3 Relationship between milk and chronic diseases

Excess body fat, primarily abdominal fat, is a major predictor of the risk 
of developing conditions of the metabolic syndrome. Therefore, the role 
of dairy and milk consumption in body weight control is reviewed fi rst, 
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followed by an examination of their effect on conditions of the metabolic 
syndrome.

8.3.1 Milk and obesity
There is currently no clear consensus that dairy consumption plays a sig-
nifi cant role in the prevention and treatment of obesity based on epidemio-
logical evidence and randomized controlled trials. Milk and dairy 
consumption has been associated with both increased and decreased energy 
intake and body weight, perhaps explained by the wide range of fat contents 
and energy densities of dairy products, and the change in fat content of 
consumed products with time. In one epidemiological study conducted in 
Bogalusa, LA, USA, more frequent consumption of dairy products was 
associated with higher energy and saturated fat intake, suggesting that 
higher energy intake was largely due to the intake of high fat dairy products 
(Ranganathan et al., 2005). In contrast, other epidemiological studies with 
adults in the USA (Pereira et al., 2002; Loos et al., 2004) report an inverse 
association between dairy intake and adiposity. Similarly, a large cross-
sectional study conducted in Portugal found that high milk consumption 
was associated with a lower body mass index (BMI) in the entire popula-
tion, with the exception of no effect in post-menopausal women (Marques-
Vidal et al., 2006).

Prospective studies of the relationship between dairy and adiposity in 
adults (Elwood et al., 2005; Drapeau et al., 2004; Rajpathak et al., 2006) 
have also given inconsistent fi ndings. A 20-year prospective analysis of 
45–59-year-old men in South Wales showed that individuals whose milk 
consumption was above the median had a signifi cantly lower BMI com-
pared to those consuming less milk (Elwood et al., 2005). Similarly, in the 
Quebec Family Study, changes in dietary patterns of a sample of adults 
were followed for up to 6 years and found that among 51 food categories, 
increased consumption of fruit and milk (skimmed and partly skimmed) 
were the only food patterns inversely associated with body weight change 
(Drapeau et al., 2004). However, in a later examination of the relationship 
between dairy and body weight over 12 years in the USA, men with the 
largest increase in total high fat dairy intake gained slightly more weight 
than men who decreased intake the most (Rajpathak et al., 2006). Results 
from intervention trials also fail to provide conclusions on the impact of a 
diet rich in dairy products on adiposity (Zemel et al., 2004; Gunther et al., 
2005; Harvey-Berino et al., 2005; Lin et al., 2000). A secondary review of 
nine randomized trials provided little support for an effect of dairy sup-
plementation in reducing body weight or fat mass; however, none of the 
reviewed studies were specifi cally designed or powered to address this issue 
(Barr, 2003). In a placebo controlled study with 32 obese adults maintained 
for 24 weeks on balanced defi cit diets (500 kcal/d defi cit) and randomized 
to a standard diet (400 to 500 mg of dietary calcium/d supplemented with 
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placebo), a high-calcium diet (standard diet supplemented with 800 mg of 
calcium/d), or high-dairy diet (1200 to 1300 mg of dietary calcium/d sup-
plemented with placebo) a signifi cant decrease in body weight and fat loss 
from the trunk region was found in those subjects following high-dairy diet 
(Zemel et al., 2004).

8.3.2 Milk and cardiovascular disease
Based on some ecological studies, milk has become identifi ed as a risk 
factor for CVD due to its saturated FA (Seely, 1981; Grant, 1998). However, 
the results from prospective studies are in contrast to those from ecological 
studies. A comprehensive review of ten cohort studies provided no evi-
dence that milk adversely affects CVD and, in contrast, found that drinking 
milk may contribute a small, but worthwhile reduction in heart disease and 
stroke risk (Elwood et al., 2004), an observation confi rmed in a later report 
(Elwood et al., 2005), and for ischaemic heart disease (Elwood et al., 2004), 
As summarized recently, the contribution of milk consumption to total 
dietary fat, and the intake of saturated FA by a majority of subjects was 
relatively small (Elwood et al., 2004). Based on a study of foodstuffs pur-
chased by 224 women in the United Kingdom, milk fat contributed around 
5% of the fat in their total food purchases (Lip et al., 1995).

8.3.3 Milk and the metabolic syndrome
Dietary patterns characterized by increased dairy consumption have a 
strong inverse association with insulin resistance, risk of Type 2 diabetes 
and CVD among overweight adults. The Dietary Approaches to Stop 
Hypertension (DASH) diet, comprising low-fat dairy among other compo-
nents (fruits and vegetables), showed ability to reduce blood pressure 
among 429 adults (Appel et al., 1997). Results obtained from 88 517 women 
aged 34 to 59 following the DASH diet from 1980 through to 2004 showed 
that adherence to this diet provides lower incidences of CVD and stroke 
(Fung et al., 2008).

In the Health Professionals Follow-up Study, male participants with no 
history of diabetes, CVD or cancer at baseline were followed for twelve 
years. Each serving per day increase in total dairy intake was associated 
with a 9% lower risk of Type 2 diabetes and for low-fat dairy intake there 
was a 12% reduced risk (Choi et al., 2005). Another ten-year prospective 
follow-up study of dairy intake and the risk of Type 2 diabetes in 37 183 
middle-aged or older women without a history of diabetes, CVD, and/or 
cancer at baseline found that higher low-fat dairy intake may lower the risk 
of Type 2 diabetes (Liu et al., 2006). The ten-year cumulative incidence of 
insulin resistance syndrome and its association with dairy consumption, 
measured by diet history interview, showed that dairy consumption was 
inversely associated with the incidence of insulin resistance among indi-
viduals who were overweight at baseline but not among lean individuals 
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(Pereira et al., 2002). Daily consumption of dairy product was associated 
with a 21% lower likelihood of insulin resistance syndrome, both in blacks 
and whites or men and women (Pereira et al., 2002).

Dairy consumption was inversely associated with the risk of metabolic 
syndrome in a cross-sectional study conducted in Iran (Azadbakht et al., 
2005). In France, dairy intake was inversely associated with the frequency 
of the metabolic syndrome in men, but not women (Mennen et al., 2000). 
Men who consumed more than one serving of dairy products per day had 
a 40% lower prevalence of the metabolic syndrome. This association may 
be indicated by the heptadecanoic acid and pentadecanoic acid (15 : 0) 
content of milk. These biomarkers in plasma were signifi cantly and inversely 
correlated with TG, insulin, pro-insulin and leptin; suggesting that milk fat 
reduces risk factors of acute myocardial infarction (Warensjo et al., 2004). 
In another study, intake of milk fat and cream, and the plasma concentra-
tion of these same biomarkers of consumption, was inversely associated 
with glucose levels at fasting and an oral glucose tolerance test (Smedman
et al., 1999). In addition, in 70-year-old men, inverse associations between 
intake of milk products and BMI, waist circumference, LDL : HDL ratio, 
HDL, TG, and fasting plasma glucose were found, whereas relationships 
to HDL and apolipoprotein A-I tended to be positive (Smedman et al., 
1999).

Not all studies have reported positive associations between dairy con-
sumption and the metabolic syndrome, but negative fi ndings are remark-
ably few. High dairy consumption by a Dutch elderly population was not 
associated with more favourable responses in components of the metabolic 
syndrome, except for a modest association with lower blood pressure 
(Snijder et al., 2007). The British Women’s Heart and Health Study found 
that women 60 to 79 years old (n = 111) who never drank milk had lower 
insulin resistance scores, triacylglycerol levels and BMI, higher HDL and 
suffered less frequently from diabetes (Lawlor et al., 2005).

8.3.4 Milk and dysglycemia
The glycemic index (GI), which is a measure of the effects of carbohydrates 
on blood glucose levels, has important implications for controlling blood 
glucose in both healthy individuals and those with Type 2 diabetes (Wolever 
and Miller, 1995); however, it overlooks the contribution of insulin to 
metabolic disorders (Hollenbeck and Coulston, 1991) because the glucose 
response is not a good indicator of insulin response when the food con-
sumed contains protein (Gannon et al., 1988; Holt et al., 1997).

Milk consumption with carbohydrate foods greatly modifi es the glycemic 
response to their ingestion. Lower glycemic responses have been found 
after high milk breakfasts compared with high fat breakfasts or high fi ber 
breakfasts in both healthy participants and individuals with Type 2 diabetes 
(Schrezenmeir et al., 1989) and when milk and whey is added to carbohy-
drate meals which are equi-carbohydrate to a white bread reference (Nilsson



224 Dairy-derived ingredients

et al., 2004; Ostman et al., 2001). However, the insulin response to milk was 
not different from that of the reference food (Nilsson et al., 2004; Ostman
et al., 2001), showing a large dissociation between the GI and insulin index 
(II) for healthy normal subjects. The insulintropic effect of milk is seen with 
both whole and skim milk, indicating that the dissociation between the GI 
and II is not related to the fat content of milk, but is due to the protein 
content (Ostman et al., 2001; Pfeuffer and Schrezenmeir, 2007). Even the 
addition of milk to a low GI mixed meal elicits an insulintropic effect and 
reduced glycemic response (Liljeberg Elmstahl and Bjoorck, 2001).

The increase in insulin after consumption of milk proteins has been 
attributed to the BCAA because of a correlation between postprandial 
insulin and early increments in plasma amino acids, primarily leucine, 
valine, lysine, and isoleucine (Nilsson et al., 2004). Therefore, a role of 
bioactive peptides or BCAA in the enhanced insulin response through 
releasing higher GIP and GLP-1 concentrations has been suggested as an 
underlying possible mechanism (Nilsson et al., 2004; Frid et al., 2005).

8.4 Dairy components and their effect on satiety and food 
intake regulation

Many dairy components stimulate regulatory systems that are involved in 
the brain’s regulation of food intake and energy balance. These mecha-
nisms are reviewed briefl y as a background to describe the contributions of 
dairy components to intake regulation.

8.4.1 The role of the central nervous system in satiety and 
food intake regulation

Both long- and short-term food intake mechanisms are regulated by the 
hypothalamus in response to neural, metabolic and hormonal signals enter-
ing the brain (Schwartz et al., 2000). Short- and long-term pathways regulat-
ing food intake overlap in the central nervous system (CNS), where all the 
signals are integrated and translated into food intake control (Schwartz
et al., 2000). Two major long-term food intake regulatory hormones are 
leptin and insulin (Badman and Flier, 2005). Both leptin (produced from 
adipose tissues) and insulin (produced from pancreatic β-cells) concentra-
tions are infl uenced by the adipose tissue mass to promote satiety. Leptin 
inhibits AMP-activated protein kinase (AMPK) activity in the hypothala-
mus and its inhibition is necessary for the satiety – induced effect of leptin 
(Minokoshi et al., 2008).

Insulin is a hormone involved in both short- and long-term food intake 
regulations. Although insulin resistance is associated with an increased 
body weight and obesity, insulin contributes to long-term energy balance 
in normal weight individuals, and hyperinsulinemia appears to have a 
transient protective effect on overeating (Abou Samra et al., 2007). In the 
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short-term, insulin response is a stronger correlate of satiety and food 
intake suppression than any of the gastrointestinal satiety hormones (Abou 
Samra et al., 2007). In addition to modifying the glycemic response, plasma 
concentrations of insulin strongly associate with short-term satiety and 
decreased food intake (Akhavan and Anderson, 2007).

8.4.2 The role of gut hormones in satiety and food intake regulation
Satiety refers to the afferent signalling that leads to cessation of eating. 
Satiety can be induced through physiological processes, including satiety-
signaling pathways from the gastrointestinal tract to the CNS. More than 
20 different regulatory peptide hormones are released in the gastrointesti-
nal system. Many of them are recognized to be involved in the regulation 
of food intake and are sensitive to the gut nutrient content and composition 
(Murphy and Bloom, 2006). Primary mediators of satiety signaling form in 
the gastrointestinal tract, including CCK, GLP-1, peptide tyrosine tyrosine 
(PYY), and GIP (D’Alessio, 2008).

CCK, a satiety hormone involved in controlling food intake, is released 
postprandially, particularly after fat and protein ingestion (Liddle et al., 
1985). CCK is produced by the endocrine cells (I-cells) of the duodenum 
and upper jejunum of the small intestine. CCK induces satiety in a dose-
responsive manner in animals both through central mechanisms after being 
transported across the blood–brain barriers and peripheral mechanisms 
through abdominal vagal nerves (Reidelberger et al., 2004). The effects 
of CCK on satiety and meal size are synergized by the action of leptin 
(Barrachina et al., 1997).

GLP-1 is produced from L-cells located primarily in the ileum and colon. 
GLP-1 receptors are expressed not only in pancreatic islet cells, but in the 
stomach peripheral nerves and specifi c regions in the brain (D’Alessio, 
2008). GLP-1 is involved in stimulating insulin secretion and inhibiting 
hyperglycemia (D’Alessio and Vahl, 2004). In addition, GLP-1 inhibits 
gastric emptying and suppresses food intake. Like CCK, GLP-1 is also 
dependent on leptin to induce satiety (Williams et al., 2006).

PYY, also secreted from the L-cells of the gastrointestinal tract, is 
released into the circulation in response to ingesting a meal, and produces 
satiety. Like CCK and GLP-1, the satiety-induced effect of PYY is likely 
dependant on leptin signalling (Moran et al., 2005).

Lastly, GIP is released from K cells in the duodenum after food ingestion 
and it may play an important role in obesity development since it is known 
that GIP-receptor-knockout mice are resistant to obesity when fed a high-
fat diet (Murphy and Bloom, 2006).

8.4.3 Dairy components and their effect on satiety and 
food intake regulation

In Section 8.2.3 we hypothesized the possible mechanisms of dairy fat inges-
tion on metabolic responses, including satiety and food intake via the ileal 
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brake. However, there is considerable evidence that the effect of milk and 
dairy products on satiety and food intake is mainly mediated through the 
effect of dairy proteins on the release of satiety hormones. Proteins are 
more satiating than either carbohydrates or fats (Anderson et al., 2004). 
Nevertheless, various quantities and types of proteins have different impacts 
on metabolic regulation, weight loss and weight maintenance. Dietary pro-
teins regulate satiety and metabolic function by the combined actions of 
the intact protein, encrypted peptides and amino acids on gastrointestinal 
and central pathways. Dairy proteins also suppress short-term food intake 
and can contribute to reduced energy intake and eventually body weight 
through their effects on many hormones that signal satiety.

Milk proteins increase CCK concentrations in plasma (Bowen et al., 
2006b; Hall et al., 2003). Whey proteins are the precursors of many bioactive 
peptides that have potential to exert their actions through gut satiety mecha-
nisms. This has been confi rmed when whey protein increased CCK more 
than casein (Hall et al., 2003), although in another study, whey protein 
resulted in similar CCK responses compared with soy and gluten proteins 
(Bowen et al., 2006b), perhaps due to differences in the GMP content of the 
whey product derived from making cheese. GMP stimulates CCK release 
(Hall et al., 2003; Liddle et al., 1985), and blocking CCK-A receptors pre-
vents suppression of food intake in rats given casein, in which the CMP is 
encrypted (Pupovac and Anderson, 2002). Although carbohydrate and fat 
are more potent stimulators of GLP-1 than protein (Brubaker and Anini, 
2003), milk proteins stimulate GLP-1 release independently of carbohy-
drate and fat (Aziz and Anderson, 2007), possibly a response that is prima-
rily due to the action of whey. A high protein breakfast (58% of total 
energy) consisting mainly of dairy products enriched with whey protein 
isolate resulted in higher GLP-1 concentrations over 3 hours than a high 
carbohydrate breakfast (19% of total energy from protein) consisting mainly 
of plain yogurt (predominantly casein) (Blom et al., 2006). Similarly, when 
protein preloads of 50 g were given with an additional 200 kcal from fat and 
carbohydrate, whey protein ingestion resulted in higher plasma concentra-
tions of GLP-1 than casein for up to 3 hours in humans (Hall et al., 2003). 
However, since whey is a ‘fast protein’ and casein is a ‘slow protein’, and 
plasma amino acid concentrations begin to fall 3 hours after whey ingestion, 
but remain elevated for at least 7 hours after casein ingestion, casein may 
have a stronger effect than whey at a later time (Boirie et al., 1997). In 
support of this, plasma GLP-1 concentrations fell substantially 2 hours after 
the administration of isoenergetic whey, whey hydrolysate and casein hydro-
lysate solutions, but continued to increase only after the casein solution 
(Calbet and Holst, 2004). Plasma GLP-1 concentration was independent of 
the degree of protein fractionation (Calbet and Holst, 2004).

Whey stimulates GIP response (+80%) in healthy subjects while BCAA 
mixtures did not have such an effect (Nilsson et al., 2007), suggesting that 
release of bioactive peptides present in whey and released during digestion 
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are the primary stimulators of GIP secretion (Nilsson et al., 2007). In con-
trast, PYY in plasma increased after intra-gastric administration of whey 
protein or whey peptide hydrolysate to healthy subjects, but it was inde-
pendent of the degree of protein fractionation (Calbet and Holst, 2004). 
The effect of whey compared with other proteins has not been reported.

Milk proteins also reduce plasma ghrelin, the orexogenic hormone. 
Complete milk protein, casein, whey or GMP, given by gavage as preloads 
to rats, reduced plasma ghrelin concentrations similarly at 30 min when 
compared to the water control (Peng, 2005). In humans, whey protein 
isolate and calcium caseinate suppressed ghrelin concentrations similar to 
lactose, but more than glucose over 3 hours, an effect that was correlated 
with lower subsequent energy intake (Bowen et al., 2006b). Whey is not 
unique among proteins in its effect on ghrelin because whey, soy and gluten 
proteins decreased ghrelin similarly over 3 hours (Bowen et al., 2006a).

It remains unclear, however, if the effects of dairy ingredients, especially 
proteins, on food intake, subjective satiety and intake regulatory mecha-
nisms in humans are obtained from usual serving sizes of dairy products. 
The effects described have been observed in short-term experiments and 
when those ingredients were consumed in much higher amounts. 

8.5 Dairy-based functional foods

Functional dairy products are defi ned as products produced from either 
milk enriched with a functional component, or ingredients originating from 
milk (Mattila-Sandholm and Saarela, 2003). Based on their main health 
effects, functional dairy products can be divided into products providing: 
(i) gastrointestinal health and general well-being including pro-, pre- and 
syn- biotics, and products with reduced lactose; (ii) cardiovascular health 
including antihypertensive and cholesterol-lowering effects; (iii) other ben-
efi ts including antiosteoporotic, sleep-modulating, immuno-enhancing 
effects. There are some examples of recent advances in this area. In 2008, 
the Irish dairy and ingredient group, Carbery Food Ingredients, developed 
a hydrolyzed whey protein ingredient, Optipep, which is able to increase 
the insulin response compared to native whey protein and could be benefi -
cial post-exercise, especially for athletes (Starling, 2008). Several functional 
dairy products have been patented in the form of powdered milk, liquid 
milk or milk slice for eradicating functional constipation or preventing and 
inhibiting hyperlipemia (Wang et al., 2008). These products contain 0.01 
to 15% functional oligosaccharide from low-polymerized seminose, xylo-
oligosaccharide, fructooligosaccharides, galactooligosaccharide, stachyose, 
raffi nose, isomaltooligosaccharide, maltooligosaccharide, soybean oligo-
saccharide, chitooligosaccharides, oligofructose, and/or oligosaccharide. 
Another approach to the use of complex carbohydrates for novel functional 
dairy products is the example of low-fat mozzarella cheese where barley 
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beta-glucan concentrate is used as a fat replacer (Vithanage et al., 2008). 
Such strategies reach two goals. The added polysaccharide, beta-glucan, is 
fi rstly known to improve glycemic control and reduce serum cholesterol 
levels, and secondly, to reduce the fat content of the milk product at the 
cost of an ingredient with similar technologic properties.

Some functional products are aimed to target specifi c biomarkers associ-
ated with certain health conditions. For example, the ingredient derived 
from the mushroom Panellus serotinus, is claimed to enhance the level of 
adiponectin in ZF rats, and authors propose to use this substance in the 
wide variety of foods including dairy products to prevent obesity and 
related diseases (Yanagida and Nagao, 2008).

The abundance of milk whey as a by-product of cheese-making had a 
strong impact on the production of whey-based beverages starting in the 
1970s. Since whey has a high content of lactose and may not be consumed 
by the population with lactose intolerance, the specifi c cultures of bacteria 
were chosen to produce functional products with high nutritional value and 
acceptable sensory characteristics, including non-alcoholic beverages and 
alcoholic beverages such as whey beer and whey wine with up to 1.5% of 
alcohol (Jelicic et al., 2008).

The world market for functional foods where dairy products play a sig-
nifi cant role is estimated between 33 to 61 billion US$. The United States 
is the largest market segment, followed by Europe and Japan, and these 
three account for up to 90% of the total sales for functional foods (Siro
et al., 2008). However, more research, especially clinical trials, are required 
to substantiate the effectiveness of functional dairy products for the preven-
tion or mitigation of obesity and the metabolic syndrome among different 
populations. This may be illustrated by the recent rejection of health claims 
related to dairy products and healthy body weight by European Food 
Safety Authority (EFSA). Three portions of dairy foods per day are claimed 
to promote a healthy body weight in children and adolescents, a portion 
being specifi ed as 200 ml milk, 28 g cheese or 125 ml yogurt. EFSA found 
that of the fi ve cross-sectional plus the seven prospective observations 
presented, only four studies (two cross-sectional and two prospective 
studies) support an association between the consumption of dairy foods and 
BMI or body fat estimates in children and adolescents. The EFSA Panel 
noted that cross-sectional studies provide only an association and do not 
provide suffi cient evidence of a cause and effect relationship. The two 
prospective studies included only a small sample size (53 and 92 subjects) 
and covered a limited age range (two to 13 years). Finally, EFSA concluded 
that a cause and effect relationship is not established between the daily 
consumption of dairy foods (milk, cheese and yogurt) and a healthy body 
weight in children and adolescents. The main fl aw of this claim, as it was 
concluded by EFSA, is the lack of intervention studies to specifi cally 
examine any causal relationship, and there are insuffi cient data to establish 
a specifi c level or frequency of consumption of dairy foods associated with 
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any specifi c effect on body weight (EFSA, 2008). Therefore, more interven-
tion studies are needed to establish the effect of dairy products, as well as 
dairy-derived ingredients, on the risk factors associated with metabolic 
syndrome.

8.6 Conclusion

Dairy-derived ingredients have potential to improve physiological charac-
teristics associated with obesity, Type 2 diabetes, and CVD. However, their 
mechanism of action in bringing about effects on food intake and the com-
ponents of the metabolic syndrome action requires elucidation.

8.7 Notation

α-LA alpha-lactalbumin, AMPK AMP-activated protein kinase, β-LG
beta-lactoglobulin, BMI body mass index, CN casein, BCAA branched-
chain amino acids, CVD cardiovascular disease, CMP caseinomacropep-
tide, CNS central nervous system, CCK cholecystikinin, CLA conjugated 
linoleic acid, CHD coronary heart disease, EPA eicosapentaenoic acid, 
EFSA European Food Safety Authority, FA fatty acids, FFA free fatty 
acids, GIP gastric inhibitory peptide, GI glycemic index, GLP-1 glucagon-
like peptide -1, GMP glycomacropeptide, HDL high density 
lipoproteins, MFG milk fat globules, PYY peptide tyrosine-tyrosine, TG 
triacylglycerols
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Abstract: Bioactive peptides (BPs), encrypted in the amino acid sequences of 
protein, are potential health-enhancing nutraceuticals. Numerous bioactivities, 
including antithrombotic, antilipemic, antioxidative, immunomodulatory, 
antimicrobial, opiate, osteoprotective, anticariogenic, and growth-promoting 
properties, have been described for BPs, mostly in vitro or in animal models. The 
clinical evidence for antihypertensive effects is convincing and the evidence for 
the regulation of satiety, food intake and obesity-related metabolic disorders is 
increasing. In order to exert health effects, peptides have to be absorbed from the 
intestine and must reach the target cells in suffi cient concentrations or act via 
receptors and cell signalling in the gut without absorption.

Key words: cardioprotective peptides, immunomodulatory peptides, opioid 
peptides, gastroprotective peptides, body composition.

9.1 Introduction

Interest in the health aspects of bioactive compounds found in milk and 
dairy products is increasing. The number, potency, and importance of 
bioactive compounds in milk, especially in milk proteins, are probably 
greater than previously thought. Whereas some of these compounds are 
normal milk components, others emerge during digestive or fermentation 
processes.

Besides intact proteins, such as alpha-lactalbumin (α-lactalbumin), beta-
lactoglobulin (β-lactoglobulin), growth factors, immunoglobulins and lacto-
ferrin, increasing interest is focused on peptides which may be released 
from proteins by enzymatic activity. Bioactive peptides (BPs) may be 
encrypted in the amino acid sequence of a larger protein and usually consist 
of 3–20 amino acids. Encrypted peptides can be released in three ways: in
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vivo during digestion by digestive enzymes, such as trypsin; in vivo during 
digestion by microbial enzymes; or in vitro during food processing or ripen-
ing by isolated or microbial enzymes.

Concentrates of these peptides are potential health-enhancing nutraceu-
ticals for food and pharmaceutical applications. Numerous bioactivities, 
including antihypertensive, antithrombotic, antilipemic, antioxidative, 
immunomodulatory, antimicrobial, opiate, osteoprotective, anticariogenic 
and growth-promoting properties, have been described for bioactive bovine 
peptides. Furthermore, there has been growing evidence of the role of dairy 
proteins even in the regulation of satiety, food intake and obesity-related 
metabolic disorders. This chapter provides an overview of the benefi cial 
physiological effects of bioactive protein components in milk and also dis-
cusses their potential health effects.

9.2 Major bioactive milk proteins and peptides

The average protein content of milk is 3.2%, of which approximately 80% 
is casein (2.7 g/100 g milk) and the rest is whey. The concentration of caseins 
and whey proteins in milk is presented in Table 9.1. In addition to these 
main milk proteins, a small number of minor proteins and peptides with 
physiological activities (Table 9.1) are natural constituents of milk. These 
compounds are secreted from blood into milk or are synthesized in the 
mammary gland.

Milk proteins contain a wide variety of biologically active peptides. 
These peptides, which are encrypted within the sequence of the parent 
proteins, can be released by enzymatic proteolysis. BPs have been obtained 
from casein as well as whey proteins from in vivo digests after feeding the 
precursor protein, or from in vitro digestion with proteolytic enzymes 
during food processing. Typically, they are inactive within the sequence of 
the precursor proteins before proteolysis. Once produced, BPs may act in 
the body as regulatory compounds with hormone-like activity.

Bioactive peptides may be liberated from food proteins throughout the 
whole gastrointestinal tract, and they can display bioactivity in the small 
and large intestine (Fig. 9.1). However, since most food proteins are 
degraded during their transit through the small intestine, and because 
microbial activity occurs predominantly in the large intestine, the release 
by microbial enzymes during digestion applies to proteins when reaching 
this site of the intestine. In addition, intestinal digestive enzymes and micro-
bial enzymes in the gut, or in food, use different cleavage sites. As a result, 
peptides liberated by microbial enzymes may differ from those released by 
digestive enzymes.

It is well known that di- and tripeptides are easily absorbed in the 
intestine (Hara et al., 1984). However, less is known about the absorption 
of BPs of higher molecular weight in the intestine. In order to exert 
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Table 9.1 Concentration and biological functions of bovine milk proteins

Protein Concentration
(g/l) Bioactive peptide Function

Total caseins 26.0
α 13.0 α-Casein exorphin

Casokinins, lactorphins
Immunopeptides
Casocidin, Isracidin
Phosphopeptides

Opioid agonist
ACE-inhibitory
Immunomolulatory
Antimicrobial
Mineral carriers

β 9.3 β-Casomorphins
Casokinins, lactorphins
Immunopeptides
Phosphopeptides

Opioid agonist
ACE-inhibitory
Immunomolulatory
Mineral carriers

κ 3.3 Casoxins, lactorphins
Immunopeptides
Casoplatelins

Opioid antagonist
Immunomolulatory
Antithrombotic

Total whey 6.3
β-Lactoglobulin 3.2 β-Lactorphin

Lactokinins
Opioid agonist
ACE-inhibitory

α-Lactalbumin 1.2 α-Lactorphin
Lactokinins

Opioid agonist
ACE-inhibitory

Immunoglobulins
(A, M, G)

0.7

Serum albumin 0.4
Lactoferrin and 
transferrin

0.1 Lactoferricin
Casoplatelins

Antimicrobial
Opioid antagonist

Lactoperoxidase 0.03
Lysozyme 0.0004
Proteose-peptone <1
Glycomacropeptide 0.5–1.5

Miscellaneous minor 
proteins

0.8

Thyrotropin-
releasing hormone 
(THR)

Luteinizing
hormone-releasing
hormone (LHRH)

Somatostatin (SIH)
Gastrin-releasing

peptide (GRP)
Calcitonin
Adrenocorticotropic

peptide (ACTH)
Insulin

Growth factors, e.g. 
EGF
Relaxin
Prolactin
Thyroid stimulating 

hormone (TSH)
Enzymes, e.g. 

plasmin
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antihypertensive effects, for example, peptides have to be absorbed from 
the intestine and must reach the target cells in blood vessels in suffi cient 
concentrations. Thus, bioactive food components may be degraded during 
digestion, may not be absorbed, or may not reach adequate concentrations 
in blood and other target tissues.

Some proteins, such as lactoferrin and immunoglobulins, have been 
shown to, at least partly, escape degradation in the small intestine (Drescher 
et al., 1999; Roos et al., 1995). They may be absorbed as whole proteins, or 
act directly in the intestinal tract or via receptors and cell signalling in the 
gut without absorption.

9.2.1 Safety
Because bioactive proteins and peptides are natural components of milk 
and dairy products, their degradation in the gastrointestinal tract is assumed 
not to differ from any other dietary proteins and peptides. Among BPs, the 
ACE-inhibitory peptides and antihypertensive peptides have been exten-
sively studied worldwide. Furthermore, safety and toxicity studies have 
been conducted mostly with antihypertensive tripeptides derived from milk 
proteins. In these studies on experimental animal models or in clinical trials, 

Undigested
proteins

Undigested
oligopeptides

Undigested
di/tripeptides

Amino
acids

Hydrolyzed

Hydrolyzed

Metabolized

Proteins

Peptides

Peptides
Amino acids

Amino acids

Amino acidsAmino
acids

Di/tripeptides

Dietary
proteins

Oligo-
peptides

Di/tri-
peptides

Intestinal lumen Epithelial cell Inside the body

Proteases

Peptidases

Peptidases

Fig. 9.1 The structure of dietary proteins and peptides change during the 
process of digestion and absorption in the intestine and epithelial cells.
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no adverse effects were reported even with the highest dose tested (Dent 
et al., 2007; Pins and Keenan, 2006; Jauhiainen et al., 2005; Mizuno et al.,
2005; Nakamura et al., 2005). An interesting observation is that even high 
daily doses had no clinical signs nor biologically meaningful effects on 
systolic or diastolic blood pressure, the pulse rate, or clinical pathology 
(serum chemistry or haematology) in adult normotensive volunteers (for 
review, see Bernard et al., 2005).

Dairy proteins have been a part of the human diet for a long time. 
Although there is no theoretical safety concern about the natural ingredi-
ents of dairy products, accumulative clinical data from longer interventions 
and clinical use of products containing BPs will be valuable in expanding 
knowledge of their safety, as the duration of the published interventions is 
only a few months at the most.

9.3 Health-promoting properties of bioactive milk proteins 
and peptides

9.3.1 Effects on the cardiovascular system
Antihypertensive effects
Angiotensin I-converting enzyme (ACE) is a key enzyme in the regulation 
of blood pressure. Within the renin-angiotensin system, ACE catalyzes the 
conversion from angiotensin I to angiotensin II, which is a very potent 
vasoconstrictor. Consequently, inhibition of synthesis of angiotensin II 
lowers blood pressure. Moreover, since ACE also degrades bradykinin, 
which has vasodilatory properties, the widely-used ACE inhibitor 
antihypertensive pharmaceuticals reduce hypertension by at least two 
mechanisms.

Dairy products may act as natural functional foods with ACE inhibitory 
activity and blood pressure lowering capacity. Meisel (1997) has listed ACE 
inhibitory activities in various dairy products. Low activity was found in 
products with a low degree of proteolysis, such as yoghurt, quark, and fresh 
cheeses. Ripened cheese contained more activity, but this was dependent 
on the degree of maturation.

The antihypertensive effect of orally administered doses of alpha-s1- and 
beta-casein (αs1- and β-casein) hydrolysates in spontaneous hypertensive 
rats has been reported by Yamamoto et al. (1994), Nakamura et al. (1995) 
and Maeno et al. (1996). Tripeptides Val-Pro-Pro (VPP) and Ile-Pro-Pro 
(IPP) were identifi ed as antihypertensive components which were produced 
by fermenting milk proteins with Lactobacillus helveticus and Saccharomy-
ces cerevisiae. A sour milk product fermented with these microbes and 
containing these tripeptides (CalpisTM) reduced arterial blood pressure in 
rats and humans (Hata et al., 1996; Masuda et al., 1996). Accordingly, Seppo 
et al. (2003) and Jauhiainen et al. (2005) found moderate or signifi cant 
reduction in the blood pressure of hypertensive subjects after 21- and 
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10-week-interventions with daily doses of sour milk products (Evolus®), 
compared to a control group. Evolus® contains bioactive VPP and IPP 
peptides that can pass the intestinal tract, and can, after absorption, inhibit 
the production of angiotensin-II in the blood, which suggests a mild phar-
macological antihypertensive effect.

Other peptides may be equally effective. In fact, a placebo-controlled 
study conducted by Ashar and Chand (2004) demonstrated the effect of 
‘Dahi’, a fermented milk product containing ACE-inhibitory peptide Ser-
Lys-Val-Tyr-Pro, on hypertensive subjects. The product was produced by 
fermenting milk with L.delbrueckii ssp.bulgaricus, Str.thermophilus and
Lc.lactis susp.lactis biovar diacetylactis. A signifi cant decline in the systolic 
blood pressure was recorded after two and four weeks from the beginning 
of the trial. In addition, β-lactoglobulin and α-lactalbumin have been shown 
to release several ACE-inhibitory peptides after digestion with proteolytic 
enzymes (Hernández-Ledesma et al., 2007; Pihlanto-Leppälä et al., 2000; 
Mullally et al., 1997).

Milk peptides may exert antihypertensive effects also through other 
mechanisms. Maes et al. (2004) investigated the endothelin-converting 
enzyme-inhibitory (ECE) properties of whey-derived peptides. Tryptic 
digest of β-lactoglobulin was found to inhibit the endothelin-1 (ET-1) 
release from endothelial cells in vitro. Endothelin is an even stronger vaso-
constrictor than angiotensin II. The membrane-bound ECE converts the 
precursor endothelin into active endothelin. Thus, inhibition of ECE leads 
to lower blood pressure. Whereas Perpetuo et al. (2003) demonstrated a 
stimulation of bradykinin activity, Sipola et al. (2002) found enhancement 
of endothelium-derived nitric oxide production and Nurminen et al. (2000) 
reported enhancement of the vasodilatory action of milk peptides of binding 
to opiate receptors.

To exert an antihypertensive effect after oral ingestion, active peptides 
must be absorbed in an intact form from the intestine and, further, be resist-
ant to degradation by plasma peptidases in order to reach the target sites. 
Proline-containing peptides, such as VPP and IPP, are generally resistant 
to degradation by digestive enzymes. In fact, VPP can be transported intact 
through the cell layer via paracellular and transcellular routes, although a 
signifi cant amount of peptide is hydrolyzed to amino acids by intracellular 
peptidases (Satake et al., 2002). Masuda et al. (1996) detected VPP and IPP 
in the abdominal aorta of SHR rats after oral administration of a sour milk 
product containing these tripeptides. On the other hand, in vitro results by 
Walsh et al. (2004) indicated that a tryptic digest of β-lactoglobulin, which 
is a potent inhibitor of ACE according to the study of Mullally et al. (1997), 
is probably not suffi ciently stable in the gastrointestinal tract and in the 
serum to act as a hypotensive agent in humans.

Hence, only a few of the large number of in vitro potential antihyper-
tensive milk peptides have proven clinically effective in animal and 
human trials. The effect is achieved after continuous ingestion of products 
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containing effective peptides, since the blood pressure is gradually reverted 
to the pre-trial level after the intervention period. Further studies are still 
needed to better understand the mechanisms behind the blood pressure-
reducing effects of milk peptides and also to demonstrate the long-term 
physiological effects induced by the consumption of such peptides.

Antithrombotic effects
Antithrombotic drugs are used for reducing platelet aggregation and for 
enhancing fi brinolysis in order to prevent the development of thrombosis. 
A large number of similarities have been reported between the clotting of 
blood and the clotting of milk. Structural homologies between bovine 
κ-casein and the human fi brinogen γ-chain were found by Jollés et al.
(1978). The κ-casein fragment called casopiastrin has displayed antithrom-
botic activity by inhibiting fi brinogen binding to platelets in vitro (Manso 
et al., 2002; Chabance et al., 1997; Fiat et al., 1993). Moreover, Bal dit Sollier 
et al. (1996) proved some antithrombotic activity in vivo after parenteral 
administration in guinea pigs. Another peptide called casoplatelin inhibits 
both the aggregation of activated platelets and the binding of the human 
fi brinogen γ-chain to its receptor on the platelet surface (Jollés et al., 1986).

The human lactoferrin-derived peptide, KRDS, holds structural similari-
ties to the fi brinogen α-chain and has inhibited platelet aggregation in 
experimental models both in vitro and in vivo (Drouet et al., 1990; Mazoyer 
et al., 1990; Raha et al., 1988). However, although no pharmacological data 
on the clinical signifi cance of milk peptides with antithrombotic activity is 
available, such peptides have been detected in the plasma of newborn 
babies after breastfeeding or ingestion of cow-milk-based infant formula, 
which indicates absorption of antithrombotic peptides into the blood 
(Chabance et al., 1995).

Hypocholesterolemic activity
Whey proteins have been reported to exhibit a greater hypocholesterolemic 
effect, in comparison with casein or soybean proteins, in rats and healthy 
men (Kawase et al., 2000; Minehira et al., 2000; Zhang and Beynen, 1993). 
Fermented acidophilus milk had a hypocholesterolemic effect in human 
subjects during a three-week intervention (Ashar and Prajapati, 2000). By 
contrast, Dent et al. (2001) did not report any effect of whey in postmeno-
pausal women.

On the contrary, dietary casein actually tended to increase serum and 
hepatic lipids in animal studies when comparing the effect of different 
dietary protein supplements (Aoyama and Wada, 1999; Van der Meer 
et al., 1988). In a recent screening by Nass et al. (2008), however, two of the 
αs1-casein hydrolysates activated the MAP-kinase signalling of the choles-
terol metabolizing enzyme 7alpha-hydroxylase (7α-hydroxylase), even if no 
effect on 7α-hydroxylase expression was seen, which thus suggests some 
hypocholesterolemic effect after all.
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Nagaoka et al. (2001) identifi ed four peptide sequences from a 
β-lactoglobulin hydrolysate, lactostatin, which inhibited cholesterol absorp-
tion by Caco-2 cells in vitro. In animal studies, Ile-Ile-Ala-Glu-Lys-
corresponding fragments f(71–75) demonstrated an even more powerful 
effect on the serum cholesterol level than exhibited by β-sitosterol, a known 
agent for reducing cholesterol absorption. This effect was, at least in part, 
due to an enhancement of faecal steroid excretion, but the accurate mecha-
nisms of effect remain to be clarifi ed. Recent data have indicated that 
lactostatin is capable of inducing gene transcription of human cholesterol 
7α-hydroxylase in a human liver cell line (Morikawa et al., 2007). This activ-
ity involves calcium and MAPK-dependent signalling pathways.

β-Lactotensin, a neurotensin NT2 agonist derived from β-lactoglobulin, 
has been found to exhibit hypocholesterolemic activity after administration 
of 100 mg/kg p.o. to mice for two days (Yamauchi et al., 2003). This hypo-
cholesterolemic effect was reported to be due to neurotensin NT2 receptor 
agonist action.

Bovine lactoferrin (1%) mixtured with a standard commercial mouse diet 
reduces plasma or hepatic triacylglycerol and cholesterol (Takeuchi et al.,
2004). In addition, during the intervention with a normal diet, plasma HDL-
cholesterol levels increased signifi cantly. However, no signifi cant suppres-
sive effects on the lipid metabolism of the high-fat diet fed mice were 
noticed. The authors supposed this action to be due to the suppressive effects 
on lipid metabolism and the effects on micellar solubility of cholesterol.

The effects of dietary proteins are thus due to the interaction between 
protein and hepatic lipogenesis, in addition to which inhibition of choles-
terol absorption has been demonstrated. However, most of the claimed 
hypocholesterolemic effects of BPs have been observed in vitro or in animal 
models, and human clinical data remains limited. The accurate mechan -
isms remain to be clarifi ed, but it is evident that the action of BPs is 
miscellaneous.

Antioxidative effects
Reactive oxygen species (ROS) are produced as part of normal cell metab-
olism and are involved in a variety of normal regulatory systems. A high 
level of ROS can disturb the redox balance and promote oxidative stress 
in cells.

Whey has potent antioxidant activity, likely by contributing cystein-rich 
proteins that aid in the synthesis of glutathione (GSH). GSH is comprised 
of glycine, glutamate and cystein. Dietary intake of cystein, or its precursor 
methionine, has a powerful effect on the synthesis of GSH (for review, see 
Wu et al., 2004). Nonetheless, in addition to the amount of dietary cystein, 
also the entire protein composition infl uences oxidative stress (Blouet 
et al., 2007; Mariotti et al., 2004).

Several in vitro studies have shown the antioxidative capacity of whey 
proteins and peptides (for review, see Bounous, 2000). The antioxidative 
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activity of unhydrolyzed β-lactoglobulin, however, is not remarkable in
vitro (Liu et al., 2007; Elia et al., 2006), although several supplements of 
whey fractions have exhibited antioxidative activity in vivo in rats (Zommara 
et al., 2002, 1998).

Ingestion of a whey-based cysteine donor in a product named Immuno-
cal (HMS90) increased the circulating lymphocyte GSH concentration in 
healthy young adults by over 30% (Lands et al., 1999). The increase in GSH 
was linear with the amount of whey protein ingested (Zavorsky et al., 2007). 
If oxidative stress has been imposed during physical exercise, infl ammation 
or use of alcohol, varying doses of whey protein supplementation prevented 
oxidative stress both in experimental and clinical trials (Elia et al., 2006; 
Oner et al., 2006; Middleton et al., 2004; Rosaneli et al., 2002). Furthermore, 
antioxidative effects of the Immunocal product have been demonstrated in 
several clinical groups, such as asthma, cystic fi brosis, cancer, and HIV-
infected patients (Tozer et al., 2008; Lothian et al., 2006; Moreno et al., 2006; 
Grey et al., 2003; Micke et al., 2002, 2001). However, in a small trial by 
Brown et al. (2004), no antioxidative effects of whey were found in partici-
pants of a fi tness course.

Antioxidative properties of milk peptides have not been systematically 
studied. Pazos et al. (2006) compared the activity in vitro and found lacto-
ferrin to be a more powerful antioxidant than bovine serum albumin or 
β-lactoglobulin, which were quite equal in their antioxidative capacity. 
Hernández-Ledesma and co-workers (2005) investigated the antioxidant 
activity of hydrolysates of β-lactoglobulin and α-lactalbumin and demon-
strated that the presence of tryptophan (Trp), tyrosine (Tyr), and methio-
nine (Met), as well as their position within the peptide sequence, are 
the most determinant factors on the antioxidative activity of peptides 
(Hernández-Ledesma et al., 2007). The high antioxidant activity of these 
amino acids may be explained by the capacity of the indolic and phenolic 
groups to serve as hydrogen donors. L-Tyr has been found to be an effec-
tive antioxidant in different in vitro assays (Gülçin, 2007).

Lactoferrin is a member of the iron-binding transferrin protein family 
which inhibits the formation of reactive oxygen species. It is an effi cient 
iron chelator and decreases the intensity of peroxidation processes in vitro
and in vivo (Tsubota et al., 2008; Chodaczek et al., 2007; Shoji et al., 2007; 
Kruzel et al., 2006; Sandomirsky et al., 2003; Raghuveer et al., 2002). 
However, Konishi et al. (2006) found no markers of altered iron metabolism 
during eight weeks of lactoferrin supplementation in patients with chronic 
hepatitis, suggesting that the inhibitory effect of lactoferrin supplementa-
tion on lipid peroxidation may be based on several mechanisms.

Casein and casein-derived peptides are not considered to be as effective 
antioxidants as whey proteins. In vitro casein and casein hydrolysates inhibit 
lipid peroxidation and scavenge free radical intermediates, at least partly 
dose-dependently (Sakanaka et al., 2005; Diaz and Decker, 2004; Rival 
et al., 2001). Ingestion of casein signifi cantly protected rats from iron and 
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exercise-induced oxidative damage (Zunquin et al., 2006), but the effects 
were not equal to those of soy protein or casein supplemented with methio-
nine or cystein in rats and mice (Park et al., 2005; Alhamdan and Grimble, 
2003; Madani et al., 2000; Taniguchi et al., 2000). By contrast, a casein-
supplemented diet had no antioxidative effects in mice in the trial by Elia 
et al. (2006). Rankin and co-workers (2006), instead, found no difference 
between casein and whey supplementation in trained athletes. Of casein 
protein hydrolysates, the Glu-Leu sequence is important for the radical 
scavenging activity (Suetsuna et al., 2000).

To summarize, the results of some animal and clinical studies suggests 
that fermented milk products containing BPs do indeed have an antioxida-
tive effect. Further studies are needed to elucidate the potential clinical 
benefi ts and signifi cance of the antioxidative peptides.

9.3.2 Effects on the immune system
The immune system is a complex and highly developed system consisting 
of innate immunity and adaptive or acquired immunity. The innate immu-
nity provides immediate defence against infections and pathogens in a 
non-specifi c manner. The adaptive immune system, on the other hand, is 
composed of highly specialized, systemic cells and processes that eliminate 
or prevent infections by inducing a complex interplay between antigens, 
lymphocytes, and antibody production.

Diet is known to play an important role in the body’s defence mecha-
nisms. Research concerning the role of functional peptides on the immune 
system is quite recent but seems promising. The two main activities being 
studied are the immunomodulatory (stimulation of immune system) and 
antimicrobial (inhibition of micro-organisms) effects.

Most of the studies on the effects of milk proteins and peptides on the 
proliferation and maturation of lymphocytes, macrophage activity, cytokine 
and antibody production and natural killer cells have been conducted in
vitro (for review, see Möller et al., 2008; Baldi et al., 2005; Cross and Gill, 
2000). Fewer studies have been carried out on the immune function in 
animals and humans. In vivo, lymphocyte activity in mice was increased 
by dietary supplements of milk proteins (Wong and Watson, 1995), 
α-lactalbumin (Bounous et al., 1983), lactoferrin (Debbabi et al., 1998), and 
κ-casein-based glycomacropeptide (Otani et al., 1996). An increased amount 
of immunoglobulin A (IgA) secreting cells and an increased IgA concentra-
tion have been observed by administration of fermented milk protein 
(LeBlanc et al., 2002; Matar et al., 2001; Perdigon et al., 1994).

Phagocytosing capacity was enhanced in peritoneal macrophages in mice 
by oral application of casein hydrolysate for fi ve days (Kazlauskaite et al.,
2005). Despite that, the immunostimulatory effects were not intense enough 
to prevent mice from experimentally induced infl ammation. Moreover, 
daily intake of bovine colostrum for seven days in healthy adults did not 
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enhance the expression of phagocytosis receptors on neutrophils and mono-
cytes (He et al., 2001).

According to Bounous et al. (1985, 1983), the quality of dietary protein 
has an effect on the activity on B-lymphocytes and antibody production, in 
particular. In these studies, the immune responses of mice on a α-lactalbumin
diet were up to almost fi ve times higher than those of mice fed on a cor-
responding casein diet (Bounous et al., 1983). Enhanced cell-mediated 
immune responses followed by systemic immunization with ovalbumin 
were also reported by Wong and Watson (1995) in an intervention study, 
in which mice were fed with whey proteins or other dietary proteins for fi ve 
to eight weeks. Subsequent to that, Low et al. (2003) observed boosted 
intestinal tract antibody responses to orally-administered antigens in mice, 
as well. In a mouse study by Otani et al. (2003), a caseinphosphopeptide 
preparation, consisting mainly of bovine αs-casein and β-casein, increased 
faecal and intestinal IgA responses towards orally ingested lipopolysac-
charides (LPS), in addition to which the spleen cells produced larger 
amounts of IgA, interleukin 5 (IL-5), and IL-6 than the cells of mice on the 
control diet.

The ability of lactoferrin to modulate the function of several immune 
cells has been shown in vitro and in vivo. Intraperitoneally injected lactofer-
rin augmented peritoneal macrophage activities and enhanced the produc-
tion of superoxide anion and nitric oxide by peritoneal macrophages 
(Wakabayashi et al., 2003); even an oral dose boosted cytokine production 
(Wakabayashi et al., 2006). In experimental studies, orally ingested lactofer-
rin has augmented natural killer cell and lymphocyte activity in mice 
(Kuhara et al., 2000; Wang et al., 2000), and trends to this effect have also 
been observed in healthy volunteers and in patients with chronic hepatitis 
(Ishii et al., 2003; Yamauchi et al., 1998). Once exposed to stimuli, T-
lymphocytes can produce cytokines and immunoglobulins which modulate 
the developing immune response, and can, in addition, up-regulate the 
expression and number of receptor molecules on the cell surface. Indeed, 
both oral intake and gavaged lactoferrin in animals has increased the pro-
duction of cytokines and immunoglobulins in the intestine (Togawa et al.,
2002; Kuhara et al., 2000; Wang et al., 2000; Debbabi et al., 1998). Sfeir et
al. (2004) compared different modes of oral administration of lactoferrin 
regarding the regulatory effect on intestinal and systemic immune response. 
While no differences were noticed between gastric intubation, single buccal 
doses and continuous oral doses in the diet, lactoferrin in the drinking water 
had only minor effects.

Antimicrobial properties of milk have been widely acknowledged for 
years. These properties are mainly due to immunoglobulins, lactoferrin, 
lactoperoxidase, and lysozyme. Among the most potent antimicrobial pep-
tides are lactoferrin and its fragments (for review, see Brock, 2002). More 
recently, other whey proteins have been considered as potential precursors 
of bacterial fragments. Antibacterial fragments have been derived also 
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from αs1-, αs2- and κ-casein (for review, see Lahov and Regelson, 1996). 
These peptides have been found to be active against a broad range of 
pathogenic organisms, e.g. Escherichia, Helicobacter, Listeria, Salmonella 
and Staphylococcus, as well as viruses, yeasts and some fungi.

To summarize the complex framework of the immune system and BPs, 
most of the studies on the effects of BPs have been conducted in vitro with
somewhat confl icting results. By contrast, fewer studies exist on the immune 
function in animals and only some have been carried out on humans. In 
order to establish the physiological signifi cance of multifunctional immu-
nomodulatory peptides, further fundamental research, as well as clinical 
trials, are needed in this fi eld. The immunomodulatory effects of lactoferrin 
are promising.

9.3.3 Effects on the nervous system
Some milk peptides, the so-called opioid peptides, have an affi nity for an 
opiate receptor and opiate-like effects. Several types of opioid-agonists as 
well as antagonist peptides have been characterized, but the major opioid 
peptides are fragments of β-caseins (Table 9.2). In addition to dietary 
intake, opioid peptides are formed in the gut as a result of in vivo hydrolysis 
of milk proteins.

Once absorbed into the blood, some of these peptides can cross the 
blood–brain barrier, travel to the brain and various other organs, and elicit 
pharmacological properties similar to opium or morphine. Many opioid 
peptide transport systems have been characterized at the functional level, 
and these are expressed differentially at different sites of the body (for 
review, see Ganapathy and Miyauchi, 2005). Individual receptors are 
responsible for specifi c physiological effects, i.e. the µ-receptor for emo-
tional behaviour and suppression of intestinal motility and the κ-receptor
for sedation and food intake.

κ-casein-derived casoxin and lactoferrin have antagonistic effects, 
whereas the effects of β-casein derived β-casomorphins and morphiceptin 
and α-casein-derived exorphins are agonistic. Casomorphins, as opioid 

Table 9.2 Some opioid peptides derived from bovine milk proteins

Protein precursor Bioactive peptide Bioactivity

α-, β-Casein Casomorphins, e.g. β-casomorphin 5, 
morphiceptin, α-Casein exorphin

Opioid agonists

κ-Casein Casoxins e.g. casoxin 4, casoxin A Opioid antagonists
α-Lactalbumin α-Lactorphin Opioid agonists
β-Lactoglobulin β-Lactorphin Opioid agonists
Lactoferrin Lactoferroxins Opioid antagonists



250 Dairy-derived ingredients

ligands, modulate social behaviour (Pansepp et al., 1984), induce analgesic 
behaviour (Matthies et al., 1984), prolong gastrointestinal transit time by 
inhibiting intestinal peristalsis and motility (Schulte-Frohlinde et al., 2000; 
Becker et al., 1990), exert antidiarrhoeal action (Daniel et al., 1990), and 
modulate the amino acid transport (Ermisch et al., 1989). Furthermore, 
opioid-like milk peptides play a regulatory role on the appetite by modify-
ing endocrine activity of the pancreas and by increasing insulin output, at 
least in experimental trials (Schusdziarra et al., 1983). Effects of systemic 
intraperitoneal administration of β-casomorphins on learning and memory 
have been shown in mice by Sakaguchi et al. (2006, 2003). Low doses 
improved the impairment of short and long-term memory resulting from 
cholinergic dysfunction by agonisting µ-receptor. Intraperitoneal injection 
of lactoferrin suppressed psychological stress in rats, possibly by activating 
opioid receptors via nitric oxide synthase activation (Kamemori et al.,
2004).

In addition to opioid receptor agonist and antagonist properties, milk 
proteins may have other mechanisms to affect the nervous system. For 
example, the intake of amino acid tryptophan affects serotonin synthesis 
and the intake of tyrosine infl uences the synthesis of dopamine and 
noradrenaline (for review, see Riedel et al., 2002). Serotonergic stimulation 
by a single oral dose of α-lactalbumin in women complaining of premen-
strual symptoms mildly impaired premenstrual memory decline (Schmitt 
et al., 2005). An increase in dietary tryptophan and stimulation of serotonin 
function by an oral dose of α-lactalbumin increased the ability to cope with 
stress in high stress-prone subjects (Markus et al., 2000).

9.3.4 Effects on the gastrointestinal tract
Gastric mucosal integrity is maintained by a balance between endogenous 
aggressive factors (hydrochloric acid, pepsin, bile and pancreatic enzymes) 
and a number of defence mechanisms including the gastric mucosal barrier, 
mucus secretion, gastric microcirculation, cellular regeneration and endog-
enous protective agents. These protective mechanisms are modulated by a 
wide range of substances (for review, see Martin and Wallace, 2006). Of 
the mediators, nitric oxide, eicosanoids, protease-activated receptors and 
cytokines are endogenous factors which are considered potential targets for 
therapeutic effects of dietary proteins.

There are several studies on the effects of whey proteins on gastric 
mucosa, showing different protective mechanisms. A single dose of whey 
protein isolate protected rats against ethanol and stress-induced gastric 
mucosal injury with the same potency as an antiulcer agent (Matsumoto 
et al., 2001). Casein, instead, had no protective effect. Rosaneli et al. (2002) 
suggested this effect to be, at least partly, dependent on the stimulation of 
glutathione synthesis, as previously demonstrated in vitro by Hiraishi et al.
(1994). Daily gavage doses of whey protein ameliorated gastric and hepatic 
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oxidative damage in ethanol-induced gastric ulcers by reducing infl amma-
tion by inhibiting neutrophil infi ltration and by reducing the generation of 
cytotoxic free radicals (Jahovic et al., 2005). Activated neutrophils may 
enhance the activity of cytotoxic enzymes, e.g. myeloperoxidase, by the 
release of oxidants (Kettle and Winterbourn, 1997). Thus, by reducing the 
accumulation of activated neutrophils, the formation of reactive oxidants 
decreases. On the other hand, Rosaneli et al. (2004) reported whey proteins 
to stimulate mucus and bicarbonate production by affecting prostaglandin 
synthesis. In addition, Clarke et al. (2002) found the protective effect to be 
due to growth factors (such as insulin-like growth factor-1 and transforming 
growth factor-beta) of whey protein concentrate.

The known gastroprotective components of whey include α-lactalbumin
and lactoferrin (Ushida et al., 2003; Rosaneli et al., 2002; Matsumoto et al.,
2001). α-Lactalbumin stimulates mucin production and secretion in gastric 
mucus-producing cells, and, contrary to the results of Rosaneli et al. (2004), 
this effect is inherent to endogenous prostaglandin synthesis (Ushida et al.,
2007). Lactoferrin has protected gastric mucosa against nonsteroidal anti-
infl ammatory drugs, helicobacter infection, and some viruses in animals, 
and there is even some evidence to this effect from preclinical studies 
(Bortoli et al., 2007; Dial et al., 2005, 2000; Sato et al., 1996). Dial et al.
(2005) assumed the mechanism to be related to the ability of lactoferrin to 
prevent neutrophil migration into the gut epithelium and also to its other 
properties, including the local antibiotic effect and possible stimulation of 
intestinal components of the immune system. However, no evidence has 
been found implying that gastroprotective mechanisms of whey compo-
nents could be based on altered prostaglandin synthesis or the action of 
nitric oxide.

Evidence on the protective effect of caseins on gastric mucosa is scanty 
(Claustre et al., 2002; Matsumoto et al., 2001; Koo, 1994). However, 
β-casomorphins have induced a strong release of mucin in the perfused 
jejunum of the rat through the activation of the enteric nervous system and 
opioid receptors (Trompette et al., 2003; Claustre et al., 2002). Zoghbi et al.
(2006) found this to be due to direct stimulation of intestinal goblet cells 
and the activation of µ-receptors, indicating a possible protective effect of 
caseins on the mucosa as well.

To conclude, gastroprotective effects of BPs have been studied in experi-
mental models. Whey proteins, especially α-lactalbumin and lactoferrin, 
exert gastroprotective effects by several mechanisms, such as stimulation 
of glutathione synthesis and induction of mucin production. The clinical 
relevance of these effects remains to be studied.

9.3.5 Effects on body composition
In this chapter, the effects of BPs on body composition, i.e. on growth, as 
well as bone, fat and muscle tissues, are briefl y reviewed.
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Growth and height
According to the ‘milk hypothesis’ put forward by Bogin (1998), greater 
consumption of milk during infancy and childhood will result in taller adult 
stature. Observational studies indicate a distinctly more positive association 
between the consumption of cows’ milk and linear growth, but in interven-
tion studies from well-nourished populations, the association is not as clear 
(Adebamowo et al., 2008; Rich-Edwards et al., 2007; Rogers et al., 2006; 
Berkey et al., 2005; Wiley 2005; Hoppe et al., 2004a, b; Okada, 2004; Mer-
rilees et al., 2000; Bonjour et al., 1997; Cadogan et al., 1997; Baker et al.,
1980). More studies are needed to identify to which of the milk components 
this result is attributable. It is not likely to be the protein quantity, since 
the effect is evident also in well-nourished populations whose protein 
intake exceeds the basic physiological need considerably. Since milk protein, 
for example, is more effi cient than protein in meat (Grillenberger et al.,
2003, Hoppe et al., 2004c), the quality of protein is a more feasible factor. 
Potential candidates include BPs, amino acids, the insulin-like growth 
factor-1 (IGF-1) in cows’ milk, or milk minerals, including calcium. Casein 
is more potent to stimulate the release of insulin, which is a broad anabolic 
stimulator (Nilsson et al., 2004), but, on the other hand, Hoppe (2006) has 
some evidence in favour of whey.

Osteoprotective effects
Since casein phosphopeptides (CPP) can bind and solubilize minerals, 
they have been considered physically benefi cial for bone health and for 
the prevention of osteoporosis. Several cell culture experiments and 
animal studies have detected the effect of dietary CPP on intestinal calcium 
absorption, calcium balance, and bone formation, with confl icting results 
(Mora-Gutierrez et al., 2007; Ferraretto et al., 2003, 2001; Erba et al., 2002; 
Tsuchita et al., 2001, 1996, 1993; Bennett et al., 2000; Saito et al., 1998; 
Hansen et al., 1996; Reynolds et al., 1995; Scholz-Ahrens et al., 1990). In 
general, studies using tracers have revealed positive effects of CPP on 
calcium bioavailability, whereas most of the balance studies have failed to 
fi nd any effect of CPP addition to diet. The number of human trials remains 
scanty. Hansen et al. (1997) found the addition of CPP to have no infl uence 
on calcium and zinc absorption in healthy young adults who were given 
a phytate-containing test meal. Neither Narva et al. (2003) nor Teucher 
et al. (2006) reported any bone boosting effect by CPP in milk, fermented 
milk, or drinkable calcium lactate drink in healthy adults or postmenopau-
sal women.

The results on CPP’s anticariogenic effect is more consistent. CPP can 
exert its anticariogenic effect by promoting recalcifi cation of tooth enamel, 
whereas glycomacropeptide (GMP) derived from κ-casein seems to act by 
inhibiting the adhesion and growth of plaque-forming bacteria on oral 
mucosa (Reynolds et al., 2003; Malkoski et al., 2001; Brody, 2000).
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Obesity and fat tissue
Diet is the most important contributing factor to obesity. Observational 
and follow-up studies have revealed some benefi cial effects of ingestion of 
milk and dairy products on obesity and body fat stores, even though con-
fl icting results have been published (Marques-Vidal et al., 2006; Murakami 
et al., 2006; Rajpathak et al., 2006; Rosell et al., 2006; Azadbakht et al., 2005; 
Choi et al., 2005; Liu et al., 2005; Mirmiran et al., 2005; Drapeau et al., 2004; 
Newby et al., 2003; Pereira et al., 2002; Lin et al., 2000). Most of the pub-
lished interventions are designed to reveal the effect of dairy calcium, not 
of the intake of milk or milk proteins. Zemel and co-workers (2004a, b, 
2005a, b), however, have published several studies indicating that supple-
mental intake of milk decreases body fat tissue and increases fat degrada-
tion. This has been confi rmed by Melanson et al. (2005) and Gunther et al.
(2005a, b), but not by Bowen et al. (2005), Thompson et al. (2005), Boon 
et al. (2005) or Harvey-Berino et al. (2005). In animal models, whey-based 
diets have proved to be more effi cient than casein-based diets (Pilvi et al.,
2007, Royle et al., 2007).

Dietary proteins may have a satiating effect and may also affect appetite 
in the postprandial as well as the post-absorptive state. The results 
are, however, somewhat confl icting and the role of whey and casein pro-
teins, in particular, requires further research (Burton-Freeman, 2008; 
Diepvens et al., 2008; Keogh and Clifton, 2008; Bowen et al., 2007, 2006a, 
b; Luhovyy et al., 2007; Lejeune et al., 2005; Sanggaard et al., 2004; 
Westerterp-Plantega et al., 2004; Aziz and Anderson, 2003; Hall et al., 2003; 
Hira et al., 2003; Gustafson et al., 2001). In addition, the effects have been 
observed in short-term experiments and when protein and peptide are 
consumed in higher amounts than are contained in the usual servings of 
dairy products. The physiological mechanism behind these effects is pre-
sumed to be due to postprandial changes in hunger/satiety hormones, such 
as cholecystokinin, glucagon-like peptide-1, peptide YY, and ghrelin. Even 
the renin-angiotensin system may partly contribute to the effects on fat 
tissue, since angiotensin II promotes adipocyte growth and preadipocyte 
recruitment (Engeli et al., 2003).

Effects on muscle protein synthesis
Muscle protein synthesis (MPS) and muscle protein breakdown are simul-
taneous, ongoing processes. Protein consumption, and the accompanying 
hyperaminoacidemia, stimulates an increase in MPS and a small suppres-
sion of muscle protein breakdown. In addition to protein quantity, there is 
evidence supporting the role of protein quality on MPS and protein balance 
(MPS minus muscle protein breakdown). Milk proteins are effective in 
supporting exercise-induced lean body mass gain (Roy, 2008; Phillips et al.,
2005; Rankin et al., 2004). The fi eld of nutrition in MPS, lean body mass, 
muscle force, endurance, or on exercise performance, is greatly studied 
among athletes. There are, however, confl icting results of the clinical 
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effi cacy of whey proteins, as recently reviewed by Tang and Phillips (2009), 
Hayes and Cribb (2008), and Ha and Zemel (2003). The number of trials 
with casein supplements remains smaller.

However, metabolically active skeletal muscle can offset the morbidities 
associated with the sarcopenia of ageing, such as Type 2 diabetes, decline 
in aerobic fi tness and the reduction in metabolic rate, which can lead to fat 
mass accumulation. Ageing has been characterized by a decreased sensitiv-
ity of muscle protein synthesis to branched-chain amino acids, especially 
leucine. Whey proteins are a rich source of essential amino acids that 
rapidly elevate plasma amino acids, whereby leucine supplementation may 
correct this defect in old rats and elderly humans (Koopman et al., 2008; 
Rieu et al., 2007; Katsanos et al., 2006; Paddon-Jones et al., 2006). Long-
term research with defi ned health outcomes is currently insuffi cient for 
specifying an optimal quality and quantity of dietary protein in the elderly. 
Further work is certainly required, especially considering the possibility 
that simple dietary and exercise strategies could improve the maintenance 
of skeletal muscle mass, resulting in a likely decrease in the overall burden 
of a number of diseases and improved quality of life as we age.

After reviewing the reports on the effects of BPs on body composition, 
it is clear that growing interest is focused on this fi eld, because bone and 
muscle strength, lipid-lowering effects as well as an increased metabolic 
rate are all benefi cial for ageing populations. Evidence for the benefi t of 
BPs is accumulating but evaluation of their clinical relevance should be 
based on long-term clinical studies in target populations.

9.4 Future trends

Addition of bioactive peptides to milk products or other foods, or ingesting 
them as a natural part of fermented dairy products, seems to have the 
potential to offer specifi c health benefi ts to consumers. Most of the claimed 
physiological properties of bioactive milk components have been carried 
out in vitro or in animal models. While there is a demanding need for 
further basic research to clarify why these peptides have physiological 
effects and for clinical research to confi rm these effects in humans, new 
products containing bioactive peptides are now commercially available. 
Food and pharmaceutical companies are actively considering ways to 
exploit bioactive peptides in both human nutrition and in health 
promotion.

9.5 Sources of further information and advice

An increasing number of foods sold in the EU bear nutrition and health 
claims. In December 2006, EU decision-making bodies adopted the 
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Regulation on the Use of Nutrition and Health Claims for foods. This 
Regulation lays down harmonised EU-wide rules for the use of health or 
nutritional claims on foodstuffs based on nutrient profi les. It aims to enable 
consumers to make informed and meaningful choices about the foods they 
buy, and to ensure fair competition and promote innovation in the food 
industry.

http://www.efsa.europa.eu/EFSA/efsa_locale-1178620753812_
1178621456747.htm

Process for the Assessment of Scientifi c Support for Claims on Foods 
(PASSCLAIM) builds on the principles defi ned within the previous EU 
project ‘Functional Food Science in Europe’ (FUFOSE). The main thrust 
of the FUFOSE Consensus Document was a scheme to base claims for 
functional foods on solid scientifi c evidence. FUFOSE suggested that any 
claim for ‘enhanced function’ and ‘reduced risk of disease’ should be sci-
entifi cally justifi ed. The PASSCLAIM document delivers criteria to assess 
the scientifi c support for claims on foods. It is a consensus document that 
has been borne of wide and intensive consultation among diverse stake-
holders including academic experts, representatives of public interest 
groups, regulators, and the food industry.

http://europe.ilsi.org/activities/ecprojects/PASSCLAIM/passpubs.htm
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Bovine milk immunoglobulins against 
microbial human diseases
H. J. Korhonen and P. Marnila, MTT Agrifood Research Finland, 
Finland.

Abstract: Immunoglobulins (Igs), also called antibodies, are present in milk and 
colostrum of all lactating species. Igs are divided into classes having different 
physico-chemical structures and biological activities. The major Ig classes in 
bovine and human milk are IgA, IgG and IgM. Bovine colostral Igs provide the 
newborn calf with passive immune protection against microbial infections until 
the calf’s own immune system matures. Colostral Ig preparations designed 
for farm animals have been commercially available for many years. Potential 
health benefi ts attributed to bovine colostrum have increased manufacture and 
marketing of colostral Ig-based dietary supplements also for human use. 
Furthermore, specifi c anti-microbial antibodies can be produced into colostrum 
by immunizing cows with vaccines made of pathogenic microorganisms. These 
antibodies can be concentrated and used to formulate so-called immune milk 
preparations. Such preparations have proven effective in prevention of animal 
and human infections caused, e.g. by rotavirus, Shigella fl exneri, Escherichia 
coli, Clostridium diffi cile, Streptococcus mutans, Cryptosporidium parvum and
Helicobacter pylori. Their therapeutic effi cacy, however, seems limited. A few 
immune milk products have been commercialized and more can be expected in 
the future for use, e.g. as a supportive means in antibiotic treatments and for 
prevention of hospital infections.

Key words: immunoglobulin, antibody, colostrum, passive immunity, immune 
milk.

10.1 Introduction

It has been recognized for more than 100 years that maternal colostrum 
and milk offer passive protection to a newborn infant against enteric patho-
gens, primarily via the transfer of immunoglobulins (Igs) and associated 
bioactive factors (Ehrlich, 1892). Ruminant neonates are born virtually 
without Igs and therefore the colostral Igs are essential for survival. Probably 
due to this unique function, Igs represent the major protein fraction of 
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colostrum, accounting for 70–80% of its total protein content (Butler, 1998; 
Marnila and Korhonen, 2002).

The Ig fraction can be concentrated from colostrum or cheese whey and 
is marketed commercially as a feed supplement and replacer of colostrum, 
mainly for neonate calves and pigs, to prevent gastrointestinal infections 
(Scammell, 2001; Mehra et al., 2006).

The advent of functional foods has increased interest in the bioactive 
components of bovine colostrum and milk as potential ingredients for 
health-promoting foodstuffs and even biopharmaceuticals. To this end, 
scientifi c and commercial attention has been focused on the development 
of bovine-derived Ig products that contain specifi c antibodies targeted for 
prevention or treatment of microbial infections in humans (Korhonen 
et al., 1998; Korhonen, 2002). Such preparations have been described as 
‘immune milk’. This concept dates back to the 1950s when Petersen and 
Campbell fi rst suggested that orally administered bovine colostrum from 
hyperimmunized cows could provide passive immune protection for humans 
(Campbell and Petersen, 1963). Since then, a large number of animal and 
human studies have been carried out to demonstrate that these prepara-
tions can be effective in the prevention or treatment of human and animal 
diseases caused by various pathogenic microbes (for reviews see Weiner 
et al., 1999; Korhonen et al., 2000a; Lilius and Marnila, 2001; Hoerr and 
Bostwick, 2002; Korhonen and Marnila, 2006; Mehra et al., 2006). This 
article reviews the current state of knowledge about the properties of 
bovine Igs, their utilization as ingredients for immune milk preparations, 
and the application of these preparations for the prevention and treatment 
of various microbial infections in humans.

10.2 Properties of immunoglobulins

10.2.1 Structure and physicochemical properties
Igs, which carry the biological function of antibodies, are present in colos-
trum and milk of all lactating species. In mammals, all fi ve known classes 
of Igs have been characterized: IgG, IgM, IgA, IgD and IgE. The major Ig 
classes in both bovine and human milk are IgA, IgG and IgM. The basic 
chemical structure of all Igs is similar but their biological functions differ, 
although in principle they all contribute to the major defence mechanism 
against foreign materials recognized by the body’s immune system. Igs 
account for up to 70–80% of the total protein content in colostrum, whereas 
in milk they account for only 1–2% of total protein. IgG1 is the predomi-
nant Ig class in bovine lacteal secretions as compared to IgA in human milk 
(Elfstrand et al., 2002; Marnila and Korhonen, 2002). Table 10.1 provides 
the concentrations of different Ig classes in bovine colostrum and milk.

Ig molecules of all classes are symmetrical, multi-chain glycoproteins 
composed of two identical glycosylated heavy chains and two identical 
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non-glycosylated light chains. The basic structure of all monomeric Igs is 
similar (see Fig. 10.1). The IgG class can be considered as a general model 
of a monomeric Ig. The molecular weight of each light chain is around 
23 kDa and of the heavy chains 53 kDa. The molecular weight of the com-
plete Ig molecule varies around 160 kDa. Both the light and heavy chains 
contain domains referred as constant regions (CL, CH) and variable regions 
(VL, VH). The light chains are attached to the heavy chains by a disulphide 
bond, and also the two heavy chains are held together by two disulphide 
bonds near a hinge region which gives the molecule structural fl exibility 
needed in antibody–antigen interactions (Nezlin, 1998a). The two identical 
antigen-binding sites needed in these interactions are formed by the 
N-terminal region of one heavy chain and the variable region of one light 
chain. The VL-region determines the immunological specifi city. Antigen 
binding occurs by the interactions between the antigen and these regions. 
The Ig classes and subclasses are determined by the genes encoding the 
constant regions of heavy chains (Butler, 1998). The bovine IgG molecule 
occurs dominantly in two sub-classes: IgG1 and IgG2.

Monomeric IgM and IgA have a similar basic structure to IgG except 
for the differences in heavy chain structures and the addition of a C-terminal 
octapeptide to the heavy chain of IgA (Butler, 1998; Nezlin, 1998b). 
Monomeric IgA occurs in serum, but in milk it is present as a dimer com-
prising two IgA molecules joined together by a polypeptide J-chain and an 
additional 75 kD secretory component. This secretory IgA (SIgA) has a 
molecular weight of about 380 kDa, and is more resistant to proteolysis and 
therefore more stable in the gastrointestinal tract than antibodies without 
the secretory component. IgM is a circular pentamer consisting of fi ve 
subunits similar to those of monomeric IgA or IgG, which are linked 
together in a circular mode by disulphide bonds and a J chain: the molecular 
weight of IgM is approximately 900 kDa (see Fig. 10.2). The physicochemi-
cal properties of Igs are presented in Table 10.2.

Table 10.1 Immunoglobulin concentrations in bovine colostrum and milk

Immunoglobulin class Molecular mass (kDa)
Concentration (gL−1)

Milk Colostrum*

IgG1 146–163 0.3–0.6 15–180
IgG2 146–154 0.06–0.12 1–3
IgG total 0.15–0.8 20–200
SIgA 385–430 0.05–0.1 1–6
IgM 900 0.04–0.1 3–9

* = fi rst milking.
Data compiled from Marnila and Korhonen (2002), Elfstrand et al. (2002) and Mehra et al.
(2006).
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Fig. 10.1 Schematic diagram of a basic immunoglobulin. From Larson (1992).

Proteolysis of an Ig with papain cleaves it near the hinge region into two 
antigen binding-sites (Fab-fragments), which are formed by the N-terminal 
part of one heavy and one light chain, and to the third C-terminal fragment, 
termed the Fc-part. The differences between Ig classes impact upon the 
cleavage patterns in enzymatic proteolysis. For instance, cleavage of bovine 
IgG2a(A2) by pepsin results to two Fab and one Fc parts, whereas in 
IgG2a(A1) the Fab parts remain together by one disulphur bridge resulting 
in one F(ab′)2 and one Fc fragment which is cleaved further by pepsin 
(Heyermann and Butler, 1987).

10.2.2 Biological activities
Igs are produced by B lymphocytes and plasma cells diversifi ed from B 
cells. The soluble Igs function as fl exible adaptors between cellular and 
humoral immunity by binding to antigens and exhibiting one or more effec-
tor functions. The Fab parts attach the antigens while other parts (mostly 
the Fc region) interact with other elements of the immune system.
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Table 10.2 Properties of bovine immunoglobulins

IgG1 IgG2 IgA SIgA IgM

Physico-chemical
Molecular weight 

(kDa)
146–163 146–154 160 385–430 900

Heavy chain 56–59 54–59 61–63 62–76
Heavy chain type γ1 γ2 α α µ
Number of H- and 

L-chains
2 2 2 4 10

Structure Monomer Monomer Monomer Dimer Pentamer

Immunological
Opsonization +++ + 0 0 +++
Complement

fi xation
++ + 0 0 +++

Agglutination + + ++ ++ +++

0 = no activity, + = low activity, ++ = moderate activity, +++ = strong activity.
Data modifi ed from Marnila and Korhonen (2002).

For many pathogenic organisms, the attachment to the epithelial lining 
is an obligatory fi rst step in the establishment of colonization and infection. 
Many pathogens have receptors, e.g. fi mbriae for epithelial surfaces. 
Thus, the prevention of the microbial adhesion to epithelial linings is an 
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important mechanism of SIgA antibodies in protecting the host (Woof and 
Kerr, 2006). Colostrum and human milk protect the neonate intestinal 
mucosa against EPEC infections by inhibiting bacterial adhesion to epithe-
lial cells (Carbonare et al., 1997). This effect has been shown to be mediated 
by colostrum and milk SIgA (Cámara et al., 1994; Carbonare et al., 1997, 
2005; Fernandes et al., 2001; Corrêa et al., 2006), and by oligosaccharides 
present in human milk (Cravioto et al., 1991). M-cells in intestinal epithelia 
have specifi c receptors for SIgA, and antigen-SIgA-receptor complex can 
be transcytosed by M-cells into lymphoid tissue for antigen presenting and 
induction of mucosal immune responses (Woof and Kerr, 2006).

The ability of Igs to form cross-links between surface antigens results in 
a network of cells that can be removed mechanically from the body. This 
agglutination of microbes reduces their capability to adhere to surfaces. 
Agglutinated microbes are usually not able to release toxins or to colonize 
the host. Normal colostrum and milk are known to contain natural antibod-
ies which can agglutinate a large number of pathogenic and non-pathogenic 
micro-organisms (Bostwick et al., 2000; Korhonen et al., 2000b).

Igs can bind bacterial toxins which, thereafter, can be recognized more 
effectively by phagocytic leukocytes. Many bacterial toxins must fi rst be 
actively transported via receptors inside the host cells to cause cell death. 
Blocking the toxin may prevent its internalization in host cells. Also, Igs can 
inhibit or reduce the production of toxins and other harmful components by 
inhibiting bacterial metabolism and by blocking enzymes and receptors. 
This blocking may also reduce the ability of pathogens to produce structures 
needed in adherence to epithelia. Specifi c Igs can protect against viral infec-
tions by binding viruses and preventing the virus replication by blocking the 
receptor mediated internalisation of viruses in the host cells. Specifi c Igs 
augment the recognition and phagocytosis of antigens by leukocytes (opson-
isation). Divalent or polyvalent binding of an Ig to antigenic structure 
results in conformational change of the Ig molecule, which process again 
enables the Fc portion to bind to the corresponding Fc receptors on the 
leukocyte surface. This receptor binding leads to various immune cell effec-
tor functions depending on the cell Ig and leukocyte type. Leukocytes are 
an integral part of normal milk and colostrum and are of vital importance in 
defending the mammary gland against pathogens (Korhonen et al., 2000b).

Specifi c Igs are rarely cidal to micro-organisms but may disturb cellular 
metabolism by blocking receptors and enzymes, and cause structural altera-
tions leading to immobilization, increased membrane permeability and 
impaired cell growth. Igs may contribute to the killing of microbes by acti-
vating the classical pathway of complement. In blood and tissues, the activa-
tion of complement mediated bacteriolytic reactions may be the most 
important function of Igs, but the signifi cance of this mechanism in milk 
remains obscure. Bovine and human colostrum contain an active comple-
ment system participating in the immune defense of the udder (Butler, 
1998).
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IgM antibodies, although produced in smaller amounts than IgG, are 
considerably more effi cient than IgG with regard to most of the above 
activities, including complement fi xation, opsonization and agglutination of 
bacteria. Bovine IgG2B is more effective than IgG2A in activating the clas-
sical pathway of complement (Bastida-Corquera, 1999). Specifi c IgM can 
prevent effectively the migration of bacteria by binding the fl agellas used 
in the movement. Bovine IgA does not fi x complement or opsonize bacte-
ria, but it agglutinates antigens, neutralizes viruses and bacterial toxins. The 
SIgA dimer is found in mucosal secretions and its main function is to 
protect the mucosal barriers by binding microbes and preventing their 
attachment to the epithelium, and to contribute to the antigen presenting. 
The milk Igs have also been found to exert a synergistic effect on the activ-
ity of non-specifi c antimicrobial factors in milk, such as lactoferrin and 
lysozyme, as well as the lactoperoxidase-thiocyanate-hydrogen peroxide 
system (Loimaranta et al., 1998a; Bostwick et al., 2000).

10.3 Production and isolation of immunoglobulins

Traditionally, the globulin fraction was isolated from colostral whey by 
precipitation with either ammonium sulphate or ethanol. These chemical 
methods are, however, economically not suitable for large scale-production 
of Igs although they yield rather pure Ig fractions. Other challenges in isola-
tion of active Igs from colostrum has been its complex composition and the 
sensitivity of Igs to heat treatments. With the rapid development of new 
chromatographic and membrane-separation technologies in the last thirty 
years, it is now possible to isolate individual milk proteins on a large-scale. 
Based on these techniques, a great number of pilot- or industrial-scale 
methods have been developed and patented for fractionation and isolation 
of Igs from colostral or cheese whey (for reviews see Korhonen, 2004; 
Korhonen and Pihlanto, 2007). With these methods, the recovery rate of 
Igs has varied from 40% to 70% of the level present in the starting material 
(Elfstrand et al., 2002). Specifi c chromatographic techniques, such as immo-
bilized metal chelate chromatography, immunoaffi nity chromatography 
and cation-exchange chromatography have been applied to improve the 
yield and purity of immunoglobulin preparations further (Fukumoto et al.,
1994; Akita and Li-Chan, 1998). Microfi ltration (MF) combined with ultra-
fi ltration (UF) of bovine, equine and caprine colostrum has led to IgG/total 
solids purity of more than 90% (Piot et al., 2004). Using cheese whey, a 
0.1 µm membrane and the concept of selective membrane separation 
through pH manipulation, Mehra and Kelly (2004) produced an Ig-rich 
preparation with a protein composition similar to that produced from colos-
tral whey. Korhonen et al. (1998) used various MF methods, such as UF, 
MF and reverse osmosis, and a cation-exchange resin as a molecular sieve, 
to concentrate Igs from colostral whey. The Ig level of the fi nal freeze-dried 
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concentrates varied from 45% to 75%. Expanded Bed Adsorption 
Chromatography (EBAC) is a new technology which has been applied to 
isolate Igs from cheese whey using an adsorbent with tailored ligand chem-
istry (Nielsen et al., 2002). EBAC provides signifi cant advantages over 
conventional packed bed column chromatography, and an Ig-purity from 
50% to 70% can be achieved with this up-scalable method.

The technological properties of Igs have been studied extensively, as 
these proteins are known to affect many dairy processes (see review by 
Mehra et al., 2006). Igs may inhibit or retard the activity of renneting 
enzymes of bacterial origin. In normal milk this is not noticed due to the 
relatively low Ig concentration but in case of mastitic milk, or if the Ig 
concentration of milk is increased, e.g. by adding colostrum, renneting may 
be retarded. The antimicrobial properties of Igs may adversely impact upon 
fermentation processes. A retarded fermentation by dairy starters is noted 
in colostrum and mastitic milk, which contain increased amounts of Igs. 
Also, high Ig concentrations may adversely affect the antibiotic residual 
tests based on microbial growth, causing false positive results (Korhonen, 
2004). Igs contribute to cream formation by agglutinating fat globules, 
which process accelerates the ascent of cream to the surface. This phenom-
enon is attributed primarily to IgM, which have been termed cryoglobulins 
or ‘cold agglutinins’. The agglutination property of Igs can, however, be 
inactivated by heat treatment (pasteurization) and mechanical agitation.

Among dairy processes, the properties of Igs are most affected by the 
thermal treatments. In high temperature/short time (HTST) pasteurization 
(72°C/15 sec) about 25–40% of the Ig activity is lost, whereas ultra high 
temperature (UHT) treatment (138°C/4 sec) and evaporation processing 
destroy most of the specifi c immune activity of milk due to Ig denaturation 
(Li-Chan et al., 1995). In contrast, other studies (Mainer et al., 1997, 1999) 
have reported that bovine milk Igs could resist the HTST pasteurization 
treatment without affecting their structure. Only 1% of IgG, 2% of IgA, 
and 14% of IgM concentrations were denatured in laboratory experiments. 
Also, the HTST pasteurization had little effect on the activity of bovine 
colostral IgG as the original rotavirus neutralizing activity was reduced by 
only 0.5%. In a recent study by McMartin et al. (2006), it was demonstrated 
that a rapid heat inactivation of IgG started at temperatures higher than 
65°C, and at 81°C, as much as 90% of the virus neutralization activity of 
Igs was lost in less than two minutes. On the other hand, heating moderate 
or high quality colostrum at 60°C for at least 120 min had no effect on mean 
IgG concentration or titer of neutralizing antibodies against bovine viral 
diarrhea virus Type 1. In storage stability studies, it has been observed that 
bovine IgG added into UHT-treated milk retained its specifi c immune 
activity for over several months (Fukumoto et al., 1994). Also, Ig molecules 
seem to retain their specifi c activity well in milk powder, irrespective of the 
storage temperature (Mehra et al., 2006). Further, bacterial fermentation 
of milk by yoghurt or probiotic bacteria have not been found to reduce 
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signifi cantly the activity of colostral antibodies added in milk during a 
storage period of 50 days of at 4°C. (Wei et al., 2002).

10.4 Applications of immunoglobulins

10.4.1 Immunoglobulin and immune milk preparations
The progress in understanding the mechanisms of Ig mediated immune 
functions and the rapid development of industrial fractionation technolo-
gies have raised interest in developing formulations supplemented with 
bovine colostral or cheese whey derived Igs. Most of the current commer-
cial Ig products are prepared from colostrum of non-immunized cows by 
removing the fat, followed by microfi ltration or pasteurization under condi-
tions that retain the biological activity of Igs. These products are usually in 
the form of spray-dried and freeze-dried powders, but some are in the form 
of fi ltered colostral whey liquids or concentrates. Dried products include 
whole colostrum powder, skim powders, skim colostrum protein concen-
trate and colostrum whey concentrates. Some of above preparations have 
been tested clinically for certain physiological functions or prevention/
treatment of microbial infections. Accordingly, a few products boast spe-
cifi c health or nutrition function claims, such as boosting immunity against 
microbial infections or speeding recovery from physical endurance exer-
cises. (Scammel, 2001; Kelly, 2003; Tripathi and Vashishtha, 2006). 
However, in most cases, the clinical evidence related to these products is 
very limited or not available.

The specifi city of natural antibodies found in milk and colostrum of dif-
ferent cows refl ects the wide spectrum of antigens the animals have encoun-
tered in the past in their environment and in ingested feedstuffs (Korhonen 
et al., 2000a; Kelly, 2003). The antibody titre against certain antigenic patho-
gens or structure, e.g. virulence factor, can be raised up to several hundred 
times by immunizing the cow before parturition with vaccines containing 
the antigens (Korhonen et al., 1995). The resulting immune colostra and 
products made thereof have fundamentally different antimicrobial proper-
ties and effi cacies against pathogens than normal colostrum and these two 
concepts have, therefore, to be differentiated. This is emphasized by the 
fact that the normal colostrum and preparations made from it are, in most 
countries, regarded as food or dietary supplement, whereas the Ig contain-
ing preparations from immunized cows are often regarded as pharmaceu-
ticals, e.g. in the EU and USA, or their regulatory status is not defi ned 
(Scammel, 2001; Hoerr and Bostwick, 2002; Mehra et al., 2006). Table 10.3 
lists commercial Ig and immune milk preparations developed over the 
last decade.

10.4.2 Proteolysis of immunoglobulins in the gastrointestinal tract
It is well known that the low pH of gastric acid reduces signifi cantly the 
activities of ingested Igs. Furthermore, the ingested Igs are subjected to 
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Table 10.3 Commercial colostrum and immune milk products

Product Company Claimed health benefi ts

IntactTM Numico RA 
(Australia)

Immune enhancing, athletic 
performance

Gastrogard-RTM (from 
immunized cows)

Northfi eld 
Laboratories, 
(Australia)

Prevents diarrhea caused by 
rotavirus in infants and 
children <4 years

PRO-IMMUNE 99

ProventraTM

GalaGen Inc., 
(USA)

GalaGen Inc., 
(USA)

Prevents scours caused by E. 
coli in calves.

Boosts immunity and enhances 
body’s natural resistance

Lactimmunoglobulin
Biotest

Biotest Pharm 
GmbH (Germany)

Product for treatment of 
diarrhea in AIDS patients

ColostrumGoldTM liquid
ColostrumuneTM

powder

Sterling Technology, 
Inc (USA)

Immune system booster

First DefenceR (from 
immunized cows)

Immucell (USA) Reduces mortality and 
morbidity from scours 
caused by E.coli K99+ and 
coronavirus in calves

Anti-CD WPC (from 
immunized cows)

MucoVax Ltd 
(Netherlands)

Prevents relapse of C. diffi cile 
diarrhea

GlycomaxTM

Immunoglobulin
Probiotec

Nutritionals Ltd 
(Australia)

Improves immunity against 
microbes and improves 
health and wellbeing

ColoPlusTM ColoPlus Ltd. 
(Sweden)

Alleviates HIV-associated 
diarrhea

Data modifi ed from Mehra et al. (2006).

degradation by intestinal proteases. In the stomach, the enzymatic hydroly-
sis by pepsin, fragments the IgG molecule to F(ab′)2, Fab/c, pFc and Fv 
fragments (Nezlin, 1998a). In the small intestine, trypsin, chymotrypsin, 
carboxypeptidase and elastase initially degrade the antibodies to F(ab′)2,
Fab and Fc fragments. The secretory piece of milk SIgA protects this Ig 
form against digestion by proteolytic enzymes. Of the SIgA present in 
human colostrum, 20–80% passes undegraded through the gut of the human 
infant. Also, bovine IgG1 makes an exception since it is rather resistant to 
trypsin. Bovine colostrum and mastitic milk contain a compound which 
inhibits trypsin activity. The resulting F(ab′)2 and Fab fragments retain at 
least part of the neutralizing and adhesion inhibiting activities in the intes-
tine. Pacyna et al. (2001) supplemented whole milk with immune colostrum 
containing specifi c Igs against rotavirus. When 100 ml of this supplemented 
whole milk was administered to 105 children three times a day for six days, 
the anti-rotavirus Ig activity was detected by the ELISA method in 521 
of 602 fecal specimens obtained during the study. Kelly et al. (1997) 
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demonstrated that 10%–30% of orally administered bovine anti-Clostrid-
ium diffi cile Ig concentrate could be recovered from the stools of human 
infants and adults in the form of F(ab′)2 and Fab fragments. The survival 
of IgG increased remarkably by encapsulation with gelatin.

10.4.3 Effi cacy of immune milk preparations against 
microbial pathogens

The concept of ‘immune milk’, i.e. the transfer of passive immunity by milk 
Igs, dates back to the 1950s. Since then, a great number of clinical studies 
have been published on the effi cacy of various immune and non-immune 
milk Ig preparations in the prevention and treatment of various gastroin-
testinal microbial diseases. Recently, these studies have been reviewed by 
Mehra et al. (2006), Korhonen and Marnila (2006) and Hammarström and 
Weiner (2008). Thus, the protocols and results of these numerous studies 
are not discussed in detail in this article. Briefl y, the general tendency of 
these studies has been that orally administered bovine milk or colostral Igs 
have, in most cases, proved to be effective in the prevention of orally medi-
ated infections. Colostral or milk Igs can effectively agglutinate bacteria 
(Xu et al., 2006), and bovine colostrum and colostral preparations prevent 
effectively the attachment of a pathogen to the cells in epithelial lining. 
However, since bovine colostrum contain more than one adhesion inhibit-
ing factor, the importance of specifi c Igs is often not known. Palmeira et al.
(2001) observed that inhibition of enteropathogenic E. coli adherence to 
HEp-2 cultured cells by bovine colostrum was not caused by IgG fraction 
and was mediated by a high molecular weight fraction. However, in some 
studies the inhibition of pathogenic adhesion to epithelial cells has been 
attributed to presence of specifi c Igs. Casswall et al. (2002) showed that a 
specifi c bovine immune colostral preparation blocked almost 90% of 
Helicobacter pylori attachment to human gastric mucosal tissue in vitro and 
95% of binding to Lewis b glycoconjugate, while a control colostral prepa-
ration from nonimmunized cows was ineffi cient. Doyle et al. (1993) reported 
that hyperimmune bovine colostral Ig inhibited Cryptosporidium parvum
adherence to epithelial MDCK cells and infectivity in an in vitro assay, and 
this inhibition was correlated with the protective capacity of the bovine 
colostrum in vivo. No signifi cant adhesion inhibition was observed for 
control preparation from colostra of sham immunized cows. Bojsen et al.
(2007) studied the effi cacy of bovine macromolecular whey protein frac-
tions in prevention of infection of two human intestinal cell lines (Caco-2 
and FHs 74 Int) by four different rotavirus strains (Wa, RRV, YM, RF). 
The major component of the protein fraction that inhibited effectively the 
rotavirus infectivity in vitro was shown to be bovine IgG. The same fraction 
was the only one affecting rotavirus shedding in an in vivo mouse model.

In the treatment of already established infections, promising therapeutic 
effects have been reported, mainly in such diseases where the infection is 
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maintained through a reattachment and reinfection, e.g. inside the oral 
cavity or the gastrointestinal lumen, and where the secretion of toxins or 
other infl ammatory compounds is involved, which can be neutralized by 
the specifi c colostral Igs. Diseases caused by enterotoxigenic Escherichia 
coli strains, Cryptosporidium parvum, Candida spp., Shigella fl exneri and 
rotavirus are examples. As instances of clinical studies, a closer look is 
taken hereunder at recent progress in developing bovine immune milks 
targeted against Streptoccus mutans and Clostridium diffi cile. Table 10.4 
provides data on recent clinical studies carried out with colostral Ig and 
immune milk preparations.

Streptoccus mutans immune milk
The pathogenesis of dental caries caused by Streptococcus mutans involves 
a series of attachment and binding events that lead to accumulation of cari-
ogenic bacteria suffi cient to cause the caries. Immunization strategies 
against streptococcal adhesins or glucosyltransferase enzymes (GTFs) have 
been shown to effectively interfere with the pathogenesis of mutans strep-
tococci (Smith et al., 2001). Blocking of the activity of S. mutans glucan 
binding proteins serves another effective strategy. Since humans cannot be 
immunized actively against caries bacteria due to the risk of side effects, 
bovine colostral antibodies have been studied in local passive immunization 
to prevent dental caries (for a review see Koga et al., 2002).

An immune milk preparation from cows immunized with a S. mutans
and Streptococcus sobrinus whole cell vaccine inhibited in vitro gluco-
syltransferase and fructosyltransferase enzyme activities of S. mutans 
(Loimaranta et al., 1997), promoted aggregation of S. mutans, and inhibited 
adherence of the bacteria to saliva-coated hydroxyapatite particles 
(Loimaranta et al., 1998b). The same immune preparation resulted in a 
higher resting pH in dental plaque of adult volunteers as compared to 
control groups, when used as a mouth rinse for three days (Loimaranta 
et al., 1999). After the rinsing period with the immune product, the relative 
number of mutans streptococci had decreased signifi cantly as compared to 
the controls.

Chicken egg yolk Igs obtained from immunized hens with S. mutans
glucan binding protein had a clear protective effect against S. mutans infec-
tion and caries development in a rat model (Smith et al., 2001). Mitoma 
et al. (2002) immunized cows with a fusion protein prepared by a fusion 
of a saliva-binding alanine-rich region of a cell surface protein antigen 
(Pac) and a glucan binding domain of the glucosyltransferase-I cell surface 
protein from S. mutans. The immune colostrum preparation effectively 
prevented dental caries development in a rat model when given as concen-
trate once a day for 55 days, together with cariogenic diet. Shimazaki et al.
(2001) examined the effect of immune colostrum containing Igs against 
the same fusion protein on adult subjects after an antibiotic (cetylpyridin-
ium chloride) treatment. The immune preparation inhibited signifi cantly 



Table 10.4 Recent in vivo studies on the effi cacy of orally administered immunoglobulin preparations on health

Antigen used in 
immunization Disease or condition Treatment regimen Treatment effect Reference

S. mutans and S.
sobrinus whole 
cell vaccine

Dental caries Mouth rinse 3 times daily for 3 
days (human volunteers)

Higher resting pH and smaller 
proportion of S. mutans in 
dental plaque

Loimaranta
et al. (1999)

Virulence factors of 
S. mutans

Dental caries Mouth rinse twice per day for 
14 days by 10 ml of immune 
milk (human volunteers)

Inhibited recolonization of 
S. mutans after antibiotic 
treatment

Shimazaki
et al. (2001)

Helicobacter felis
whole cell 
vaccine

Gastritis 0.2 ml of immune whey (7.5% 
IgG) before infection or 3 
times daily for 4 weeks in 
treatment of infected mice

Prevented infection in non-
infected mice and decreased 
gastric infl ammation and 
colonization in readily infected 
mice

Marnila et al.
(2003)

Helicobacter pylori 
urease

Gastritis 150 ml of yogurt with 1% 
avian IgY and probiotic 
bacteria 3 times daily for 4 
weeks

Decreased values in urea breath 
test indicating decrease in 
colonization

Horie et al.
(2004)

No immunization EHEC-colitis Colostral preparation 
IMMULACT® to mice ad 
libitum (around 300 mg per 
day) for 3 weeks

Decreased rapidly EHEC 
colonization and decresed 
attachment to cecum walls and 
decreased mortality in mouse

Funatogawa
et al. (2002)

Polyvalent or 
monovalent E. 
coli vaccine

Diarrhea IgG supplemented baby 
formula, daily dose 0.5 g of 
IgG per kg of body weight

Lower incidence of diarrhea and 
shorter duration of diarrhea 
episodes in human infants 
during follow-up period for 6 
months

Tawfeek et al.
(2003)

Shigella dysenteriae
antigen I

Shigellosis 100 ml orally 3 times per day 
for 3 days in combination 
with antibiotics

No signifi cant difference in any 
clinical parameter

Ashraf et al.
(2001)

No immunization HIV-associated 
diarrhea

Colostral preparation 
ColoPlus® to HIV-associated 
diarrhea patients for 7 weeks

Substantial decrease in stool 
frequency and in fatigue and 
increase in body weight

Florén et al.
(2006)



Antigen used in 
immunization Disease or condition Treatment regimen Treatment effect Reference

Cocktail of 17 
strains of 
pathogenic
diarrhea bacteria

E. coli and Salmonella
diarrhea

Orally 10 mg of specifi c Ig per 
day for 10 days starting 6 or 
8 days before infection

Prevented enteroinvasive E. coli
and Salmonella typhi diarrhea 
and normalized immunological 
parameters

Xu et al.
(2006)

Cocktail of 17 
strains of 
pathogenic
diarrhea bacteria

E. coli, Salmonella and
Shigella diarrhea

Orally once per day for 10 
days starting 6 or 8 days 
before infection

Decreased the clinical signs of 
diarrhea and supported splenic 
NK-cell functions

Huang et al.
(2008)

No immunization Murine rotavirus 
infection in mouse

Milk IgG fraction orally at 
time of infection and 12 
hours post infection

Decreases rotavirus shedding in 
stools

Bojsen et al.
(2007)

Clostridium diffi cile
toxin and C. 
diffi cile whole 
cells

C. diffi cile diarrhea Orally for 2 weeks as 
supportive treatment after 
antibiotic treatment

C. diffi cile toxins eradicated 
from 15 of 16 patients and no 
relapses in any patient during 
11-month follow-up period

Van Dissel 
et al. (2005)

No immunization Mild 
hypercholesterolemia

Orally 5 g of blood derived 
IgG daily for 3 or 6 weeks

Both total cholesterol and LDL 
levels decreased from 
baselines

Earnest et al.
(2005)

No immunization Upper respiratory tract 
infections

60 g of colostral protein daily 
for 8 weeks

Reduced signifi cantly incidence 
of self-estimated symptoms of 
respiratory infections but no 
difference in duration

Brinkworth
and Buckley 
(2003)

No immunization Endotoxemia due to 
abdominal surgery

Colostral product Lactobin®

52 g daily in 4 doses orally 
for 3 days before surgery

Lower levels of endotoxin and 
endotoxin neutralizing 
capacity in blood suggesting 
reduced endotoxemia due to 
surgery

Bölke et al.
(2002a)

No immunization Endotoxemia due to 
coronary surgery

Colostral product Lactobin®

42 g daily doses orally for 2 
days before surgery

Lower levels of CRP but no 
effect on perioperative 
endotoxemia

Bölke et al.
(2002b)

Parts of this table compiled and edited from Korhonen et al. (2000) and Mehra et al. (2006).

Table 10.4 Cont’d
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recolonization of S. mutans in the saliva and plaque as compared to the 
control group, and the ratios of S. mutans to total streptococci in saliva and 
plaque were lower than in the control group. Wei et al. (2002) studied the 
combined effect of specifi c colostral Ig preparation against caries strepto-
cocci with the probiotic bacterium Lactobacillus rhamnosus GG, ATCC 
53103 (LGG). LGG added in milk was earlier shown to reduce the risk of 
caries in day-care children (Näse et al., 2001). The LGG-bacteria and spe-
cifi c Igs in LGG-fermented milk synergistically inhibited adhesion of S.
mutans to saliva-coated hydroxyapatite particles. The Igs remained active 
in UHT milk and in LGG fermented milk over the whole period of expected 
shelf-life of these products. Thus, the rinsing with bovine immune whey 
indicates favourable effects on human dental plaque by controlling S.
mutans in the human oral cavity and it may be benefi cial to combine specifi c 
bovine milk antibodies against mutans streptococci to probiotic LGG-
containing milk products.

Clostridium diffi cile immune milk
Colonization of Clostridium diffi cile in the intestine may cause severe infec-
tious diarrhea and colitis. The most important virulence factors are the 
toxins A and B, which are associated with the development of the disease. 
Outbreak of C. diffi cile infection often results from antibiotic treatments. 
In animal models, bovine immune colostrum preparations have been effec-
tive in the treatment of experimental C. diffi cile diarrhea. Van Dissel et al.
(2005) used a preparation made of milk from cows immunized against C. 
diffi cile toxins and whole cell C. diffi cile as a supportive treatment for two 
weeks after a standard antibiotic treatment in an uncontrolled cohort study. 
Nine of 16 patients had a history of relapsing C. diffi cile diarrhea. After the 
regimen in 15 patients, the C. diffi cile toxins had disappeared from feces, 
and during the follow-up period of 11 months, none of the patients had 
another episode of C. diffi cile diarrhea. Numan et al. (2007) assessed the 
effi cacy of C. diffi cile immune milk preparation in aiding the prevention of 
relapses in C. diffi cile patients. The immune milk was administered orally 
5 g/day, divided into three equal doses for 14 days starting two weeks after 
standard treatment with oral metronidazole or vancomycin. In 109 disease 
episodes, 11 (about 10%) were followed by a relapse, whereas in contem-
porary controls the relapse rate was 20–25%. Young et al. (2007) evaluated 
the safety of the same immune milk administered to 77 C. diffi cile patients, 
similarly as in the previous study. Adverse effect monitoring, physical 
examinations and haematological and biochemical assessments showed no 
adverse effects in this group. Mattila et al. (2008) immunized cows with a 
whole-cell vaccine made of two toxigenic C. diffi cile strains and the immune 
whey preparation was made from the colostra of these cows. In a controlled 
double-blind randomized study, 18 patients with C. diffi cile associated 
diarrhea received orally 1.6 g of Ig in 200 ml volume twice per day for 2 
weeks, and 20 patients received 400 mg of metronidazole twice per day. A 
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C. diffi cile culture and toxin test was made on days 0, 14 and 28, respec-
tively. At day 14, 100% of the metronidazole group and 83% of the immune 
colostrum group, respectively, responded positively to the treatment. The 
authors concluded that the immune colostrum treatment is somewhat less 
effective than the standard treatment with antibiotics but, on the other 
hand, it does not cause antibiotic resistance problems and does not alter 
the normal colonic bacterial fl ora as antibiotics do. In future, by optimizing 
the dosage, the treatment time, and the antigens used in immunizing the 
cows, the effi cacy of bovine milk Ig preparations could be improved and 
this treatment strategy could also be used as a supportive treatment together 
with conventional antibiotics.

10.5 Future trends

As a result of progress made in membrane separation and chromatographic 
techniques it is now possible to isolate Igs from bovine colostrum and 
cheese whey on a large scale. This progress has facilitated and boosted 
manufacture of Ig concentrates as dietary supplements or ingredients. 
Some of these preparations are being marketed with health or nutrition 
function claims attached, even though the clinical evidence is limited or not 
reported at all. More scientifi c research is therefore needed in this fi eld to 
substantiate the claimed health benefi ts. As for immune milk preparations, 
there are already a few commercial products on the market with quite well 
established clinical evidence about the effi cacy. The main limitation of the 
clinical use of bovine milk antibodies for humans is that, as proteins of 
another species, the Igs can be used only orally against gastrointestinal 
pathogens. An interesting attempt to overcome this limitation is a tran-
schromosomic calf that has been cloned for producing humanized polyclo-
nal Igs. As a result of fi ve sequential genetic modifi cations and seven 
consecutive cloning events, this calf was reported to have full human IgG 
10–20% of total serum IgG. After hyperimmunization of this calf with an 
anthrax protective antigen, both full human IgG and chimeric IgG were 
found to be effective in a toxin-neutralization assay (Kuroiwa et al., 2009).

The regulatory status regarding products containing specifi c Igs may be 
considered as the main reason why products (for instance those containing 
specifi c Igs against cariogenic bacteria) are not on the market in most 
countries. The regulatory status of immune colostral preparations was 
undetermined for a long time and for some years these products have been 
classifi ed as pharmaceuticals in the EU and USA. In the case of diseases 
that can be controlled also by conventional means, e.g. dental caries, this 
regulatory approach has slowed down the development of immune milk 
preparations in many countries. However, in the case of severe diseases 
caused by bacterial strains resistant to antibiotics, such as C. diffi cile, the 
regulatory status of a pharmaceutical has delayed but not hampered com-
pletely the progress of such product development (Hoerr and Bostwick, 
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2002; Mattila et al., 2008). Currently, the US Food and Drug Administration 
(FDA) have accepted the safety of hyperimmune milks on the basis of 
clinical studies that show no adverse health effects from these products 
(Gingerich and McPhillips, 2005; Krissansen, 2007).

Incidences if diarrhea and mortality rates among children in many areas 
of developing countries are high. The prevention of diarrhea would improve 
the nutritional status and health in general. The emergence of antibiotic 
resistant pathogen strains puts emphasis on the need to develop alternative 
ways to prevent and treat gastrointestinal infections. In developed coun-
tries, the control of gastrointestinal microbial fl ora has become an integral 
part of health promotion. It is concluded that synergistic effects of Igs with 
probiotics and other milk bioactives, such as lactoferrin, may open new 
prospects for developing novel means to prevent microbial diseases by 
nutritional intervention.
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Lactoferrin for human health
P. Marnila and H. J. Korhonen, MTT Agrifood Research Finland, 
Finland

Abstract: Lactoferrin (LF) is an iron-binding glycoprotein found in various 
biological fl uids of mammals and in neutrophils. LF is considered to be an 
important host defense molecule and exhibits a diverse range of physiological 
functions such as antimicrobial, immunomodulatory and antioxidant activity. 
Experimental and clinical research carried out over the last thirty years has 
accumulated increasing evidence about the potential benefi cial health effects of 
LF and its derivatives. These benefi ts may include anti-infective, anti-cancer and 
anti-infl ammatory effects. The expanding knowledge about the multifunctional 
role of LF has enlarged its scope of applications from food preservation to 
health-promoting foods and supplements, pharmaceuticals, healthcare products, 
cosmetics and animal feeds. This chapter summarizes the current scientifi c 
knowledge about the functions and activities of LF, and highlights its present and 
possible future applications, also taking into consideration the emerging safety 
aspects.

Key words: lactoferrin, lactoferricin, antimicrobial, cancer prevention, 
infl ammation.

11.1 Introduction

Lactoferrin (LF) is a multifunctional iron binding glycoprotein of the innate 
immune system. It is present in exocrine secretions such as milk, tears, nasal 
exudates, saliva, bronchial and cervico-vaginal mucus, seminal plasma and 
gastrointestinal fl uid. LF is synthesized in various exocrine glands such as 
submucosal glands of conducting airways, epithelial cells in mammary gland 
and in neutrophils. LF is promptly delivered by circulating neutrophils to 
sites of microbial invasion. Thus, in the blood of septic patients, or in mas-
titic milk, the LF content increases many fold due to the high amount of 
activated and degranulating neutrophils, which is an early indication of host 
response to infection or invasion.

LF is composed of a single chain polypeptide sequence. Human LF 
(hLF) contains 691 and bovine LF (bLF) 689 amino acids, the degree of 
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sequence homology being 69%. The molecular mass of hLF is between 77 
and 82 kDa and that of bLF is 80–84 kDa, depending on the glycosylation 
degree. One LF molecule can bind two ferric (Fe3+) ions, with the concomi-
tant incorporation of bicarbonate ion (HCO3

−). The affi nity of LF to ferric 
ions is high (Kd~10 −30), which is about 300 times higher than in transferrin. 
In bovine milk, 20–30% of bLF is in iron saturated form (holo-LF) whereas 
in human milk 92–94% of hLF is in iron depleted form (apo-LF) and only 
6–8% is holo-LF. A higher proportion of holo-LF gives to bovine milk Lf 
fraction the typical reddish color (Lönnerdal and Iyer, 1995; Pan et al., 2006; 
Conesa et al., 2008).

Although gene polymorphism occur in hLF, there is only one single 
functional LF gene located in chromosome 3 (Teng, 2002). The protein 
products expressed in human milk and neutrophils by LF gene are identical 
but there are some differences in glycosylation. Also, LF present in bovine 
milk and neutrophils appears to be a product of the same gene, possessing 
identical polypeptide chains. The differences between the milk and neu-
trophil LF are limited to the attached glycans. Indeed, bovine milk LF is 
heterogeneous, with two major glycosylation forms identifi ed (Tsuji et al.,
1989). It is not known if these differences in glycosylation have an affect 
on protein functions, except that the fully glycosylated forms seem to be 
more resistant to intestinal proteases such as trypsin. The glycosylation 
degree does not, however, affect the iron binding affi nity.

LF was fi rst fractionated as an unknown ‘red fraction’ from cows’ milk 
by Sørensen and Sørensen in 1939, and the red protein from both human 
and bovine milk was later defi ned as a transferrin-like glycoprotein (Groves, 
1960). Since then, a great amount of basic, applied and clinical research has 
been done with hLF, bLF and LF derived peptides. The well documented 
antimicrobial, anti-infective, cancer preventive and immun  e response regu-
lating activities, as well as effects on iron metabolism, have led to the 
development of applications varying from clinical and nutraceutical uses to 
infant milk formulas, oral hygiene, cosmetic and various food supplements 
(Tomita et al., 2002; Weinberg, 2007). Though LF is a molecule of our own 
immune system and is thus well tolerated, possible hazards have been docu-
mented and further research is needed to defi ne the safe ways to exploit 
LF’s therapeutic properties (Weinberg, 2003).

11.2 Antimicrobial activities

11.2.1 Antibacterial effects and mechanisms
The fi rst recognized antibacterial mechanism of LF was its ability to bind 
iron from medium, hence preventing bacterial growth. The majority of 
bacteria require iron and its availability correlates strongly with bacterial 
virulence. The LF found in human secretions and mucosal surfaces is almost 
entirely in iron free apo-form (Makino and Nishimura, 1992). In infl am-
matory sites containing a high amount of activated and degranulating 
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neutrophils, LF scavenges iron effectively. Experimental studies have 
shown that iron sequestering by apo-LF can strongly inhibit the growth of 
many bacterial species (Weinberg, 2007). However, some bacterial patho-
genic species counter this iron sequestering effect. Under conditions of iron 
deprivation, small iron-chelating molecules, siderophores are synthesized 
and secreted. Siderophores bind ferric ions with a high affi nity and trans-
port them into cells through specifi c receptors (Braun and Killmann, 1999; 
Andrews et al., 2003). Some pathogens, such as Neisseria, Haemophilus and 
Helicobacter species, express specifi c outer cell membrane receptors capable 
of binding and removing iron directly from LF or transferrin (Andrews 
et al., 2003). These bacteria may benefi t from the host cellular infl ammatory 
response. Bacteria capable of behaving as intracellular pathogens (e.g. 
Listeria monocytogenes and Legionella pneumophila), and multiplying in 
epithelial cells or in macrophages of the host, encounter problems in iron 
supply. Byrd and Horwitz (1991) showed that internalization of apo-LF into 
monocytes prevents the growth of L. pneumophila whereas holo-LF provide 
an iron source for the growth and inhibit the antimicrobial effect of inter-
feron gamma (INF-γ).

Later in vitro studies have shown that bLF and its derivative peptide 
lactoferricin (LFcin) are able to induce apoptosis, programmed cell death, 
in L. monocytogenes infected THP-1 cells (Longhi et al., 2005) and in 
Caco-2 cells (Valenti et al., 1999). The activation of the apoptotic cell death 
accompanied with neutrophil chemoattractant release induced by L. mono-
cytogenes infection of hepatocytes is a critical step in launching an innate 
immune defense action against this intracellular pathogen.

The addition of apo-LF to many other antimicrobial agents enhance 
their antimicrobial activity, since the effi cacy of the majority of antimicro-
bial compounds is inhibited by iron. The inhibitory concentrations of 
vancomycin, nafcillin, amphotericin B, fl uconazole, chloramphenicol, 
doxycycline and rifampicin are lowered in vitro in the presence of LF 
(Weinberg, 2003; Venkatesh and Rong, 2008). LF acts synergistically also 
with lysozyme. Both proteins are present in high concentrations in neu-
trophil granules and at sites of infl ammation. Lysozyme hydrolyses beta-1,4 
linkages between N-acetylmuramic acid and 2-acetyl-amino-2-deoxy-D-
glucose residues in peptidoglycan of the bacterial cell wall. However, lys-
ozyme alone is not considered to be very effective against Gram-negative 
bacteria due to the lipopolysaccharide (LPS) layer in its outer membrane. 
LF can bind to the LPS layer to enable lysozyme to gain access to the pep-
tidoglycan in the bacterial cell wall. Combinations of LF and lysozyme are 
far more bactericidal than these factors alone. This action is inhibited if 
hLF is iron saturated (Ellison and Giehl, 1991). Similarly, LF and lysozyme 
are synergistic against Gram-positive bacteria but the effi cacy is suppressed 
by saturating LF with iron (Leitch and Willcox, 1998).

In many cases, bacteria live in biofi lms which are matrix-encased com-
munities specialized for surface persistence. The bacterial transition from 
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a free-living, independent life to a biofi lm lifestyle can be devastating for 
the host, because biofi lms notoriously resist killing by the host defence 
mechanisms and antibiotics. LF is able to block biofi lm development of the 
opportunistic pathogen Pseudomonas aeruginosa at concentrations below 
those that kill or prevent growth. By chelating iron, LF stimulates surface 
motility, causing the bacteria to wander across the surface instead of 
forming cell clusters and biofi lms (Singh et al., 2002).

The proteolysis of LF by gastric pepsin generates an antimicrobial 
peptide, LFcin from the N-terminal region. Bovine LFcin is a 25 amino acid 
peptide consisting of residues 17–41, whereas the human LFc (hLFcin) 
represents a 47 amino acid peptide consisting of residues 1–47. These pep-
tides are 2 to 12-fold more active against Escherichia coli compared with 
the corresponding undigested LF molecule. Bovine LFcin is a more potent 
bactericidal peptide than hLFcin and has antimicrobial activity against a 
wide range of microbes (for a review, see Wakabayashi et al., 2003). The 
mechanisms of the cidal effects against Gram-positive bacteria are probably 
similar to those of other cationic and amphipathic antibacterial peptides. 
LFcin binds to Gram-positive bacteria through electrostatic interactions 
between the negatively charged cell membrane and cationic amino acid 
residues. Then amphipathic residues perturb the non-polar membrane inte-
rior by hydrophobic interactions. Bovine LFcin exerts slow inhibitory and 
bactericidal activity, causing depolarization of the cytoplasmic membrane, 
but does not lyse the bacteria and leaves the integrity of the membrane 
intact, indicating a possible intracellular target. Thus, it is probable that 
LFcin has multiple targets (Ulvatne et al., 2004). The permeabilizing effect 
on the cytoplasmic membrane may disrupt the general energy metabolism 
in the cell, resulting in the inhibition of macromolecular biosynthesis. By 
means of incorporating radioactive precursors into DNA, RNA and pro-
teins, Ulvatne et al. (2004) studied effects of bLFcin on the macromolecular 
synthesis in the Gram-negative E. coli and in the Gram-positive Bacillus
subtilis. At sub-lethal concentrations, bLFcin inhibited the biosynthesis of 
macromolecules in both bacteria. On the other hand, a breakdown of mac-
romolecular biosynthesis may also lead to permeabilization of the cytoplas-
mic membrane.

Recently, a new protease-like antimicrobial activity towards some bacte-
rial virulence factors has been found in LF. For example, hLF degrades 
IgA1-protease and Hap-adhesin in Haemophilus infl uenzae (Plaut et al.,
2000), and degrades also invasion plasmid antigens of Shigella fl exneri
(Gomez et al., 2003). Furthermore, hLF has been shown to decrease inva-
siveness of enteropathogenic E. coli by blocking the proteins that contrib-
ute to adherence and cause hemolysis (Ochoa et al., 2003 and 2004).

11.2.2 Antiviral activities
LF inhibits the replication of a wide spectrum of RNA and DNA viruses. 
The list includes several enveloped viruses such as herpes simplex viruses, 
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hepatitis B and C viruses, human cytomegalovirus, hantavirus, HIV and 
respiratory syncytial virus etc; also some naked viruses, e.g. rotavirus, polio-
virus, adenovirus, human papillomavirus and enterovirus 71. The antiviral 
activity does not involve iron binding. LF is considered to inhibit viral 
replication by preventing the viral particles from infecting new host cells, 
either by binding to host cell receptors or to the virions. Bovine LF has 
been shown to be more active against viruses than hLF, and apo-LF is less 
effective than holo-LF (Valenti and Antonini, 2005). The observations that 
LF is strongly antiviral when present at the time of infection but far less 
active if given later, suggests that antiviral therapy with LF may, in many 
cases, not be practicable (Weinberg, 2003). However, in some viral infec-
tions the immune system regulating effect may be benefi cial. Shin et al.,
(2005) demonstrated in a mouse model that orally administered bLF did 
not exert any effect on infl uenza virus replication, but the amount of infl am-
matory macrophages and neutrophils in the lungs was reduced signifi cantly. 
Thus, orally administered bLF suppressed substantially the strong infl am-
matory reaction of the murine immune system against infl uenza virus infec-
tion and therefore attenuated the severity of pneumonia.

11.2.3 Antifungal activities
Bovine LF, hLF as well as bLFcin have a well documented cidal activity in
vitro against human pathogenic fungi, especially Candida species, including 
C. albicans. The cidal effect is related to the adsorption of LF to the cell 
surface rather than to iron deprivation of this fungal species. The candi-
dacidal effect of hLF is reported to be dependent on the extracellular cation 
concentration and on the metabolic state of the cell (Viejo-Diaz et al.,
2004). Recent clinical and animal model studies suggest that the main 
antimycotic activity of bLF derived peptides is dependent on the N-terminal 
half of bLF and that bLF and bLFcin exert their antifungal effects by 
enhancing the host immune defense, especially upregulating the neutrophil 
function rather than by a direct antimycotic effect (Ueta et al., 2001).

Yamauchi et al. (2000a) studied the effi cacy of orally administered bLF 
(0.6, or 2 g, or placebo, daily for eight weeks) in the treatment of adults 
with mild or moderate tinea pedis. The treatment with bLF resulted in 
signifi cantly decreased symptom scores in subjects with moderate vesicular 
or interdigital tinea pedis. Costantino and Guaraldi (2008) tested the clini-
cal effi cacy of a cream containing 4 % of LF in the treatment of an acute 
vulvovaginal candidiosis. The treatment with 5 g of cream in the infl amed 
area twice a day for seven days cured completely 27 of 34 patients, fi ve 
showed good improvement and two patients suffered from a vaginitis after 
the treatment.

Human subjects with a dry mouth due to hyposalivation have a lowered 
level of salivary hLF. The occurrence of a Candida invasion in the mouth 
is associated with the dry mouth symptoms. Some patients with an advanced 
stage of AIDS also have lowered salivary LF levels and have repeated 
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periods of oral candidiosis. Oral formulations containing LF and lysozyme 
have been found effective in the treatment of oral candidiosis, even in 
patients who fail to respond to the conventional antifungal drug therapy 
(Masci, 2000). Thus, the use of LF as an antifungal agent alone or in com-
bination with antifungal drugs opens promising prospects for the therapy 
of opportunistic fungal infections.

11.3 Cancer prevention and immunological effects

In all mammalian species, LF and peptides derived from it are an essential 
part of innate immunity participating in the defense against neoplasia. 
Bovine LFcin is, in vitro, cytotoxic for a variety of human and rodent cancer 
cells. Relatively little is known about the mechanisms by which LF exerts 
its anticancer activity. Human holo-LF prevents the growth of breast car-
cinoma cells by inhibiting G1 cyclin dependent kinases (Damiens et al.,
1999). The exposure of murine Meth A fi brosarcoma cells to bLFcin leads 
to the loss of membrane integrity and to lysis in vitro (Eliassen et al., 2002). 
Bovine LFcin is, in vitro, a potent inducer of apoptosis in the human mono-
cytic leukaemia cell line THP-1, but the intact bLF does not trigger apop-
tosis even at higher concentrations (Yoo et al., 1997). Mader et al. (2005) 
reported that bLFcin induces a rapid apoptosis in several different human 
leukaemia and carcinoma cell lines, including the Jurkat T leukemic T cell 
line. In contrast, bLFcin was not cytotoxic to primary cultures of resting or 
mitogen activated normal human T lymphocytes, to fi broblasts, or to 
endothelial cells. In Jurkat T cells, the bLFcin treatment triggered the pro-
duction of reactive oxygen species (ROS) followed by a caspase-2 induced 
dissipation in the mitochondrial transmembrane potential and a subsequent 
activation of the caspase-9 and -3 mediated apoptosis. The authors conclude 
that bLFcin kills cancer cells in vitro by triggering the mitochondrial pathway 
of apoptosis, at least in part through generation of ROS (Mader et al., 2005).

In animal model studies, bLF and bLFcin have exhibited a potent activ-
ity against cancer cells in vivo. Orally administered bLF reduced the devel-
opment of neoplastic cells in the colon, oesophagus, and lungs of rats 
treated with carcinogens (Ushida et al., 1999). Black tea polyphenols 
(Polyphenon-B) and bLF had a synergistic effect in the prevention of 
chemically induced buccal pouch carcinogenesis in a hamster model (Mohan 
et al., 2008). Although the dietary bLF and Polyphenon-B alone signifi -
cantly reduced the tumour incidence, a combined administration of these 
compounds was more effective in inhibiting the chemically-induced geno-
toxicity and development of carcinomas. Recently, patients with progres-
sive advanced solid tumours, and those whose conventional therapy had 
failed, were given orally recombinant hLF (talactoferrin) in doses varying 
from 1.5 g to 9 g daily, using a two weeks on/two weeks off therapy. Among 
eight patients who could be evaluated radiologically, the tumour growth 
rate had decreased in seven cases (Hayes et al., 2006).
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Yoo et al. (1997) demonstrated that bLF suppresses tumour growth and 
metastasis in a mouse model and may, moreover, inhibit angiogenesis. The 
growth of new capillaries is essential for the progression and metastasis of 
solid tumours. Recent results suggest that the regulation of angiogenesis 
depends on the balance between stimulators and inhibitors. Cytokines such 
as INF-γ inducing protein 10, platelet factor 4, interleukin- (IL-) 4, IL-12 
and IL-18 are reported to suppress tumour growth or metastasis due to 
their angiogenesis inhibiting effects. Kuhara et al. (2000) reported that the 
orally administered bLF induced INF-γ and IL-18 in the mouse intestinal 
epithelium and that this phenomenon might be connected to the anti-
tumour activity of bLF. Soon after, Norrby et al. (2001) found that bLF 
inhibited a chemically-induced angiogenesis in rats. Using the dorsal air 
sacs assay, Shimamura et al. (2004) studied the infl uence of a bLF admin-
istration to mice on tumour-induced angiogenesis, and endothelial cell 
functions and angiogenesis related cytokine production. Both the orally and 
intraperitoneally given bLF suppressed, dose-dependently, the Lewis lung 
carcinoma (3LL) cell-induced angiogenesis. In the serum of mice given bLF 
orally, the concentration of IL-18, but not that of INF-γ, was markedly 
elevated. The authors concluded that bLF participates in the regulation of 
angiogenesis, possibly by blocking the endothelial function and inducing 
IL-18 production. The bLF antitumour effect in vivo may, therefore, be 
partly mediated by the inhibition of angiogenesis. LF has also been dem-
onstrated to activate natural killer (NK) cells, polymorphonuclear cells and 
lymphokine activated killer cells which contribute to immune reactions 
against neoplasia (Kruzel et al., 2007).

Hirotani et al. (2008) demonstrated in a Caco-2 cell model that bLF 
(0.4–1 mg/ml) attenuated rupturing and permeability changes induced by 
LPS from E. coli in the epithelial cell lining. In a mouse model, an intra-
peritoneal injection of bLF (5 mg per mouse) given 24 h before an intra-
venous injection of a sublethal E. coli LPS dose reduced tumour necrosis 
factor-alpha (TNF-α) serum levels and increased anti-infl ammatory 
cytokine levels (Kruzel et al., 2002). Orally-administered bLF is not com-
pletely degraded in the gastrointestinal tract, but it is retained to some 
degree in the form of bLFcin-containing peptides (Kuwata et al., 2001). It 
is not likely that the orally administered bLF or peptides derived thereof 
are transported from the intestine to the blood circulation (Wakabayashi 
et al., 2004).

Receptors for LF have been found in several cell types, including T and 
B lymphocytes, platelets and intestinal epithelial cells (Suzuki et al., 2005) 
and it is likely that orally-administered bLF or its digestion products act on 
the intestinal immune system and then promote systemic effects. In the 
gastrointestinal tissue of a mouse, an orally-administered dose of bLF has 
been shown to trigger the production of IL-18 in epithelial cells, and IL-10 
and INF-γ in lymphocytes; it also increases the number of CD4+ and CD8+ 
cells and NK cells in the intestinal mucosa. The systemic effects of bLF 
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given orally to mice include increased cell numbers in lymph nodes and 
spleen, enhanced activity of peritoneal macrophages and NK cells and an 
enhanced production of Th-1 type cytokines IL-12 and INF-γ (Zimecki and 
Kruzel, 2007; Tomita et al., 2008). In healthy human volunteers, a treatment 
with oral bLF of 50 mg/day increased signifi cantly the proportion of neu-
trophilic precursors in the peripheral blood and reduced the spontaneous 
production of IL-6 and TNF-α by cultured peripheral blood mononuclear 
cells and enhanced chemotactic reactions by promoting the recruitment of 
leukocytes to the infl ammatory site (Zimecki et al., 1999). Spadaro et al.
(2008) reported recently that human recombinant LF induced the matura-
tion of dendritic cells from human monocytes in vitro. The authors con-
cluded that a key immunomodulative function of LF may be to link the 
innate immune response to an adaptive one by promoting dendritic cell 
maturation. It is postulated that LF can control the cytokine-induced proin-
fl ammatory cascade during the development of a systemic infl ammatory 
response (Kruzel et al., 2007). The activation of the monocyte/macrophage 
system results in the production of IL-1β, IL-6 and TNF-α which in turn 
enhances the infl ammatory reaction. Activated neutrophils release LF by 
degranulating at the site of infl ammation. The released LF binds to specifi c 
receptors on monocytes and capillary endothelia and attenuates the priming 
reaction and onset of production of proinfl ammatory cytokines via the 
nuclear factor kappa B (NF-κB) and by stimulating the production of anti-
infl ammatory cytokines IL-4 and IL-10. LF also scavenges non-protein-
bound iron in the infl amed area so as to suppress damage on host tissues 
due to ROS produced by neutrophil oxidative burst reaction. Further, in 
the case of an infection by Gram-negative bacteria, LF binds to LPS and 
inhibits the progressive infl ammatory cascade caused by cell wall particles 
of destructed bacteria (Kruzel et al., 2007).

Another anti-infl ammatory role of LF is its capability to inhibit the clas-
sical pathway of complement reaction by blocking the formation of the C3 
convertase, thus preventing the cleavage of C3. This inhibition is exerted 
by peptides derived from the N-terminal region of both hLF and bLF, and 
also from both hLFcin and bLFcin. No inhibitory effect by these peptides 
was observed on the alternative complement pathway in an AP50 assay 
(Samuelsen, 2004).

It seems that, in many cases, an infl ammatory reaction by the host’s 
immune system causes more harm than the invading pathogen or trauma 
that started the cascade. LF appears to pose an essential part of the regula-
tory feedback loop in the infl ammatory process.

11.4 Other biological activities

Recently, oral bLF was reported to increase the haemoglobin and total iron 
concentration in human blood serum. Paesano et al., (2006) administered 
pregnant women orally with 100 mg of 30% iron saturated bLF twice a 
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day or ferrous sulphate 520 mg per day, respectively. After 30 days, treat-
ment, both haemoglobin and serum iron were signifi cantly higher in the 
bLF group than in the ferrous sulphate group or in the control group (hae-
moglobin 12.8 g/dL, 11.9 g/dL and 10.2 g/dL, respectively). Unlike ferrous 
sulphate, bLF did not result in any side effects. Koikawa et al. (2008) 
reported that bLF tablets taken (1.8 g of bLF/day, 6 mg of iron/day) daily 
for eight weeks prevented the lowering of haemoglobin level in female 
long-distance runners during the training period, whereas the same dosage 
of iron as ferric pyrophosphate did not prevent anaemia due to training. In 
another study with young US women, Lönnerdal and Bryant (2006) con-
cluded that iron was equally well absorbed from purifi ed recombinant hLF 
produced in rice as from ferrous sulphate. Thus, oral LF can exert infl uence 
on iron homeostasis directly or through other proteins of intestinal cells.

An acute ultraviolet (UV) exposure causes photokeratitis, and induces 
apoptosis in corneal cells of the eye. LF supplementation has been shown 
to suppress UV-B-induced oxidation in cultures of human corneal epithe-
lial cells. Fujihara et al. (2000) investigated the protective effect of LF 
containing eyedrops against UV-B-induced corneal damage in a rat kera-
titis model by irradiating anesthetized rats and then scoring the corneal 
epithelial defect after 24 h from irradiation. The vehicle or LF containing 
eyedrops were applied either before or after the irradiation. The post-
treatment with LF did not inhibit the extent of corneal damage and did not 
affect wound healing. However, the pre-treatment by topical application of 
LF suppressed the development of a corneal epithelial defect induced by 
UV-B irradiation. Therefore, the presence of LF in the human tear fl uid 
may inhibit UV-induced corneal epithelial damage due to sunlight.

Cornish (2004) demonstrated that both bLF and hLF are anabolic factors 
for the bone in vivo in a mouse model. Local injections of bLF into adult 
mice resulted in an increased bone growth. In in vitro studies, bLF stimu-
lated the proliferation and differentiation of osteoblasts and the apoptosis 
was inhibited at a bLF concentration of 100 µg/mL which level is within the 
limits of physiological concentrations. Also, the chondrocyte proliferation 
was stimulated (10 and 20 µg/mL of bLF) and the development of osteo-
clasts was inhibited at the bLF concentration of 10 µg/mL and arrested 
completely at 100 µg/mL. The osteogenic activity of bLF is maintained 
in vitro in deglycosylated, apo- and holo-forms and it can be detected in 
various fragments of bLF, suggesting that the regulatory activity is medi-
ated via several distinct receptors and pathways (Cornish et al., 2006).

11.5 Applications and safety aspects

Over the last thirty years, many methods have been developed for the isola-
tion and purifi cation of bLF from colostral or cheese whey. Most of these 
methods are based on gel fi ltration and chromatographic techniques 
(Law and Reiter, 1977; Tamura, 2004). Patented, large-scale production 
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techniques based on cation-exchange resins followed by gel fi ltration or UF 
have been developed to isolate both LF and lactoperoxidase (LP) from 
cheese whey (Uchida et al., 1996). A microporous membrane containing 
immobilized sulphonic acid has been applied to fractionate LF and LP from 
cheese whey (Chiu and Etzel, 1997): in this method, the average recovery 
rates were 73% for LP and 50% for LF. Zhang et al. (2002) developed a 
simple, rapid method for large-scale fractionation of LF from bovine colos-
trum based on high-performance liquid chromatography (HPLC), coupled 
with an SP-Sepharose cation exchanger. Other methods developed for the 
isolation of LF, in particular, include monoclonal antibody immunoaffi nity, 
copper ions immobilized on Sepharose 6B (metal chelate interaction chro-
matography) and affi nity chromatography using immobilized ferritin, 
heparin, DNA or textile dyes (Mulvihill and Ennis, 2003).

Industrial large-scale production of bovine LF began in Belgium in 1985. 
Commercial exploitation of bLF has, however, developed relatively slowly 
until recent years, perhaps refl ecting the lack of break-through results from 
scientifi c research. On the other hand, Asian companies have applied bLF 
already for more than 20 years as an ingredient of commercial foodstuffs, 
most of them being milk-based products (Tomita et al., 2008). In 1986, 
marketing of a bLF-containing infant formula, BF-L Dry Milk, was started 
by Morinaga Milk Industry in Japan. Currently, bLF-containing infant for-
mulas are sold in Indonesia and Korea, as well as in Japan. Over the years, 
scientifi c evidence on the benefi ts with supplementation with bLF in infant 
formulas has been accumulating. Roberts et al., (1992) reported that an 
infant formula containing 1 mg/ml of bLF established a Bifi dobacterium-
dominant faecal fl ora in normal infants, whereas infant formulas containing 
none or 0.1 mg/ml of bLF did not have a similar effect. In an intervention 
study with weaned Peruvian children, the test group (12–36 months of age, 
n = 146), which received orally 0.5 g of bLF daily for nine months, was 
demonstrated to have a signifi cantly reduced rate of faecal colonization by 
Giardia species as compared to the control group (n = 174), which received 
maltodextrin as placebo (Ochoa et al., 2008).

Other bLF-containing products include yoghurt, skim milk, milk-type 
drinks, supplemental tablets, pet food, oral care products (mouth wash, gel, 
toothpaste and chewing gum) and cosmetics which are mainly skin-care 
products (Wakabayashi et al., 2006). The benefi cial effects of these bLF-
containing products on the health have been proved in clinical and animal 
studies. The favourable effect of yoghurt on rotavirus gastroenteritis and 
the similar effect of tablets on chronic hepatitis C, rotaviral gastroenteritis, 
and Helicobacter pylori gastric infection have been reported. The therapeu-
tic effect of pet food on  dermatitis in dogs and cats was also shown (see 
review by Tomita et al., 2008).

The antimicrobial and antioxidative effects of bLF favour its use as a 
food preservative. The US Food and Drug Administration (FDA) has 
approved the use of bLF (at not more than 2% by weight) as a spray to 
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reduce microbial contamination on the surface of raw beef carcasses. FDA 
has granted to bLF a ‘Generally Recognized As Safe’ (GRAS, GRN 67) 
status and this determination accounts for uses at defi ned levels in beef 
carcasses, sub-primals, and fi nished cuts (Taylor et al., 2004). Another 
potential application area for bLF is the use as a component of edible coat-
ings. Brown et al. (2008) tested the antimicrobial effi cacy of bLF, alone and 
with lysozyme, against E. coli O157 : H7 and L. monocytogenes in chitosan 
fi lms. The incorporation of bLF alone into a chitosan fi lm did not exhibit 
signifi cant antimicrobial activity against these bacteria but the combination 
of bLF with lysozyme in the coating signifi cantly decreased the growth of 
E. coli O157 : H7.

Many microbes isolated from mastitic milk are sensitive to bLF or 
bLFcin, whereas many pathogenic strains of E. coli and S. aureus show 
resistance or can develop resistance to LF. However, bLF possesses a syn-
ergistic effect with penicillin against mastitic S. aureus (Diarra et al., 2002). 
In an in vitro study, bLF increased the inhibitory activity of penicillin up to 
4-fold in most penicillin susceptible mastitic S. aureus strains, whereas this 
increase was 4- to 16-fold in penicillin resistant strains (Lacasse et al., 2008). 
Komine et al. (2006) reported that a combination of bLF and antibiotics 
were more effective than antibiotic or bLF treatments alone against clinical 
S. aureus mastitis in drying cows and the combination treatment also inhib-
ited the production of TNF-α via the inhibition of NF-κB activation. In a 
study by Petitclerc et al. (2007), an experimental S. aureus mastitis was 
induced in 19 lactating cows. An intramammary treatment of cows with 
combinations of bLF and penicillin G resulted in 3–5 times higher cure rates 
than penicillin G treatment alone in cows with stable S. aureus infections 
showing high resistance to beta lactam antibiotics. These results would 
suggest that bLF added to penicillin may offer an effective combination for 
the treatment of chronic infections caused by beta lactam antibiotic resist-
ant S. aureus strains.

Recently, a topical administration of talactoferrin (recombinant hLF 
expressed and produced in Aspergillus niger) was reported to promote 
wound healing in an experimental model with normal and diabetic mice 
(Engelmayer et al., 2008). Talactoferrin promoted the closure rate in the 
period of 12 to 19 days after cutting the wounds, as well as in the 75% 
closure incidence and the time to 50% closure versus the control group 
treated with the vehicle. The improvement in wound healing was small but 
statistically signifi cant. The wounds in talactoferrin-treated normal mice 
had also signifi cantly higher levels of TNF-α, IL-6 and IL-8 than in mice 
treated with the vehicle at an early stage of the repair process, suggesting 
that the wound-healing promoting effect is associated with a regulated 
enhancement of the infl ammatory phase of the wound repair (Engelmayer 
et al., 2008). In diabetic patients suffering from neuropathic ulcers in 
feet, the topical application of talactoferrin-containing gel (1%, 2.5% 
or 8.5%) twice daily for 30 days was tolerated without any side effects. 
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A further topical treatment twice per day for twelve weeks with the 
gels containing 2.5% or 8.5% of talactoferrin promoted wound healing 
of the ulcers. The study groups receiving the 2.5% and 8.5% gels 
had about twice the incidence of ≥75% reduction in ulcer size as compared 
with the placebo group (47%, 53%, and 25%, respectively) (Lyons et al.,
2007). It may be concluded from these results that the recombinant hLF 
treatment appears to enhance the healing rate in the ulcers, which are a 
common pathological complication requiring hospitalization of diabetic 
people.

Bovine LF and recombinant hLF are now commercially available for 
development into preservatives, nutraceuticals and pharmaceutical prod-
ucts. Current research is focused on bone remodelling, prevention of infec-
tions, prevention of neoplasia and treatment of cancers, treatment of 
infl ammations in intestine and joints, and promotion of wound healing as 
well as enhancement of antimicrobial and anti-neoplastic drugs, and pre-
vention of iron induced oxidation of food products (Wakabayashi et al.,
2006, Tomita et al., 2008). A safety evaluation of these potential application 
areas of LF are of critical importance before such products can be launched 
on the market.

Cerven et al. (2008a and 2008b) studied the safety of oral administration 
of purifi ed recombinant human apo-LF and holo-LF, expressed and pro-
duced in rice grain, for 28 days in Wistar rats using 180 and 1800 mg/kg of 
body weight daily. No treatment-related changes in clinical parameters 
were observed in any of these preparations. Toxicological studies in rats 
for 13 weeks with a daily oral administration of bLF (Yamauchi et al.,
2000b) and of recombinant hLF produced in transgenic cows (Appel et al.,
2006) revealed that the levels of no observed adverse effect were at least 
2 g/kg of body weight/day. Tamano (2008) studied the occurrence of poten-
tial toxic effects in rats fed a basal diet containing 0.2 % bLF for 40 weeks. 
No adverse fi ndings were observed, and the serum triglyceride level was 
signifi cantly decreased (72% of the control level), suggesting preventive 
effects against the metabolic syndrome. In a further experiment, male and 
female F344/DuCrj rats were fed a basal diet containing 0.02, 0.2, 2.0 and 
5.0% bLF, 2.0% bLF hydrolysate or 0.1% LFcin for 60 weeks in males and 
65 weeks in females. No toxicological effects, including carcinogenicity, 
were evident in either sex. The results of these studies can be regarded as 
supportive of the safety of clinical studies with bLF for use in food products 
and supplements (Tamano, 2008). Talactoferrin has received a fast-track 
designation for the treatment of non-small cell lung cancer and is entering 
Phase III clinical trials (Spadaro et al., 2008). Generally, talactoferrin is very 
well tolerated and no toxicities have been reported.

Many bacteria, e.g. many E. coli and S. aureus strains, possess some 
degree of resistance against bLF or bLFcin. This resistance can be due to 
proteases on cell outer membranes or it may be due to positively charged 
groups on cell surfaces preventing the incorporation of cationic sequences 
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of LF or LFcin (Ulvatne et al., 2001 and 2002). Samuelsen et al. (2005) 
investigated inducible intrinsic resistance of S. aureus strains against bLFcin. 
A serial passage of seven S. aureus strains in medium with increasing con-
centrations of bLFcin resulted in an induced resistance at various levels in 
all strains. The resistance decreased rapidly during passages without bLFcin, 
but the minimum inhibitory concentrations remained elevated after 30 pas-
sages. Further, a cross resistance to penicillin G was observed. Thus, a 
widespread use of LF or LFcin in, for example, the food industry may lead 
to development of resistant pathogens. The risks due to possibly emerging 
LF-resistant microbes may be even higher than those of antibiotics because, 
in the case of LF or LFcin, potential pathogens are in practice educated to 
resist the molecules of our own innate immunity. Another type of risk may 
emerge owing to LF’s ability to stimulate the replication of human T cell 
leukemia virus Type 1. Also, orally-ingested LF may be harmful to humans 
with infections by gastrointestinal bacteria that can use iron from LF 
(Weinberg, 2003). Immunological effects of orally administered LF are 
diverse and this far only partially known. Therefore, further experimental 
research concomitant with relevant safety evaluation appears necessary in 
those particular application areas.
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Harnessing milk oligosaccharides for 
nutraceutical applications
R. Hickey, Moorepark Food Research Centre, Teagasc, Ireland

Abstract: Given the vast quantities of oligosaccharides which are present in 
human milk, it is hardly surprising that during postnatal development these 
molecules play an important physiological role. There is increasing evidence of 
the local effects of human milk oligosaccharides within the gastrointestinal tract. 
Human milk oligosaccharides have been shown to modulate the intestinal fl ora, 
prevent infection by pathogenic bacteria and viruses and interact directly with 
immune cells. Therefore researchers are beginning to focus their attention on 
sources of oligosaccharides other than those from human milk which may have 
similar biological outcomes. Milk oligosaccharides from domestic animals have 
some structural similarity to human milk oligosaccharides but in many cases only 
trace amounts are present in milk, and further studies are required to validate 
their similarity of function. Despite these hurdles, the milk from dairy animals, in 
particular, remains an attractive source of potentially therapeutic oligosaccharides 
and warrants further investigation.

Key words: Oligosaccharides, prebiotics, anti-adhesion, anti-infl ammatory.

12.1 Introduction

Oligosaccharides are the third largest solid component of human milk, fol-
lowing lactose and lipids, with concentrations reaching up to 50 g/L or more 
in colostrum to an average of 10–15 g/L in mature milk (Kunz et al., 1999; 
Kunz and Rudloff, 2008). Indeed, when human milk is compared with milk 
of the most relevant domestic mammals, the oligosaccharide concentration 
is higher by a factor of 10 to 100 (Boehm and Stahl, 2003). Interestingly, 
although human milk contains such a large amount of this molecular class, 
infants are unable to digest these milk components (Gnoth et al., 2000; 
Engfer et al., 2000). This is remarkable, given the evolutionary selective 
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pressure of lactation, in which nourishment of the infant must constantly 
correspond to the metabolic and nutritional demands of the mother. Given 
their abundance, it became clear that human milk oligosaccharides are 
likely to have specifi c biological functions and these have been summarized 
in Table 12.1. Such functions may include prebiotic activity, antiadhesion 
effects, anti-infl ammatory properties, glycome modifi cation, brain develop-
ment, growth-related characteristics of intestinal cells and other uncharac-
terized effects (for reviews, see Newburg et al., 2005; Bode, 2006; Kunz and 
Rudloff, 2006). Many efforts are therefore, being made to replicate the 
effects of human milk oligosaccharides by searching for alternative com-
pounds that may produce similar biological outcomes, particularly in rela-
tion to infant formula compositions. Given that little information exists 
regarding the biological activity associated with alternative compounds 
such as plant oligosaccharides and milk oligosaccharides from animal 
species, this review will focus on the benefi cial effects that are linked to the 
oligosaccharide fraction of human milk, considering it as the gold standard 
for infant nutrition. In addition, the data which is known relating to milk 
oligosaccharides from animals, and in particular those used for dairy pur-
poses, will be discussed given their structural similarity to human oligosac-
charides and their commercial availability. Current methods for isolating 
and analyzing milk oligosaccharides and the path to commercialization are 
also summarized.

Table 12.1 Benefi cial roles of milk oligosaccharides

Site of action Possible bioactive role References

Oral cavity, 
respiratory, 
gastrointestinal, 
urinary tracts

Decoy receptors Wernersson et al.
2006; Thomas and 
Brooks 2004; 
Morrow et al. 2005; 
Coppa et al. 1990

Gastrointestinal system Regulation of growth-related 
characteristics of intestinal 
cells

Deters et al. 2005; 
Kuntz et al. 2007

Gastrointestinal system Prebiotic effect Coppa et al. 2000
Gastrointestinal system Glycome modifi cation Angeloni et al. 2005
Nervous system Brain development Wang et al. 2003
Immune system Modulation of leukocyte 

extravasation
Bode et al. 2004a

Immune system Formation of platelet–
neutrophil complexes (PNC)

Bode et al. 2004b

Immune system Maturation of the immune 
system

Eiwegger et al. 2004

Immune system Interactions with DC-SIGN, 
Selectins, Galectins

Naarding et al. 2005; 
Bode, 2006
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12.2 Composition of oligosaccharides in milk

As mentioned, the biological activity of human milk oligosaccharides is 
dependent on their individual biochemical structures and for this reason a 
brief overview is given on the composition of milk oligosaccharides. Indeed, 
in terms of human milk, oligosaccharide composition is very complex, gen-
erally ranging in size from three to eight sugars, although highly complex 
oligosaccharides may contain up to 32 sugars (Stahl et al., 1994). It can be 
estimated that as many as 900 structures could exist in human milk, con-
sidering all of the monosaccharide combinations and possible linkages 
(Yarema, 2005). Currently, more than 90 structures have been elucidated 
and approximately 200 species have been identifi ed (Kunz et al., 2000; 
Finke et al., 1999; Ninonuevo et al., 2007). The monomers of milk oligosac-
charides are D-glucose (Glc), D-galactose (Gal), N-acetylglucosamine 
(GlcNAc), L-fucose (Fuc) and sialic acid (NeuAc). The molecules are syn-
thesized in the breast, starting with lactose at the reducing end (Kunz et al., 
2000). The core molecule is characterized by repetitive attachment of Gal 
and GlcNAc in β-glycosidic linkage to lactose (Boehm and Stahl, 2003). 
Thus, a large number of core structures can be formed, with further varia-
tions occurring due to the attachment of fucose and fucose and/or sialic acid 
to the respective core molecules (Egge, 1993; Stahl et al., 1994).

Given that a number of acidic bovine milk oligosaccharides are structur-
ally similar to those found in human milk, it is likely that they would also 
have similar biological functions. Table 12.2 summarizes the distribution of 
oligosaccharides in human milk, bovine colostrum and bovine mature milk. 
Gopal and Gill (2000) reported ten sialylated oligosaccharides in bovine 
milk and colostrum, while nine neutral oligosaccharides have been described 
(Urashima et al., 2001). However, Lebrilla (2007) reasons that as many as 
30 oligosaccharides can be found in bovine milk. Human milk is considered 
to be unique in its high content of complex fucosylated and sialylated oli-
gosaccharides (Kunz et al., 1999). In contrast, bovine milk contains mainly 
sialylated species (Veh et al., 1981; Saito et al., 1984). Quantitatively, when 
compared with human milk/colostrum, the levels of oligosaccharides in 
milk of domestic mammalian animals (cows, sheep, and goat) are much 
lower (Urashima et al., 1997). In fact, oligosaccharides are present in mature 
bovine milk in only trace amounts, while considerably higher concentra-
tions are present in bovine colostrum. As milk production matures post-
parturition, the concentration of these oligosaccharides declines rapidly. 
This makes isolation and analysis technically diffi cult and has hindered their 
utilization in the healthcare and food sector as biologically active ingredi-
ents that promote health in infants and adults (Gopal and Gill, 2000). The 
most abundant acidic oligosaccharide reported in bovine colostrum is 3′-
sialyllactose followed by sialyllactosamine, 6′-sialyllactose and disialyllac-
tose. Together, 3′- and 6′-sialyllactose account for more than 50% of the 
total oligosaccharides present in bovine colostrum. Interestingly, 3′- and 
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Table 12.2 Distribution of oligosaccharides in human and bovine milk

Oligosaccharide Human
milk (g L−1)

Bovine milk 
(g L−1)

Bovine colostrums 
(g L−1)

Lactose 55–70 40–50 40–50
Lacto-N-tetraose 0.5–1.5 Trace
Lacto-N-fucopentaose I 1.2–1.7
Lacto-N-fucopentaose II 0.3–1.0
Lacto-N-fucopentaose III 0.01–0.2
Lacto-N-difucohexaose I 0.1–0.2
Lacto-N-novopentaose *
N-acetylgalactosaminyl

glucose
*

N-acetylgalactosyl-lactose *
3′-galactosyl-lactose *
β-3′-galactosyl-lactose *
6′-galactosyl-lactose *
N-acetyl-lactoseamine *
NeuAc(2–6)lactose 0.3–0.5 0.03–0.06 

(combined)
0.019

NeuAc(2–3)lactose 0.1–0.3 0.095
NeuAc-lacto-N-tetraose a 0.03–0.2 Trace
NeuAc-lacto-N-tetraose c 0.1–0.6 Trace
NeuAc2-lacto-N-tetraose 0.2–0.6 Trace
6-Sialyl-lactosamine 0.047
3-Sialyl-galactosyl-lactose Trace (3 µmol L −1)
Disialyl-lactose 0.028
Sialyl-lactose-1-phosphate Trace (3 µmol L −1)
Sialyl-lactose-6-phosphate Trace (1 µmol L −1)
3-Glucolylneuraminyl-lactose Trace (2 µmol L −1)
6-Glucolylneuraminyl-lactose *

* Oligosaccharide detected and structurally characterized, but concentration not reported by 
authors.
Data compiled from Kunz and Rudloff (2002), Gopal and Gill (2000), Nakamura and Urashima 
(2004) and Mehra and Kelly (2006).

6′-sialyllactose are also major components of human milk and have been 
reported to reach concentrations of 1.0 g/L (McVeagh and Brand Miller, 
1997). Analytical and structural data on milk oligosaccharides from animal 
sources is much needed, given the large amounts of human milk oligosac-
charides that would be required for clinical trials. This has necessitated 
research directed towards development of methods/processes for large-
scale separation and enrichment of bovine milk oligosaccharides, as well as 
for expression of human oligosaccharides in non-human milk. These 
approaches include (i) production of human milk oligosaccharides by 
fermentation of genetically engineered bacteria, (ii) concentration/
fractionation technologies such as membrane fi ltration for bovine milk 
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oligosaccharides, and (iii) expression of human milk oligosaccharides in 
transgenic animals (reviewed by Mehra and Kelly, 2006). Also of impor-
tance however, is the development of research initiatives that tackle com-
positional questions such as why the range and concentration of certain 
oligosaccharides change over the lactation period in both humans and 
animals, and how these changes affect the physiology and health of the host.

12.3 Nutraceutical potential of milk oligosaccharides

It is obvious that further studies are required in order to reveal the full 
repertoire of activities that may be associated with human milk oligosac-
charides, not to mention oligosaccharides from the milk of animals. The 
probability of fi nding new biological functions should, in theory, be high, 
given the amount and types of mammalian cells exposed to milk oligosac-
charides with each suckling. The following section describes the functional 
activity that has been assigned to human milk oligosaccharides to date and 
also presents examples of oligosaccharides from the milk of dairy animals 
where biological function has been established. It is only through an under-
standing of the structural and functional properties of these molecules that 
such compounds and their equivalents can reach their potential as food 
ingredients.

12.3.1 Prebiotic activity
In the weeks after birth, the type of feeding is thought to be the major factor 
infl uencing the intestinal fl ora of the human infant (Coppa et al., 2004). 
Several studies suggest that bifi dobacteria and lactobacilli (up to 90%) 
constitute the dominant microfl ora in breast-fed infants, while bottle-fed 
infants develop a more diverse microfl ora with a lower number of bifi do-
bacteria (40–60%) and the presence of potential pathogens such as 
Clostridium, Staphylococcus and Bacteroides (Benno et al., 1984; Moreau 
et al., 1986; Balmer and Wharton, 1989; Millar et al., 1996; Harmsen et al., 
2000; Favier et al., 2002). Several benefi cial properties have been associated 
with the presence of Bifi dobacteria in breast-fed infants, such as inhibition 
of pathogenic organisms, modulation of mucosal physiology, barrier func-
tion and systemic immunologic and infl ammatory responses (Sudo et al., 
1997; Agostoni et al., 2004). In this respect, interest has arisen in the proper-
ties of human milk that evidently promote bacteria which are benefi cial to 
the newborn.

György et al. (1954) found that a mixture of oligosaccharides containing 
N-acetylglucosamine (GlcNAc), which they referred to as gynolactose, was 
a growth-promoting so-called ‘bifi dus’ factor for a ‘bifi dum mutant’ called 
Bifi dobacterium bifi dum subspecies pennsylvancium, which had been iso-
lated from the faeces of breast-fed infants. Subsequently, Kuhn (1958) 
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found that GlcNAc-containing oligosaccharides were the most active 
‘bifi dus’ factor. More recent studies (Engfer et al., 2000; Chaturvedi et al., 
2001; Coppa et al., 2001) on the metabolic fate of human milk oligosac-
charides have demonstrated that these molecules are capable of resisting 
digestion until they reach the colon, where they stimulate the growth of the 
bifi dus-predominant fl ora. The remaining oligosaccharides that are not 
used in the colon are excreted in the faeces (Coppa et al., 2000) and, to a 
lesser extent, in the urine (Rudloff et al., 1996). In contrast, only traces of 
oligosaccharides are found in the faeces of formula-fed infants (Coppa 
et al., 2004). Upon meeting the above criteria, it becomes apparent that 
human milk oligosaccharides can act as prebiotics. The defi nition of a 
prebiotic is a ‘non-digestible food ingredients that benefi cially affect the gut 
by selectively stimulating the growth and/or activity of one or a limited 
number of bacteria in the colon, that can improve host health’ (Gibson and 
Roberfroid, 1995). In fact, human milk oligosaccharides are the fi rst and 
most important prebiotics in humans. Indeed, they act as the model for the 
addition of prebiotics to infant formulae, even though their biological role 
appears far more complex than the roles of the simple oligosaccharides 
presently added to formulae.

Salminen et al. (2004) postulate that ‘early colonization guides subse-
quent microbiota development which may later impact on health, to the 
extent of predisposing some infants towards specifi c diseases’. Rastall et al.
(2005) also speculate on the feasability of programming humans at birth to 
receive a microbiota best able to maintain their life-long health. Therefore, 
future research on milk oligosaccharides may involve targeting the micro-
fl ora of the most defenseless groups of society, notably the very young and 
the elderly, to promote the colonization of benefi cial bacteria, thereby 
contributing to good health. It is tempting to suggest that, as more milk 
oligosaccharides are characterized, it may be possible to match these mol-
ecules with specifi c strains of benefi cial bacteria that can selectively utilize 
the matching oligosaccharide(s), thereby producing specifi c positive physi-
ological effects. Indeed, LoCascio et al. (2007) revealed, through glycopro-
fi ling of human milk oligosaccharide consumption by bifi dobacteria, that 
such scenerio may be possible in the future. This study revealed that one 
species, Bifi dobacterium longum biovar. infantis ATCC 156697, an isolate 
from the infant gut, preferentially consumes small mass oligosaccharides, 
representing 63.9% of the total human milk oligosaccharides available. The 
study of commensal genomics is a recent development and in fact, only a 
relatively small number of bifi dobacterial strains have been sequenced. 
Probably with the accumulation of more genomic data, researchers will be 
able to predict the ability of specifi c strains to utilize certain oligosaccha-
rides. It is evident that bifi dobacteria have a superior ability to fl ourish in 
the infant intestine, a feature that may be linked to their ability to utilize 
diverse carbohydrates. For instance, genome sequence analysis of 
Bifi dobacterium longum NCC2705 revealed that more than 8.5% of the 
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total predicted proteins were involved in the degradation of oligo- and 
polysaccharides (Schell et al., 2002). This is 30% more than E. coli,
Enterococcus faecium, Lactococcus lactis, Bacillus halodurans and B. sub-
tilis and twice the number for Mycobacterium leprae and Deinococcus
radiodurans (Schell et al., 2002). More recently, German et al., 2008, while 
studying the genome of Bifi dobacteria longum biovar infantis; reported 
approximately 700 genes that are unique to infantis, including a variety of 
co-regulated glycosidases, relative to other Bifi dobacteria, implying a co-
evolution of human milk oligosaccharides and the genetic capability of 
certain intestinal bacteria to utilize them. The challenge therefore emerges 
to identify oligosaccharides other than those found in human milk that not 
only promote a bifi dobacteria-dominant microfl ora in formula-fed infants 
but also select for specifi c fl ora that match the individual infant’s health 
requirements.

12.3.2 Antiadhesion effects of milk oligosaccharides
It is well documented that adhesion of enteric, oral, and respiratory bacteria 
is required for colonization and subsequent development of disease. When 
in the adherent state, these bacteria are more likely to survive as their 
resistance to cleansing mechanisms, immune factors, bacteriolytic enzymes 
and antibiotics is higher (Ofek et al., 2003). Therefore, prevention of adhe-
sion at an early stage following exposure of the host to pathogens should 
prevent disease. It is now well accepted that milk oligosaccharides have a 
direct inhibitory effect on certain virulence-related abilities of pathogenic 
microorganisms by interfering with their adhesion to human cells. These 
molecules can withstand the low pH of the gut, and resist degradation 
through enzymes from the pancreas and brush border membrane (Bode, 
2006). Indeed, with each suckling, the infant’s orogastrointestinal tract is 
rinsed with 100 to 500 mg of oligosaccharides. This large amount makes it 
very likely that milk oligosaccharides have local effects on the mucosal 
surface, or even within the cell, as these molecules can effectively reach the 
sites where bacterial adhesion is known to occur. Today, many free oli-
gosaccharides from milk, as well as glycoproteins, are considered to be 
soluble receptor analogs of epithelial cell surface carbohydrates (Kunz 
et al., 2000). These glycans display structural homology to host cell recep-
tors and thus function as receptor decoys to which pathogens can bind 
instead of the host, as presented in Fig. 12.1. Milk glycans can also inhibit 
pathogens by competitive binding with the host cell-surface receptors 
(Morrow et al., 2005).

Oligosaccharide expression in human milk is determined genetically and 
their synthesis is linked to the presence of enzymes in the mammary acinar 
cells, whose expression varies among different populations. These enzymes 
or related enzymes also function in the production of glycoproteins that are 
present on the red blood cells and mucosal epithelial cells or which occur 
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as free antigens in other biological fl uids such as blood, saliva and intestinal 
contents. Polymorphisms of the secretor and Lewis genes are known to 
determine expression of the Lewis blood group type and the biosynthetic 
pathways involved are summarized in Fig. 12.2. For instance, oligosaccha-
rides containing a 2-linked fucose are synthesized by-products of the secre-
tor gene, and oligosaccharides containing a 3- or 4-linked fucose are 
synthesized by-products of the Lewis gene and related genes (Morrow et
al., 2004). Interestingly, numerous links have been made between blood 
group type and susceptibility to diseases, since these glycoconjugates can 
be used as receptors by various pathogens (Newburg et al., 2004). For 
instance, O blood group individuals have increased susceptibility to cholera 
and to Norwalk virus (Glass et al., 1985; Hutson et al., 2002) while the P 
blood group type has been linked with susceptibility to hemolytic uremic 
syndrome (Newburg et al., 1993). An association between Lewis and secre-
tor histo-blood group genotypes and risk of infection with Helicobacter

Pathogen

     Milk oligosaccharide

     Mucosal cell with bound receptor 

(a) (b)

Fig. 12.1 Microbial adhesion and anti-adhesion by milk oligosaccharides. 
(a) Bacteria adhere via their adhesins to cognate receptors on epithelial cells of 

the mucosal surfaces to withstand normal cleansing mechanisms aimed at 
eradication of the invading pathogen. (b). In the presence of inhibitors of 

adhesion such as milk oligosaccharides, the bacteria are eradicated by the normal 
cleansing mechanism. (Adapted from Newburg, 1999; Ofek et al., 2003.)
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pylori and infl uenza virus has also been reported (Boat et al., 1978; Ikehara 
et al., 2001). This phenomenon may explain the frequency of specifi c blood 
group types in regions where certain pathogens are prevalent. For example, 
there a low incidence of nonsecretors among the Mexican mestizo popula-
tion. This may result in a greater susceptibility of infants to the stable toxin 
of E. coli, campylobacter and some noroviruses, given that Mexican mestizo 
infants may receive milk containing less protective α1,2-linked glycans 
(Newburg et al., 2004).

From a medical point of view, using milk oligosaccharides to prevent 
infection may be safer when compared with current approaches, as the 
bacteria are not killed but just made non-infective, thus less selection pres-
sure is produced. In these circumstances, bacteria resistant to carbohy-
drates may occur through mutation but their infectivity should be 
signifi cantly reduced as such mutations would result in the inability of the 
bacteria to bind the carbohydrates. This, in turn, implies they are unable 
to bind to the cell wall and infect their targets (Newburg et al., 2005; Pieters, 
2007). While, many human milk oligosaccharides are known to possess 
antiadhesive properties, as shown in Table 12.3, little research has focussed 
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Fig. 12.2 The biosynthetic pathways of the Human ABO and Lewis histo-blood 
group antigens based on the Type 1 and Type 2 precursors. The names of the 

antigens are underlined (Adapted from Newburg et al., 2005).
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Table 12.3 Free oligosaccharides and glycoconjugates from human milk that 
inhibit bacterial adherence

Microbe Decoy References

Escherichia coli Fucosyloligosaccharide Newburg et al. 2004
Camplyobacter jejuni Fucosyl α1,2

oligosaccharide
Cervantes et al., 1995

Listeria monocytogenes Neutral oligosaccharides Coppa et al. 2003
Streptococcus pneumoniae Lacto-N-neotetraose

(LNnT)
Andersson et al., 1983; 

1986
Haemophilus infl uenzae Sialylated oligosaccharides St Geme, 1994; Reddy 

et al. 1996
Helicobacter pylori 3′-sialyllactose Mysore et al., 1999
Streptococcus mutans Glycomacroopeptide Kawakami, 1997
S. suis Sialylated oligosaccharides Liukkonen et al., 1992
S. sobrinus Casein-derived

components
Neeser et al., 1994

S. sanguis Glycomacropeptide
(GMP)

Kawakami, 1997

Mycoplasma pneumoniae 3′-sialyllactose Roberts et al., 1989
Pseudomonas aeruginosa 3′ and 6′-sialyllactose Thomas and Brooks, 

2004
Neisseria meningitidis Neutral human 

oligosaccharides
Hakkarainen et al., 2005

Salmonella fyris Neutral oligosaccharides Coppa et al., 2006
Salmonella typhimurium Glycomacropeptide

(GMP)
Brück et al., 2006

Vibrio cholerae Neutral oligosaccharides Coppa et al., 2006
Shigella Globotriaosylceramide

(Gb3)
Newburg et al., 1992

Candida albicans Fuc-α1-2Galβ Brassart et al., 1991
HIV Lewis X Naarding et al., 2005
Noroviruses Lacto-N-difucohexose

(LDFH-I)
Morrow et al., 2004

Rotavirus Lactadherin Newburg et al., 1998
Infl uenza virus 3′ and 6′-sialyllactose Kunz and Rudloff, 1993

on the antiadhesive potential of oligosaccharides from the milk of other 
species. Therefore, the following section of the review examines more 
closely the antiadhesive potential of milk oligosaccharides from domestic 
animals, using selected examples.

Protection against Helicobacter pylori
Helicobacter pylori infections are associated with peptic ulcer disease, 
mucosa-associated lymphoid-tissue (MALT) lymphoma and gastric adeno-
carcinoma. The bacterium colonizes the gastric mucosa or adheres to the 
epitheial cells lining the stomach. It is carried by 50% of the population in 
the developed world and there is an even higher incidence in developing 
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countries (Blaser, 1996; Crespo and Suh, 2001). The binding of H. pylori is 
mediated by adhesions expressed on its surface, three of which have been 
characterized (BabA, SabA and HP0721) (Ilver et al., 1998; Mahdavi et al., 
2002; Bennett and Roberts, 2005). BabA binds to Lewisb while SabA and 
HP0721 bind sialic acid.

Based on hemagglutination and cell binding studies, Evans et al. (1988) 
proposed that H. pylori was able to recognize the oligosaccharide 3′-
sialyllactose, which occurs naturally in human and bovine milk. Indeed, 
Simon et al. (1997) found that bovine 3′-sialyllactose was capable of inhibit-
ing adherence of clinical isolates of H. pylori with a millimolar 50% inhibi-
tory concentration (IC50). Subsequently, Mysore et al. (1999) investigated 
the effect of 3′-sialyllactose on colonization of H. pylori in rhesus monkeys. 
Twelve H. pylori-positive rhesus monkeys were given 3′-sialyllactose, either 
alone or in combination with omeprazole (a proton pump inhibitor), or 
bismuth subsalicylate (a stomach mucosa coating agent). Of the six monkeys 
given the milk oligosaccharide, two were cured permanently, and a third 
animal was transiently cleared. The three other animals remained persist-
ently colonized. The authors concluded that antiadhesive therapy can cure 
or decrease H. pylori colonization in some rhesus monkeys, but the addition 
of a proton pump inhibitor or bismuth subsalicylate does not increase cure 
rate. Wang et al. (2001b) explored whether sialylated glycoconjugates from 
bovine milk could inhibit an experimental H. pylori infection in a mouse 
model. The researchers found that gastric colonization by H. pylori was 
remarkably decreased in all mice treated with bovine milk glycoconjugates, 
and the infl ammation score was also signifi cantly lower in treated mice than 
in infected control animals. More recently, Gustafsson et al. (2006) evalu-
ated the capacity of pig milk to inhibit H. pylori binding to neoglycoproteins 
carrying Lewisb and sialyl-di-Lewisx. Transgenic mice, known to express
Lewisb and sialyl-Lewisx in their gastric epithelium, were colonized by
H. pylori and were subsequently treated with Lewisb and sialyl-Lewisx

expressing or non-expressing porcine milk, or water (control) only. The 
expression of the Lewisb and sialyl-Lewisx carbohydrate epitopes on pig 
milk proteins was breed- and individual-specifi c and correlated with the 
ability of porcine milk to inhibit H. pylori adhesion in vitro and H. pylori
colonisation in vivo. The authors concluded that milk from certain pig 
breeds may have a therapeutic and/or prophylactic effect on H. pylori infec-
tion. However, the challenge in preventing colonization of this bacterium 
lies in the fact that it can also bind to a range of other carbohydrate specifi -
cities, which makes treatment diffi cult (Bavington and Page, 2005; Pieters, 
2007). In fact, Aspholm-Hurtig et al. (2004) have shown that the bacterium 
adapts its binding preferences in accordance with the host population. 
Therefore, one approach that may have potential in combating H. pylori 
is the use of multivalent inhibitors. This involves the simultaneous binding 
of multiple ligands on one biological entity to multiple receptors on another 
(Gustafsson et al., 2006). Therefore, future studies involving H. pylori



 Harnessing milk oligosaccharides for nutraceutical applications 319

colonization should focus on developing milk oligosaccharide antiadhe-
sives, which are both multifunctional in order to block more than one bacte-
rial binding ligand and multivalent, in order to increase the affi nity of the 
antiadhesive for its receptor.

Protection against Neisseria meningitidis
Neisseria meningitidis, or the meningococcus, is the cause of signifi cant 
morbidity and mortality worldwide. Meningococci express Type IV pili, 
which mediate the colonization of their human-specifi c host by adherence, 
leading to life-threatening septicemia and meningitis in newborns (Nassif, 
1999). Hakkarainen et al. (2005) tested the binding of Neisseria meningitidis
to glycoproteins, with the aim of investigating the ability of milk oligosac-
charides to inhibit this binding. The group used a pili binding assay, which 
resulted in N. meningitidis pili binding to bovine thyroglobulin and human 
salivary agglutinin glycoproteins. The binding to these glycoproteins was 
then subsequently inhibited effectively by neutral human milk oligosac-
charides or acidic bovine milk oligosaccharides. The authors conclude that 
the elucidation of the individual milk oligosaccharides involved in inhibi-
tion may provide valuable information on the type of receptor active 
sequences present in Neisseria meningitidis pili.

Protection against Infl uenza virus
Infl uenza epidemics cause serious respiratory illness in 30–50 million people 
and kill 250 000 to 500 000 people worldwide every year; a pandemic could 
lead to millions of deaths (Suzuki, 2005). Infl uenza viruses are classifi ed 
into three types (species), A, B and C, on the basis of the identity of the 
major internal protein antigens. Infl uenza A viruses are the most virulent 
of the three, and cause severe or fatal acute respiratory disease, which is 
epidemic and sometimes worldwide pandemic (reviewed by Suzuki, 1994, 
2002). Infl uenza viruses bind to sialyl sugar chain receptors on the host cell 
membranes. The most dominant receptors of infl uenza A and B viruses 
were found to be the sialylglycoproteins and gangliosides containing mon-
osialo-lactosamine Types I and II (Suzuki et al., 1985a, b, 1986, 1992, 1997; 
Ito et al., 1997).

A number of early studies investigated factors in human milk which 
could interfere with the activity of the infl uenza virus (Silver et al., 1956; 
Schmidt, 1960). Indeed, Schmidt and Janssen (1967) discovered the protec-
tive effect that human and cow milk mucoids can exert in experimental 
infl uenza virus infection of the mouse. Later studies began to reveal the 
mechanisms involved in the antiviral activity. For instance, Matrosovich 
et al. (1993) investigated the receptor binding sites of the H1 and H3 infl u-
enza A and infl uenza B virus hemagglutinins by using bovine colostrum 
oligosaccharides as probes. Thirty human infl uenza A and B virus strains 
were studied in a competitive ligand binding assay. The following bovine 
colostrum oligosaccharides were included in the study: 3′-sialyllactose, 
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6′-sialyllactose, 6′-sialyl-N-acetyllactosamine and disialyllactose. The results 
obtained indicated that while the functional groups of sialic acid studied 
are recognized by the receptor binding sites of all infl uenza viruses, the 
magnitude of their contribution to the binding energy, as well as the con-
tribution of the asialic portion of the receptor, may vary in dependence 
upon the virus type, subtype, and strain. Design of polyvalent synthetic 
sialic acid-containing inhibitors of virus attachment, modelled on milk oli-
gosaccharide structures, may reveal a higher anti-infl uenza activity. Indeed, 
optimally designed synthetic inhibitors have already been shown to be more 
potent in vitro than known natural inhibitors and are showing promising 
results in fi rst animal experiments (Matrosovich and Klenk, 2003).

12.3.3 Anti-infl ammatory properties of milk oligosaccharides
There is accumulating evidence that milk oligosaccharides have direct 
effects on immune function. For instance, the composition of the intestinal 
fl ora plays an important role in the postnatal development of the immune 
system (Björkstén et al., 2001; Ouwehand et al., 2002) which, as described, 
is strongly infl uenced by milk oligosaccharides. Human milk oligosaccha-
rides vary among individuals and over the course of lactation, which no 
doubt results in variations in gut microfl ora, which in turn may lead to dif-
ferences in the immune system. For example, several studies have shown 
that allergic children are often less colonized with bifi dobacteria and lacto-
bacilli (Björkstén et al., 1999, 2001; Kalliomäki et al., 2001). In addition to 
altering intestinal fl ora, human milk oligosaccharides are now thought to 
have immunomodulatory properties at the systemic level, by altering 
protein–carbohydrate interactions. Indeed, as mentioned previously, their 
presence in the urine of breast-fed infants (Rudloff et al., 1996) supports 
the hypothesis that milk oligosaccharides may be present in the infant’s 
blood. Although, these molecules have not been directly detected in blood 
yet, it has been estimated that a concentration of 100–200 mg/L may be 
present, based on their concentration in milk, the daily intake, the infant’s 
blood volume and the amount excreted in the urine over time (Obermeier 
et al., 1999; Bode, 2006). The known immunomodulating effects that have 
been linked to human milk oligosaccharides are discussed in the following 
sections.

Modulation of leukocyte extravasation
Selectins belong to a subclass of carbohydrate-binding proteins that bind 
to fucosylated and sialylated glycoprotein ligands during infl ammatory 
processes (Bevilacqua and Nelson, 1993). They are expressed on the surface 
of leukocytes and lymphocytes, as well as on endothelial cells, and are 
involved in the cell adhesion cascade leading to the extravasation of blood 
cells into the tissue during the course of infl ammation (Springer, 1994; 
McEver, 1997). Selectins on activated endothelial cells help leukocytes to 
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engage the vessel wall in an initial interaction known as tethering, after 
which there is a subsequent rotational movement along the endothelium 
known as rolling (Reviewed by Kelly et al., 2007). An overview of these 
interactions is presented in Fig. 12.3. There are three members of the selec-
tin family, referred to as leuckocyte (L), endothelium (E) and platelet (P), 
and all three selectins recognize the same physiological-binding determi-
nant, the sialyl-tetrasaccharide, sialyl Lewisx (Phillips et al., 1990; Erbe 
et al., 1993; Varki, 1994). Accumulation of leukocytes in tissues is essential 
for an effective host defence, but excessive leukocyte infi ltration can cause 
damage in healthy tissue, as observed in a variety of diseases (Carden and 
Granger, 2000; Laroux and Grisham, 2001; Schon et al., 2002). Therefore, 
the interactions of selectins and their oligosaccharide ligands have been 
examined more closely in an effort to modulate leukocyte extravasation in 
cases of excessive immune responses (Weyrich et al., 1993, Ma et al., 1993). 
Interestingly, soluble selectin ligand analogs have been reported to reduce 
leuckocyte adhesion and excessive transmigration (Simanek et al., 1998; 
Theoret et al., 2001). In this respect, several glycoproteins and oligosac-
charides that carry the the selectin ligand, sialyl Lewisx, have been detected 
in human milk (Rudloff et al., 2002; Schwertmann et al., 1996).

Indeed, Klein et al. (2000) found that human milk oligosaccharides inhib-
ited neutrophil adhesion to stimulated vascular endothelial cells in a dose-
dependent fashion. In addition, Bode et al. (2004a) investigated the impact 
of human milk oligosaccharides on leukocyte rolling and adhesion. The 
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Fig. 12.3 Leukocyte–endothelial cell interactions are characterized by a casade 
of events in which selectins play an important role. They mediate the fi rst cell–

cell contact and initiate fi rmer adhesion (Adapted from Kunz et al., 2003.)
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researchers found that the acidic oligosaccharide fraction of milk reduced 
monocyte adhesion to endothelial cells in a concentration-dependent 
manner. At the highest concentration, monocyte, lymphocyte and neu-
trophil adhesion were reduced by approximately 50% while the physiologi-
cal binding determinant, sialyl Lewisx, had a less pronounced effect and 
lowered leukocyte adhesion by 36%. The authors concluded that the oli-
gosaccharides within the acidic fraction of milk carry more than one binding 
determinant for selectins and they can be regarded as multivalent, unlike 
the monvalent sialyl Lewisx. Interestingly, the acidic oligosaccharides 
involved included 3′ sialyllactose, which is also found in bovine milk.

Formation of platelet–neutrophil complexes (PNC)
Neutrophils associated with platelets or platelet–neutrophil complexes 
(PNC) are highly activiated and have a higher capacity for adhesion, phago-
cytosis and production of reactive oxygen species (Peters et al., 1999). 
Furthermore, although PNCs exist in healthy individuals, they have been 
linked to tissue damage in certain diseases (Kubes et al., 1991; Hsueh et al., 
2003). The initial step in PNC formation is mediated by P-selectin on acti-
vated platelets and P-selectin glycoprotein ligand 1 (PSGL-1) on neu-
trophils (Larson et al., 1989; Bode et al., 2004b). In addition, P-selectin 
binding to PSGL-1 also initiates signalling pathways which enhance β 2 
integrin expression on the surface of neutrophils (Piccardoni et al., 2001). 
Considering that human milk oligosaccharides may act as soluble selectin-
ligand analogs, Bode et al. (2004b) investigated their effect on the formation 
of PNC and PNC-associated neutrophil activation. The group found that 
within physiological concentrations, the acidic oligosaccharide fraction of 
milk reduced PNC formation up to 20%, and β 2 integrin expression by 
30%. Furthermore, as in the above study (Bode et al., 2004a), the physio-
logical binding determinant sialyl Lewisx, had a less pronounced effect on 
PNC formation and neutrophil activation when compared with the acidic 
oligosaccharide fraction of milk. These differences may be explained by the 
occurrence of multivalent binding sites on complex milk oligosaccharides. 
Recently, Schumacher et al. (2006) strengthened the evidence that human 
milk oligsaccharides affect P-selectin binding capacities. The researchers 
investigated various human milk oligosaccharide fractions with regard to 
their ability to inhibit cell rolling in a dynamic fl ow chamber model that 
simulated blood fl ow conditions. The results also indicated that the acidic 
fraction interferes with specifi c P-selectin ligand binding.

An emerging question that has arisen from the above studies is whether 
the immuno-modulating effects of milk oligosaccharides can be regarded 
as an advantage or a disadvantage. Bode et al. (2004a) have postulated that 
the lower incidence of infl ammatory diseases in breast-fed infants when 
compared with formula-fed infants suggests that the effects are benefi cial. 
These benefi ts may become apparent in cases of excessive immune 
responses, such as necrotizing enterocolitis (NEC). Indeed, a prospective, 
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multi-centred trial has reported that the incidence of NEC was six times 
higher in neonates fed formula compared with those fed breast milk (Lucas 
and Cole, 1990). NEC is the most common and potentially fatal gastroin-
testinal emergency in neonates. A cascade of infl ammatory events take 
place during the development of NEC, including neutrophil activation, 
increase in vascular permeability, and release of reactive oxygen species 
that can eventually lead to breakdown of the mucosal barrier resulting in 
severe NEC, shock, sepsis, and sometimes death (Patole, 2007). Reactive 
oxygen species production is signifi cantly higher in neutrophils associated 
with platelets. However, production can be decreased by interfering with 
P-selectin-mediated PNC formation. The above studies indicate that human 
milk oligosaccharides reduce PNC formation, which may, in turn, reduce 
the production of reactive oxygen species and therefore diminish the 
harmful effects of neutrophils in NEC.

Maturation of the immune system
Other studies examining the role of human milk oligosaccharides in immune 
function have focussed on maturation of the newborn immune system. At 
birth, although developed, the lymphoid system is not yet mature and the 
immune system is dominated by helper T cells (Th) of subtype-2. Maturation 
of the immune system subsequently occurs and helper T cells (Th) of 
subtype-1 become the more dominant cell type (Field et al., 2001; Schack-
Nielsen and Michaelsen, 2007). Th1 is proinfl ammatory and high levels are 
associated with Crohn’s and autoimmune diseases while Th2 is immunoreg-
ulatory and high levels are associated with asthma and atrophic dermatitis 
(Stanner and Smith, 2005). Therefore, striking the right balance with regard 
to lymphoid cell development is a complex process involving the timely 
expression of growth factors (cytokines, chemokines), receptors and adhe-
sion molecules (Niers et al., 2007). The helper T cells have different cytokine 
profi les. For example, Th1 cells secrete more IL-2 and INF-γ, while Th2 cells 
secrete more IL-4, IL-10, and IL-13 (Schack-Nielsen and Michaelsen, 2007). 
It is now apparent that the oligosaccharide component of human milk may 
play a role in modulating the T-cell type. Velupillai and Harn (1994) exam-
ined whether neutral milk oligosaccharide structures such as lacto-N-
fucopentose III (LNFPIII) and lacto-N-neotetraose (LNnT) were 
lymphostimulatory and/or able to induce factors known to down-regulate 
Th1 cells in a murine model. They found that LNFP-III and related sugars 
stimulate B cells to proliferate while LNFP-III induced the production of 
large amounts of interleukin 10 (IL-10), which is known to down-regulate 
Th1 cells. Modulation of T-cell type by the same oligosaccharides is further 
discussed by Terrazas et al. (2001) who examined the mechanisms that lead 
to Th2–biasing and immune suppression in mice. The researchers found that 
these oligosaccharides rapidly expand a suppressor cell population that 
mediates suppression via an IFN-γ- and a nitric oxide-dependent mecha-
nism, with a discrete role played by IL-10. The authors concluded that these 
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oligosaccharides in milk play a role in driving early immunological events 
towards Th2-type or anti-infl ammatory responses and may have potential as 
therapeutic agents in the treatment of Th1-mediated autoimmune diseases. 
A further study by Eiwegger et al. (2004) investigated the infl uence of the 
neutral and acidic oligosaccharide fraction of human milk on cytokine pro-
duction and activation of cord blood mononuclear cells (CBMC). The data 
showed that the acidic oligosaccharide fraction under in vitro conditions 
stimulated cord blood T cells towards enhanced ability of interferon (IFN)-γ
as well as TH2-cytokine production. The authors suggest that absorbed 
acidic human milk oligosaccharides may play a direct role in the postnatal 
maturation of the immune system and may result in allergy prevention in 
breast-fed infants.

The above studies provide evidence that specifi c human milk oligosac-
charides may serve as anti-infl ammatory components. Whether animal milk 
oligosaccharides have similar properties warrants investigation. Interestingly, 
Otani and Monnai (1993) found that the sialic acid fraction of bovine gly-
comacropeptide may be involved in modulation of the immune system in 
a mouse model. Moreover, studies on goat milk oligosaccharides suggest 
they may have important roles in intestinal protection and repair, after 
damage caused by dextran sodium sulfate-induced colitis (Lara-Villoslada 
et al., 2006) and hapten-induced colitis in rats (Daddaoua et al., 2006).

12.3.4 Glycome modifi cation by milk oligosaccharides
Mammalian cells are coated with a dense and complex array of glycans 
(Glycocalyx) which consists of various forms of glycoconjugates. Varki and 
Varki (2007) estimate that 1% of the genome of humans and other verte-
brates is involved in producing the developmentally regulated and tissue-
specifi c glycosylation of each cell type. It is these glycans that act as 
recognition sites, barriers and carriers at the cell surface. During postnatal 
development, there is a drastic modifi cation in the surface glycosylation 
pattern of the intestinal epithelium (Dai et al., 2000; Biol-N’garagba and 
Louisot, 2003). The terminal glycan chains produced by these cells result 
from the activity of the corresponding glycosyltransferases and glycosi-
dases. Indeed, a number of studies have investigated the role of nutritional 
factors in the regulation of glycosyltransferases in the intestinal epithelium 
of rats (Lenoir et al., 1995, 2000). These studies demonstrate that the intes-
tinal galactotransferase and fucosyltransferase activities can be modifi ed by 
dietary changes in the postnatal period (by milk or solid diet). Moreover, 
in the rat small intestine there is a shift from sialylation to fucosylation of 
the microvillous membrane with weaning (Torres-Pinedo and Mahmood, 
1984). In this respect, the possibility that milk might infl uence the expres-
sion of these enzymes in the intestinal epithelium is highly likely, particu-
larly since these cells are the fi rst cells of the infant to encounter milk. 
Regulation of glycan expression may be useful in controlling bacterial 
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adhesion, either by preventing unwanted pathogen adhesion or by promot-
ing the binding of benefi cal microbes. In a recent review, Bode (2006) 
suggests that modifi cation of the glycome of intestinal epithelial cells may 
occur upon exposure to human milk oligosaccharides. Indeed, a study per-
formed by Angeloni et al. (2005) using micro-arrays, demonstrates the 
probability of this scenario. Using a method known as glycoprofi ling, this 
group were able to monitor changing glycosylation patterns of Caco2 epi-
thelial cells in response to treatment with 3′sialyllactose, the predominant 
sialylated human and bovine milk oligosaccharide. Gene expression levels 
of a number of glycosyltransferases were reduced in seven day cultured 
cells which were treated with 3′sialyllactose, when compared with control 
cells. The signifi cance of the resultant glycan changes was evaluated by 
challenging treated and control cells with enteropathogenic E. coli (EPEC). 
Total bacterial adherence was monitored, and treated seven day cultured 
cells displayed a 50% reduction in adhesion when compared to the control 
cells. The reduced adherence correlated with reduced sialic acid and lac-
tosamine epitopes, which are key glycans for EPEC adhesion (Vanmaele 
et al., 1995, 1999). Deciphering surface glycosylation patterns in response 
to milk oligosaccharides may facilitate the design of strategies to protect 
against certain pathogens. No doubt, as the versatility of micro-array plat-
forms expands, novel strategies for glycoprofi ling will be developed. Indeed, 
recently it has become possible to monitor changes of the live mammalian 
cell surface glycome (Tateno et al., 2007). Future studies using such tech-
nologies may reveal that cells from organs other than the intestine are 
subject to altered glycosyltransferase expression and, in turn, changes in 
their glycocalyx in the presence of milk oligosaccharides.

12.3.5 The role of milk oligosaccharides in brain development
Numerous studies have shown that brain structure and function in animals 
is permanently infl uenced by early nutrition (Morgan and Winick, 1980, 
1981; Carlson and House, 1986). Among the nutritional factors involved in 
this process, sialic acid is thought be one of the most critical (reviewed by 
Sampathkumar et al., 2006). Indeed, experimental evidence linking sialic 
acid intake with optimal brain development and cognitive abilities was 
initially reported by Morgan and Winick for rodents (1980). These research-
ers found that in the rat brain, malnutrition produces a reduction in the 
extent of dendritic arborization, a decreased concentration of ganglioside 
and glycoprotein sialic acid, and corresponding defi cits in learning behav-
iour during the fi rst few weeks of life. Interestingly, human milk oligosac-
charides are a rich source of this 9-carbon sugar molecule (Wang et al., 
2001a) and it has been postulated that human milk sialic acid is used for 
the synthesis of infant brain gangliosides and sialyl glycoproteins (Wang 
et al., 2003). Gangliosides are classifi ed as neuronal membrane glycosphin-
golipids because they contain sialic acid linked to an oligoglycosyl backbone 
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attached to a ceramide base (Ledeen and Yu, 1982). These molecules are 
important for differentiation (Rosner, 1998), synaptogenesis (Ledeen et al., 
1998) and neurotransmission (Rahmann et al., 1990). The sialic acid moie-
ties of gangliosides and glycoproteins in the frontal cortex play both a 
structural and functional role and may be involved in cell recognition, cell 
to cell contact formation, receptor binding and modulation, immunological 
properties and biosignal transduction (Wang and Brand-Miller, 2003). 
Indeed, the fact that neural cell membranes contain 20 times more sialic 
acid that other types of membrane clearly indicates a role in neural struc-
ture (Schauer, 1982).

Human milk sialyl-oligosaccharide concentration gradually decreases 
over the course of lactation and, by day 90, there is only 30–50% of that 
present in colostrum (Martín-Sosa et al., 2003; Wang and Brand-Miller, 
2003). Asakuma et al. (2007) have recently investigated changes in sialyl-
oligosaccharides during the fi rst three days of lactation and found that 
concentrations change, in addition to the presence of specifi c types. Such 
variations most likely occur in accordance with the physiological demands 
of the newborn infants. In this respect, Wang et al. (2001a, 2003) postulate 
that sialic acid might be a conditionally essential nutrient in infancy because 
of high demand coupled with a limited capacity for biosynthesis. The analy-
sis of 25 human infants who died of sudden infant death syndrome provides 
evidence that dietary intake of human milk sialic acid does indeed promote 
development of the human brain (Wang et al., 2003). Ganglioside-bound 
and protein-bound sialic acid concentrations were 32% and 22% higher, 
respectively, in the frontal cortex gray matter of breast-fed infants than that 
in formula-fed infants, suggesting increased synaptogenesis and differences 
in neurodevelopment.

Occasionally, sialic acids are linked to each other to form a polymerized 
structure, polysialic acid. In polymeric form, sialic acid makes the functional 
element of neural cell adhesion molecule (NCAM). NCAM is a prominent 
cell adhesion molecule in the nervous system, where it has been shown to 
participate in a number of developmental processes including neurite cell 
migration, axonal growth and path fi nding, synaptogenesis, and synaptic 
functions associated with learning, memory and circadian rhythm (Troy, 
1996; Bruses and Rutishauser, 2001; Yabe et al., 2003). An increase in 
NCAM sialylation has been associated with higher learning and memory 
(Cremer et al., 1994), in addition to infl uencing the NCAM adhesive prop-
erty (Rutishauser and Landmesser, 1996). Experiments involving NCAM 
carrying various polysialic acid levels has indicated that these polymers may 
play a role in neural development (Doherty et al., 1990; Landmesser et al., 
1990; Rutishauser, 1996; reviewed by Lowe and Marth, 2003). Bork et al.
(2005) have found that the concentration of sialic acid in cells regulates the 
amount of polysialic acid on NCAM. Moreover, two polysialyltransferases 
(ST8SiaII and ST8SiaIV) were found to be the key enzymes involved 
in sialic acid metabolism in the neonatal period and have been linked to 
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learning behaviour (Muhlenhoff et al., 2001). Wang et al. (2007) designed 
a series of studies to determine whether early sialic acid supplementation 
increased learning and memory performance in an appropriate animal 
model of the human infant. For this study, piglets were fed increasing 
amounts of sialic acid over 35 days. Brain ganglioside and sialoprotein 
concentrations and mRNA expression of two learning-associated genes 
(ST8SiaIV and GNE) were measured. In a dose-response manner, sup-
plementary sialic acid was associated with faster learning, higher concentra-
tions of protein-bound sialic acid in the frontal cortex, and 2 to 3-fold higher 
mRNA levels of the two learning-related genes. The researchers concluded 
that sialic acid supplementation can facilitate early brain development in 
piglets when fed in amounts up to and including the amount present in 
mature sow milk. It therefore seems that an exogenous source of sialic acid 
may be critical under conditions of extremely rapid brain growth, particu-
larly during the fi rst months after birth. Infant formulas have a relatively 
small amount of sialic acid (0–200 mg/ml) when compared with mature 
human milk (700 mg/ml), (Wang et al., 2003, 2007). Future studies and 
further trials are required to test the effectiveness of supplementing infant 
formulas with sialic acid to ensure that formula-fed infants reach their full 
genetic potential, particularly in the case of premature infants.

12.3.6 Growth-related characteristics of intestinal cells
Regeneration of the intestinal villi occurs through a highly regulated process 
of proliferation, differientation and apoptosis (Karam, 1999; Studzinski and 
Harrison, 1999; Sreedharan and Mehta, 2004). A number of studies have 
shown that milk can infl uence intestinal development and functions (Ichiba 
et al., 1992; Hirai et al., 2002; Takeda et al., 2004). This effect has been 
attributed mainly to the many growth factors that are present in milk, since 
they have been shown to stimulate proliferation of intestinal cells and the 
formation of the mucosal barrier (Ichiba et al., 1992; Wagner et al., 1998; 
Wagner and Forsythe, 2000; Donovan, 2006). Some studies have focussed 
on investigating the intracellular signalling pathways of many of these 
growth factors (Moghal and Sternberg, 1999; Takeda et al., 2004). Indeed, 
Cai et al. (2006) has shown that certain oligosaccharides, known as advanced 
glycation end products (AGE), are involved in growth factor signalling. 
Kuntz et al. (2007) have recently discovered a role for human milk oligosac-
charides in various stages of gastrointestinal development in vitro. In this 
study, three epithelial cell lines (Human intestinal cell lines, HT-29 and 
Caco-2) were exploited to investigate the effects of both neutral and acidic 
human milk oligosaccharides on proliferation, differentiation and apopto-
sis. These cell lines vary in their degree of differentiation and were chosen 
to represent different stages of intestinal cell development. For instance, 
human intestinal cell lines can be considered to be intestinal stem-like cells, 
HT-29 cells also represent a very low differentiated phenotype, while 
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Caco-2 cells reveal a moderate differentiation status. The researchers found 
that dose-dependent growth inhibition in all three types of epithelial cells 
occurred in the presence of both neutral and acidic oligosaccharide frac-
tions. A stimulatory effect on cell differentiation was observed in human 
intestinal cell lines and HT-29 cells but not in Caco-2 cells in the presence 
of both oligosaccharide fractions. In addition, the neutral oligosaccharide 
fraction was shown to induce apoptosis in human intestinal cell lines and 
HT-29 cells but not in Caco-2 cells. The authors concluded that two differ-
ent mechanisms exist for growth inhibition in intestinal cells by human milk 
oligosaccharides: (i) by suppressing cell cycle progression through induc-
tion of differentiation and/or (ii) by infl uencing apoptosis. The exact mech-
anisms by which the oligosaccharide cell surface interactions infl uence 
growth remains to be elucidated. However, it is worth noting that the 
strongest effect on cell differentiation was found in response to sialyllac-
tose, which is also the major acidic oligosaccharide in bovine milk.

12.3.7 Uncharacterized effects of milk oligosaccharides
Bode (2006) postulates that milk oligosaccharides may target a number of 
protein–carbohydrate interactions. Due to structural similarities, he sug-
gests that human milk oligosaccharides may interfere with interactions 
involving galectins. Galectins are a family of endogenous lectins with affi n-
ity for β-galactoside- and poly-N-acetyllactosamine containing oligosac-
charides. The backbone of human milk oligosaccharides is formed by these 
poly-N-acetyllactosamines (Kunz et al., 2000). Several roles have been 
assigned to galectins, which range from cell adhesion, regulation of cell 
growth, and embryonic development, to immune processes such as infl am-
mation. Even metastasis and apoptosis are modulated by the interactions 
of these molecules. The underlying principle of all these functions is carbo-
hydrate recognition (Hasan et al., 2007). Suffi ce to say, the possibility of 
discovering milk oligosaccharides that can interact with these molecules is 
of major interest.

According to Bode (2006), milk oligosaccharides may also interfere with 
protein–carbohydrate interactions involving sialic-acid-binding immu-
noglobulin-like lectins (Siglecs). Siglecs are type I transmembrane proteins 
belonging to the immunoglobulin superfamily, which bind to terminal sialic 
acid (α2-3 or/and α 2-6-bound) (McMillan and Crocker, 2008); as described, 
they are also present on certain milk oligosaccharides. Neutrophils and 
monocytes/macrophages are important elements of the innate immune 
defense against invasive bacterial pathogens. These cells express different 
members of a family of siglecs called the CD33rSiglecs (neutrophils, Siglec-5 
and Siglec-9; monocytes, Siglec-5, Siglec-7, and Siglec-9; and macrophages, 
Siglec-5 and Siglec-11) that are capable of sending inhibitory signals to the 
cells to modulate infl ammatory responses. It has been proposed that the 
recognition of ‘self’ sialoglycoconjugates by siglecs could regulate cellular 



 Harnessing milk oligosaccharides for nutraceutical applications 329

activation during infl ammatory and immune responses (Crocker and Varki, 
2001), and support for this model has been obtained from studies of CD22/
Siglec-2 on B cells (Lanoue et al., 2002) and Siglec-7 on Natural Killer cells 
(Nicoll et al., 2003). However, given that certain pathogens can also express 
sialic acids that are important for pathogenicity, it is possible that the inter-
action between a pathogen’s sialoglycoconjugates and siglecs could modu-
late the immune response, possibly to the advantage of the pathogen (Avril 
et al., 2006). The question therefore arises: can milk oligosaccharides inter-
vene before pathogens begin to interact with siglecs?

Another potential milk oligosaccharide target could be the DC-specifi c 
ICAM3-grabbing non-integrin (DC-SIGN) receptor (Bode, 2006). Dentric 
cells (DCs) can capture an array of infectious agents (including HIV-1, 
hepatitis C, Ebola, cytomegalovirus, Dengue virus, Mycobacterium, and 
Candida albicans), (Van Kooyk and Geijtenbeek, 2003; Bode, 2006) and 
present their antigens to T lymphocytes. DCs express, among other recep-
tors, the DC-specifi c ICAM3-grabbing non-integrin (DC-SIGN) receptor, 
a C-type lectin, which contains an external calcium-dependent mannose-
binding lectin domain (Mitchell et al., 2001; Weis et al., 1998). Interestingly, 
Naarding et al. (2005) revealed that the LewisX motif present in human milk 
can bind to DC-SIGN and inhibit DC-SIGN-mediated transfer of HIV-1 
to CD4+ T lymphocytes. Interaction of LewisX-containing human milk com-
pounds with DC-SIGN may infl uence the immune responses summoned in 
infants to incoming pathogens by preventing their interaction with the DCs 
and thereby prevent the presentation of pathogen-specifi c antigens and the 
subsequent activation of CD4+ T lymphocytes.

12.4 Isolation of milk oligosaccharides for use as 
food additives

Numerous publications and reviews are available which describe the various 
extraction and separation techniques used in milk oligosaccharide analysis 
(Boehm and Stahl, 2003; Mehra and Kelly, 2006; Niňonuevo et al., 2006, 
2008). To date, the majority of methods that have been established relate 
to human milk oligosaccharides analysis; however, such techniques can 
readily be applied to the investigation of milk oligosaccharides from other 
species. Separation of oligosaccharides generally begins with removal of fat 
by centrifugation followed by the protein, via precipitation (Egge et al., 
1983). To separate milk oligosaccharides from lactose, charcoal column 
chromatography (Brand-Miller et al., 1998) or ultrafi ltration can be used 
(Sarney et al., 2000). Kunz et al. (1996) used high-pH anion-exchange chro-
matography and pulsed amperometric detection (HPAEC-PAD) to sepa-
rate and characterize neutral and acidic lactose-derived oligosaccharides 
without prior derivatization or reduction. Another common method for 
quantifi cation of milk oligosaccharides is capillary electrophoresis (CE) 
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(Song et al., 2002). Indeed, Nakajima et al. (2006) have successfully devel-
oped a capillary affi nity electrophoresis (CAE) method for analyzing milk 
oligosaccharides based on their affi nities for lectins.

For structural analyses of distinct oligosaccharides, nuclear magnetic 
resonance (NMR) spectrometry proves a powerful method (reviewed by 
Boehm and Stahl, 2003) but, if only minute amounts of sample are avail-
able, mass spectrometry (MS) plays an important role in sequencing milk 
oligosaccharides. The introduction of matrix-assisted laser desorption/ioni-
zation MS (MALDI-MS) and carbohydrate compatible matrices greatly 
expanded the utility of MS analysis of milk oligosaccharides (Niňonuevo
et al., 2006; reviewed by Boehm and Stahl, 2003; Mehra and Kelly, 2006). 
Of great importance to the fi eld was the introduction of the HPLC chip 
developed by Agilent Technologies and a team of researchers at UC Davis. 
An analytical strategy was devised by this group that allows the routine 
profi ling of milk oligosaccharides using HPLC chip/TOF (time of fl ight) 
technology (Niňonuevo et al., 2005, 2006, 2008). This technique uses an 
integrated microfl uidic chip, coupled with a high mass accuracy time of 
fl ight mass analyzer. The chip technologies allow the determination and 
identifi cation of new and known oligosaccharides in essentially any milk 
sample. With a few microliters of milk corresponding to pico- to nanomoles 
of oligosaccharides, complete profi ling can be readily performed with high 
reproducibility. New structural elucidation technology, including the use of 
infrared lasers to degrade oligosaccharide ions, yield structural information 
on as little as a few femtomoles (one quadrillionth mole) of material 
(Lebrilla, 2007).

12.5 Commercial products containing oligosaccharides

As previously mentioned, the biochemical composition of human milk 
oligosaccharides appears unique. Additionally, these molecules cannot be 
synthesized in large amounts and to do so is costly. Therefore, much focus 
has been given to the production of other carbohydrates which, while struc-
turally different, have similar biological function. In particular, prebiotic 
oligosaccharides that promote the growth of bifi dobacteria and lactobacilli 
in the colon, thereby reproducing the effects of human oligosaccharides, 
have been of major interest. The best characterized prebiotic is a mixture 
of galacto-oligosaccharides and fructo-oligosaccharides, well known as 
GOS/FOS mixture (Bruzzese et al., 2006). Recently, it has been shown that 
the supplementation of infant formula with a mixture of GOS/FOS is effec-
tive in modifying the composition of the intestinal fl ora in both term and 
preterm infants (Moro et al., 2002; Boehm et al., 2002). Indeed, many recent 
studies involving non-digestable oligosaccharides other than those found in 
human milk, suggest that many benefi cial properties can be associated with 
their presence. For instance, these oligosaccharides and their breakdown 
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products in the form of short chain fatty acids (SCFAs) have been linked 
with alleviation of constipation, improved mineral absorption, regulation 
of lipid metabolism, cancer prevention, treatment of hepatic encephalopa-
thy, modulation of glycemia/insulinemia and modulation of the immune 
system (reviewed by Swennen et al., 2006). Whether many of these func-
tions occur in the human milk-fed infant has yet to be proven. Researchers 
are also focusing their attention on milk oligosaccharides from other 
mammals, particularly farm animals, as a source for novel prebiotics. One 
alternative may be to use bovine colostrum, given its higher content of 
oligosaccharides when compared with mature bovine milk (Davis et al., 
1983; Martinez-Ferez et al., 2006). Infant formulas designed for nutrition 
during the fi rst weeks after birth, are currently produced from different 
bovine milk derivatives. Therefore, isolation, fractionation or enrichment 
of fractions containing bovine milk oligosaccharides may have potential 
applications if used in infant formulas.

12.6 Perspectives and future trends

Validating novel bioactivities associated with milk oligosaccharides will 
differentiate dairy from other ingredients in the food industry. Milk oli-
gosaccharides that can be associated with clearly defi ned physiological out-
comes and that can be measured in a quantitative fashion will lead to a 
strong marketing position. By understanding milk oligosaccharide structure 
and functions, it is tempting to suggest that in the future many novel foods 
and beverages, having undergone regulatory approval, will be marketed 
with the aim of promoting health of the consumer. Before this scenario can 
be realized, economical and rapid enrichment and purifi cation procedures 
must be put in place, in addition to the various animal studies and human 
clinical trials which will be required to validate the different bioactivities 
associated with these molecules.
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Lipids from the milk fat globule 
membrane as a health ingredient: 
Composition, properties and 
technological aspects
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Abstract: Recently, the milk fat globule membrane (MFGM) has attracted great 
attention as a potential source of functional ingredients with respect to its 
essential fatty acids, liposoluble vitamins and phospholipids. Progress in the 
utilization of MFGM as an ingredient in functional food formulations is 
dependent upon obtaining a thorough knowledge of the characteristics of its 
components, the changes induced by processing, and the specifi c requirements of 
the individual prepared-food product. This chapter gives a global insight into the 
current knowledge of milk lipids in a globule membrane material with regard to 
composition, separation, and potentially benefi cial health effects.

Key words: milk fat globule membrane, phospholipids, liposoluble vitamins, 
sterols, fatty acids.

13.1 Introduction

In the past, food quality was mainly defi ned by organoleptic parameters 
such as taste, odor and color. Today, however, more attention is paid to 
nutritional aspects, because of increased consumer awareness that food 
contains microcomponents that have benefi cial effects for disease preven-
tion and health maintenance. In order to comply with these new quality 
standards, scientists are interested in searching for novel natural sources of 
bioactive components to enhance the nutritional profi le of food products 
(Milner, 1999; Hillbrick and Augustin, 2007). Milk is recognized as an 
important source of nutrients in the human diet, providing a source of 
energy, high-quality proteins, and essential minerals and vitamins. In addi-
tion, milk fat is a determining factor in the cost, nutrition, and physical and 
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sensory characteristics imparted to dairy products (Kaylegain et al., 1995). 
Milk fat exists as spherical droplets, referred to as milk fat globules (Heid 
and Keenan, 2005), with natural diameters ranging from 0.2 to 10 µm. 
About 20% of milk fat globules (MFG) have a diameter larger than 1 µm 
and this fraction contains more than 90% of the total fat (Keenan and 
Dylewski, 1995; Deeth, 1997). The MFG is surrounded by a biological 
membrane called the milk fat globule membrane (MFGM), which repre-
sents from about 2 to more than 6% of the mass of fat globules (Keenan 
and Mather, 2002). Characterization of the MFGM has been the subject of 
many studies over a number of years (Jenness and Palmer, 1945; Thomson 
et al., 1959, 1961; Bracco et al., 1972; Patton and Keenan, 1975; Ray and 
Singh, 1974; Kuchroo and Narayanan, 1981; Hamzawi and Shahin, 1986; 
Sharma et al., 1987; Mather and Keenan, 1988). Although neutral (triglyc-
erides, diglycerides, monoglycerides, cholesterol and its esters) and polar 
lipids (phospholipids) were identifi ed in these studies, there were generally 
large differences in the results. The available data on the overall composi-
tion of MFGM clearly show this uncertainty. Therefore, it is diffi cult to 
show their specifi c composition since different studies with different prepa-
ration, analytical methods, and milk sample histories were used. Recently, 
MFGM has attracted great attention as a potential source of functional 
ingredients with respect to its essential fatty acids, liposoluble vitamins and 
phospholipids. Progress in the utilization of MFGM as an ingredient in 
functional food formulations is dependent upon a thorough knowledge of 
the characteristics of its components, the changes induced by processing, 
and the specifi c requirements of the individual prepared-food product. 
Physical, chemical, and performance analysis tools are available for the 
development of such dairy products and the evaluation of their nutritional 
quality.

This chapter gives a global insight into the current knowledge of milk 
lipids in a globule membrane material with regard to composition, separa-
tion, and potentially benefi cial health effects.

13.2 Composition of milk fat globule membrane lipids

13.2.1 Triglycerides
Over 400 different fatty acids (FAs) have been identifi ed in milk fat, but 
only 12 individual fatty acids account for more than 1% of the total fat 
(Jensen, 2002). The vast range and wide variety of fatty acids lead to a 
considerable number of possible molecular species of triglycerides (TAGs). 
TAGs are synthesized in the mammary gland by enzyme mechanisms that 
exert some selectivity over the esterifi cation of different fatty acids at each 
position of the sn-glycerol moiety (Moore and Christie, 1979). Determination 
of the stereo-specifi c structure has revealed that the fatty acids display a 
high selectivity in their arrangement and distribution on the triglycerides. 
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It has been found that for cows fed a normal diet, the fatty acids C4:0 and 
C6:0 are esterifi ed at position sn-3, while C12:0 and C14:0 accumulate at 
position sn-2, and C16:0 tends preferentially to occupy the positions sn-1 
and sn-2. C18:0 is esterifi ed at position sn-1, and C18:1 and C18:2 tend to 
be esterifi ed at positions sn-1 and sn-3 (Taylor and Hawke, 1975; Parodi, 
1979; MacGibbon and Taylor, 2006). The positional distribution of fatty 
acids in TAG molecular species is not only a determining factor for physico-
chemical properties (texture and thermal behavior) but also an important 
indicator for organoleptic and nutritional aspects. It is well known that 
long-chain fatty acids in external position sn-1 and sn-3 affect fat absorption 
and consequently the physiological response to dietary fat. Bracco et al.
(1972) found that in human milk, 69% of C14:0 and 67% of C16:0 are 
located at the sn-2 position, which accounts for the better absorption of 
human milk compared to cow milk. TAGs are the major fraction of neutral 
lipids in MFGM. The levels reported in the literature range from 20% to 
80% and are highly infl uenced by the method of isolation (Kitchen, 1977; 
McPherson and Kitchen, 1983; Kanno and Kim, 1990; Keenan and Patton, 
1995; Fong et al., 2007). The fatty-acid compositions associated with MFGM-
TAGs are characterized by their high proportions of long-chain fatty acids 
C16:0, C18:0 and C18:1 and low contents of fatty acids such as C14:1, C16:1, 
C18:2 (Kitchen, 1977; McPherson and Kitchen, 1983; Fong et al., 2007). The 
isolation of high-melting triacylglycerol from the fat globule membrane 
prepared from washed cream was fi rst reported by Palmer and Wiese in 
1933. Wolf and Dugan (1964) confi rmed the occurrence of high-melting 
triacylglycerol and reported that this fraction consisted of 71% trisaturated, 
26% disaturated, and 0.0% triunsaturated. Newman and Harrison (1973) 
deduced from the microelectrophoretic characteristics of milk fat globules 
that the high-melting triglycerides are located predominately along the 
inner face of the membrane, because the membrane surface is strongly 
ionogenic and contains small amounts of neutral lipids. However, it is often 
reported that the signifi cant amount of high-melting triglycerides results 
from contamination (from the core of the MFG) during isolation of the 
membrane (Walstra, 1974, 1985). Furthermore, it has been observed that 
when fat globules are destabilized at temperatures higher than 37°C, the 
MFGM triglycerides present the same fatty-acid distribution as that of bulk 
milk fat. It is also important to note that the technological parameters used 
during cooling and churning have a substantial effect on the composition 
of MFGM TAGs. The triglycerides’ molecular species and their fatty acids 
have different crystallization and melting temperatures ranging from −40 
to 40°C. Based on their carbon number and chain length, the triglycerides 
are classifi ed into short- (C26–C36), medium- (C38–C44) and long-chain 
triglycerides (C46–C56), and these factors partly determine milk fat’s rheo-
logical and thermal properties.

The MFGM contains a high level of saturated fatty acids (Kitchen, 1977; 
Fong et al., 2007) because of extensive biohydrogenation in the rumen. 
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Linolenic and linoleic acid can be hydrogenated by rumen fl ora to stearic 
acid by a series of reactions. However, its relatively high content of monoun-
saturated fatty acids is due to the presence of a desaturase in mammary and 
adipose tissues. Heptadecanoic (C17:0) and pentadecanoic acid (C15:0) are 
also present in MFGM (Kitchen, 1977; Fong et al., 2007). These fatty acids 
are specifi c to ruminant fat and are synthesized by bacterial fl ora in the 
rumen (Wu and Palmiquist, 1991). Their presence in adipose tissue or 
serum is used as a biomarker for long-term milk fat intake, since the human 
body is not able to synthesize them (Wolk et al., 2001). Although several 
investigations have been conducted to fi nd out to what extent milk fat 
globule size could infl uence the fatty-acid composition of fat globules 
(Brunner, 1965; Timmen and Patton, 1988; Briard et al., 2003; Wiking et al.,
2004; Fauquant et al., 2005), their effects on the fatty-acid composition of 
MFGM triglycerides are not widely documented. Information on whether 
there are differences in fatty-acid composition between individual bovine 
milk fat globule membranes is of practical importance. Compositional 
variations may offer the possibility of selecting MFGMs according to their 
composition and properties to meet the needs of different applications.

Due to its high content of lauric acid and palmitic acid, milk fat is 
considered hypercholesterolemic compared to unsaturated vegetable oils. 
Therefore, changes in the composition of milk fat by dietary infl uences have 
been extensively investigated, because of the repercussions from such 
changes on the structure and function of milk fat (Wong et al., 1973; 
Anderson, 1974; Wood et al., 1975; Smith et al., 1977; Bitman and Wood, 
1990; Palmquist and Schanbacher, 1991; Bitman et al., 1995; Stockdale 
et al., 2003). Lopez et al. (2008) found that, compared with the total lipids 
extracted from whole milk, the MFGM in milk from cows fed a diet rich in 
polyunsaturated fatty acids contained a higher concentration of unsatu-
rated fatty acids (C18:1, C18:2, and C18:3) and very long-chain fatty acids 
(C22:0, C23:0, C24:0, C20:5 n-3, C22:6 n-3). Palmquist and Schanbacher, 
(1991) characterized the fatty-acid composition of MFGM in lactating dairy 
cows and reported that the ratio of polyunsaturated/saturated fatty acids 
was increased in the MFGM by feeding the cows a high corn diet or by 
infusing soy oil; an increase from 0.31 to 1 of the 18 : 2/18 : 1 ratio has also 
been observed after infusing soy oil for only 4 days, which confi rms the high 
turnover of mammary cell membranes involved in milk fat secretion 
(Mather and Keenan, 1983). The MFGM is directly derived from the apical 
plasma membrane of mammary epithelial cells, so consequently these 
changes in the FA composition of the MFGM mean that FA synthesis in 
the mammary gland is closely dependent on the cows’ diet, which eventu-
ally infl uences the composition of the mammary cell membrane. On one 
hand, the MFGM from cows fed on a diet rich in polyunsaturated fatty 
acids could be a good source of essential fatty acids, which have an impor-
tant biological function (Sacks and Katan, 2002). Unlike saturated and 
monounsaturated fatty acids, polyunsaturated fatty acids, including linoleic 
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acid of the n-6 series (C18:2 n-6) and α-linolenic acid of the n-3 series (C18:3 
n-3), cannot be synthesized by mammals and must be supplied in the diet. 
On the other hand, MFGM rich in unsaturated fatty acids is more suscep-
tible to oxidation, photoxidation and thermal treatments, automatically 
leading to its degradation and consequently resulting in the deterioration 
of whole milk, dairy products, and MFGM-enriched foods. Therefore more 
precautions are required to protect MFGM against oxidative deterioration 
(O’Connor and O’Brien, 2006).

In the fat globule membrane, the lipids coexist with the proteins and 
glycoproteins, but little is known on the types of interaction between these 
molecules and their impact on nutritional and technological aspects. In this 
context, an interesting report by Keenan and Heid (1982) found that, in 
MFGM prepared from bovine and caprine milk, palmitic (16 : 0), stearic 
(18 : 0) and oleic (18 : 1) acids are so tightly and strongly attached to a 
number of membrane proteins that the release of these bound fatty acids 
could be achieved only through an alkali treatment, suggesting a covalent 
attachment. Whether such an attachment exists with the other MFGM 
constituents has yet to be confi rmed.

13.2.2 Phospholipids
Phospholipids, commonly referred to as ‘lecithins’, are amphiphilic mole-
cules with a hydrophobic tail and a hydrophilic head group. Their physico-
chemical properties are mostly governed by the degree of unsaturation of 
their fatty acids and the type of head group present. Known for their pro-
perties as emulsifying, wetting and dispersing agents, they are widely used 
in the food industry (margarine, chocolate, bakery goods) and also in phar-
maceuticals. Soybeans and eggs are the richest lecithin sources used in the 
food industry. The phospholipids in milk are important for the structure of 
MFGM and emulsion stability. The concentration of phospholipids ranges 
from 0.5 to 1% of the total milk lipids (Jenssen et al., 1991; Patton and 
Jenssen, 1976). A decrease in the concentration of phospholipids through 
lactation has been observed by Bitman and Wood (1990). They are synthe-
sized de novo in the mammary gland and in milk they are mostly associated 
with MFGM (60–65%), making buttermilk a rich source of phospholipids. 
The rest are located in the membrane material of skimmed milk and 
may also be found as lipoprotein complexes (Patton and Keenan 1975; 
Patton and Jenssen, 1976; Moore and Christie, 1979; Keenan, 2001). 
Glycerophospholipids consist of a glycerol backbone on which two fatty 
acids are esterifi ed on positions sn-1 and sn-2; a phosphate residue may be 
linked with different organic groups such as choline, serine, ethanolamine, 
and linositol. Generally, the fatty-acid chain on the sn-1 position is more 
saturated compared with the one on the sn-2 position (Kuchroo and 
Narayanan, 1981; Newburg and Chaturvedi, 1992; Pfeuffer and Schrezenmeir, 
2001; Christie, 2003; Rombaut and Dewettinck, 2006; Fong et al., 2007). The 
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phospholipids are asymmetrically located on the MFGM; phosphatidyleth-
anolamine (PE), phosphatidylserine (PS) and phosphatidylinositol (PI) are 
located on the inner membrane, while phosphatidylcholine (PC) and sphyn-
gomyelin (SM) are on the outside (Deeth, 1997). According to the studies 
on phospholipid classes from various animal species, zwitterionic PE, PC 
and SM are the major phospholipids; the anionic forms PI and PS are 
present at lower concentrations (Morrison, 1968; Kataoka and Nakae, 1973; 
Keenan and Dylewski, 1995). Morrison (1968) has explained the constant 
amount of cholin-containing phospholipids, PC and SM, by the probability 
that these phospholipids perform the same function in all milks. However, 
the composition of phospholipids is variable and strongly dependent on 
the conditions and method of isolation (Bracco et al., 1972; Keenan and 
Dylewski; 1995; Fauquant et al., 2007). Compared to bulk milk fat, MFGM 
phospholipids are richer in unsaturated fatty acids. Oleic acid (C18:1) and 
linoleic acid (C18:2) are present in appreciable concentrations, whereas the 
short- and medium-chain fatty acids (C4–C10) specifi c to milk fat are 
present at very low levels (Bracco et al., 1972; Kitchen, 1977; McPherson 
and Kitchen, 1983). Further published data (Fauquant et al., 2005) have 
confi rmed the high level of unsaturated fatty acids in MFGM phospholipids 
(C18:1: 26–30%; C18:2: 6%), and shown no signifi cant difference in the 
fatty-acid composition of MFGM phospholipids from small and large 
milk fat globules selected by microfi ltration. Phosphatidylcholine and phos-
phatidyethanolamine contain 40–60% unsaturated fatty acids, of which 
about one third are polyunsaturated fatty acids (Christie, 1995). It is impor-
tant to mention that MFGM phospholipids also contain a relatively high 
proportion of saturated fatty acids, such as palmitic C16:0 and stearic C18:0 
acids. Moreover, the sphingomyelin is characterized by its high saturated 
fatty-acid content with an appreciable amount of C22, C23 and C24 (Keenan 
et al., 1970; Keenan and Huang, 1972; McPherson and Kitchen, 1983). 
Polyunsaturated fatty acids are esterifi ed preferentially at the sn-2 position, 
while the monounsaturates and the saturates (14 : 0, 16 : 0) are evenly dis-
tributed between the sn-2 and sn-1 positions. Stearic acid (18 : 0) is located 
at sn-1 position. However, the phospholipids in human milk show high 
selectivity for C18:0 at the sn-1 and C18:2 at the sn-2 positions (MacGibbon 
and Taylor, 2006). The composition of fatty acids in phospholipids is 
dependent on feeding regimes. Sleigh and Burley (1974) reported an 
increase of unsaturated fatty acids in MFGM phospholipids when cows 
were fed supplements of protected polyunsaturated vegetable oil. Smith 
et al. (1977) found that feeding a supplement rich in linoleic acid increased 
the unsaturation of the phospholipids in the inner and outer milk fat globule 
membranes. However, this unsaturation was less than that of the core lipids. 
Lopez et al. (2008) found that when cows were fed a diet rich in polyunsatu-
rated fatty acids, the content of phospholipids and sphingomyelin in the 
MFGM increased by about 18% and 30%, respectively: additionally, a 
higher proportion of stearic acid and unsaturated fatty acids was observed. 
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Huang and Kuksis (1967) found little quantitative difference in phospholi-
pids and neutral lipids in MFGM prepared from summer and winter milk. 
Additional factors such as temperature, age, bacteriological quality, and 
stage of lactation can also infl uence these changes (Evers, 2004a).

The molecular characterization of phospholipid assemblies and the 
mechanisms affecting their behavior and affi nity with the surrounding mol-
ecules in the MFGM is important in order to better understand the colloidal 
stability of MFGM in milk, and of foods to which they might be added. In 
this context, phospholipid–protein interactions have been an attractive 
subject for several research works. The reported data show that the phos-
pholipids do not exist in a free form in milk, but are strongly associated 
with proteins (Deeth, 1997). Freundenstein et al. (1979) observed that 
butyrophilin retains a small amount of plasma membrane phospholipids. In 
addition, when added to food products, the phospholipids of the MFGM 
can interact with other surface active molecules, such as β-lactoglobulin, to 
form complexes (Leaver et al., 1999). Electrostatic interactions between 
phospholipids and β-lactoglubilin have been observed using phospholipid 
monolayers and/or bilayers as model membrane systems (Lefèvre and 
Subirade, 2000). The tendency of β-lactoglobulin to interact preferentially 
with charged phospholipids rather than with neutral lipids has also been 
reported. Better knowledge of the interaction mechanisms between milk 
phospholipids and other components should enhance their utilization and 
optimize their functions in food matrices.

13.2.3 Sterols
Sterols are polycyclic alcohols having a secondary −OH group at Position 
3, which makes them more polar than triglycerides. Sterols exist in a free 
form, esterifi ed with fatty acids, or as steryl glycosides. The determination 
of sterols in dairy products is usually limited to measuring the cholesterol 
content in order to estimate the nutritional value and detect any form of 
adulteration in butter and cream from adding vegetable fats (since the latter 
are rich sources of phytosterols, of which β-sitosterol is the most abundant 
constituent) (Contarini et al., 2002). A survey of the literature shows that 
the occurrence of sterols in MFGM has not been widely investigated and 
they are generally taken as total cholesterol. Controversial reports about 
their qualitative and quantitative composition have been reported. The 
inconsistent data seem to be related to the preparative methods, which 
induce changes in their distribution between the milk fat globule and 
MFGM (Keenan et al., 1988). Jenssen et al. (1991) found that about 0.2 to 
0.5% of total lipids are sterols, and these are mostly located in the MFGM. 
Cholesterol, the major sterol in milk, ranged between 0.25–0.5 wt % of the 
total lipids. In most cases, it is estimated to be about 0.4 wt % (Hung and 
Kuksis, 1967; Walstra and Jenness, 1984; Frede et al., 1990; Jensen et al.,
1991). Cholesterol accounts for more than 94% of the total sterols, of which 
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10% or fewer are present in esterifi ed form (Jenssen, 1995). Using electron 
microscopy, cholesterol has been located in the MFGM and the globule 
core (Martin, 1989). About 17 different sterol molecules have been detected 
in cow milk (Jenssen, 1995, p22), but to date they have not been fully identi-
fi ed. Brewington et al. (1970) reported the presence of lanosterol, β-sitosterol
and dihydrolanosterol in the unsaponifi able fraction of milk lipids. Braco 
et al. (1972) analyzed the unsaponifi able fraction of MFGM and detected 
cholesterol and 7-dihydrocholesterol (provitamin D3). In addition, other 
sterols, namely β-sitosterol, stigmasterol and campesterol, have been iden-
tifi ed (Mincione et al., 1977). The presence of such sterols has also been 
detected in milk lipid samples from animal species other than cows. 
Desmosterol, lathosterol and lanosterol have been identifi ed in buffalo milk 
(Addeo et al., 1981) and dihydrolanosterol in goat milk (Fraga et al., 2000). 
The most recent study, where many more bioactive sterols were detected 
in the MFGM than had previously been reported in the literature, is that 
of Fauquant et al. (2007), who used a patented cross-fl ow microfi ltration 
system and separated the MFGMs according to their size. The most impor-
tant hydrocarbon identifi ed in the MFGM was squalen, which displayed an 
even distribution among lipid fractions (Bracco et al., 1972). Thomson et al.
(1961) found that squalen averaged 0.6% of the total membrane lipids. This 
highly unsaturated compound is an acyclic terpene (C30H50) and is an 
important intermediary in the biosynthesis of cholesterol.

13.2.4 Vitamin E
Vitamin E exhibits a complex chemistry as there are eight different 
homologs, four tocopherols and four tocotrienols (α, β, γ and δ) which 
refl ect its activity. Cereals, legumes, nuts, oil seeds and vegetable oils are 
rich sources of tocopherols and their isomers. In animal and human fat, 
tocopherols are present in trace quantities. Despite its relatively low 
content, α-tocopherol seems to be the most important natural antioxidant 
present in the MFGM. Milk fat contains approximately 20 µg α-tocopherol/g
(Erickson et al., 1964; Kanno et al., 1968; Bruhn and Franke, 1971; Jenssen, 
1995; O’Connor and O’Brien, 2006), and its concentration in MFGM lipids 
is at least three times higher than in the core of the fat globule (Erickson 
et al., 1963). The content of vitamin E is highly dependent on the amount 
consumed by the cows; the highest levels are normally found during spring 
and summer, when cows are fed on fresh, vitamin-rich pasture. According 
to the data of Yeargan et al. (1979), about 45 µg α-tocopherol/g milk fat is 
the upper physiological limit for the secretion of vitamin E in milk; however, 
the mechanism involved in the transfer of fat-soluble vitamins from feed to 
milk is poorly understood. Only a few reports on the presence of tocophe-
rols other than the α-form in the MFGM are available. Thomson et al.
(1964) detected the presence of δ-tocopherol in some milk samples from 
cows fed with brewers’ grain. However, Kanno et al. (1968) found that in 
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addition to α-tocopherol, γ-tocopherol was naturally present in milk fat and 
its content varied from 1.0 to 2.5 in summer and from 0.3 to 2.9 µg per gram 
of fat in winter, but no information on its presence in the MFGM was given. 
The demands on milk oxidative stability and vitamin E level increase when 
cows are fed an unsaturated fatty-acid-rich diet to modify the milk’s fatty-
acid composition. Therefore, using feed management to control the con-
centration of fat-soluble components, such as vitamin E, in milk and dairy 
products has been a point of interest in recent years. However, no informa-
tion is available on the infl uence of feed management on the distribution 
of tocopherols in the MFGM.

13.2.5 Carotenoids and vitamin A
Carotenoids are polyisoprenoids which contain 40 carbon atoms, with one 
or two ring structures at the end of their extensive system of conjugated 
double bonds. β-carotene is the most widely investigated, due to its protec-
tive effect in retarding the photooxidation of lipids by an energy transfer 
mechanism, and its capacity to react with the triplet state of the excited 
sensitizer. In bovine milk, between 75 and 95% of the carotenoids are 
β-carotene, which is an important form of vitamin A (provitamin A) and a 
natural colorant responsible for the yellow color of butter. In the spring, 
cows produce milk with a higher carotene content. It is notable that the 
milk fat of many ruminant species is colorless, e.g. that of goats. Patton and 
Fowkes (1967) suggested that the milk fat droplets acquire their carotene 
when enveloped by plasma membranes at the secretion stage. Patton et al.
(1980a) found that the intracellular membranes of the tissue, particularly 
mitochondria, are richer in carotenoids than the secreted fat globules, 
which implies that the milk fat globules acquire β-carotene during their 
formation in the cell. Despite several biochemical studies on milk lipid 
fractions, the exact location of carotene has not been completely identifi ed. 
A high level of carotene in MFGM was reported by Thomson et al. (1961). 
White and Eaton (1954) found that smaller fat globules have a higher 
concentration of carotenoids than larger ones. Mulder and Walstra (1974) 
stated that the approximate distributions of carotene and vitamin A content 
between the MFGM and the core was 5 and 95%, respectively. This was 
confi rmed by Walstra and Jenness (1984). The presence of vitamin A in the 
MFGM and the fat globule was also shown by Zahar and Smith (1995). 
However, Smith et al. (1977) and Patton et al. (1980a) observed no carotene 
in the MFGM and this was supported by Jensen and Nielson (1996), who 
reported that α-tocopherol was the only fat-soluble vitamin detected in the 
MFGM, whereas γ-tocopherol, β-carotene and vitamin A were only present 
in the inner core of the milk fat globule. Patton et al. (1980a) attributed the 
absence of carotene in the MFGM to its destruction by oxidases or selective 
removal at the time of fat droplet secretion. In their recent study, Calderon 
et al. (2007) suggested that, under a high carotenoid diet, the secretion of 
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β-carotene in milk is not limited by its concentration at the mammary gland 
but by the mechanism of its transfer from plasma to milk. These confl icting 
results require more investigation to confi rm or to refute the presence of 
carotene and vitamin A in the MFGM.

13.3 Separation of milk fat globule membrane lipids

The recovery of MFGM lipids from whey and buttermilk without impairing 
their composition and their nutritional value is still a challenging problem 
for food chemists and the dairy industry. In spite of the excellent recovery 
possible from the use of organic solvents, we still do not use this method 
to extract milk lipids. Such solvents are directly responsible for serious 
problems such as solvent escape, fi re, explosion and air pollution; further-
more, when inhaled by humans, they are known to dissolve in neural lipids, 
thus affecting the nervous system. All these concerns have stimulated inter-
est in research into alternative processes for polar MFGM-lipid isolation. 
No optimal procedure has been adopted as yet, since many diffi culties have 
arisen in relation to the yield and degree of purity of the fi nal fraction, 
which could be attributed, among other factors, to technological parame-
ters such as pH and temperature (Daufi n et al., 1991; Cheryan, 1998; Rao, 
2002). The isolation of the MFGM has been reviewed by Ward et al. (2006). 
Despite these technological diffi culties, it should be emphasized that the 
phospholipids fraction could be concentrated to some extent using mem-
brane separation technologies. Sachdeva and Buchheim (1997) obtained a 
variable recovery of purifi ed phospholipids from buttermilk by using ultra-
fi ltration combined with microfi ltration and diafi ltration. The microfi ltra-
tion of whey from cheddar cheese using a 0.2 µm ceramic fi  lter led to the 
recovery of a phopholipids fraction with a high proportion of phosphatidyl-
choline and phosphatidylethanolamine, which means that the separation 
was very selective with respect to the yield of individual phospholipids 
(Boyd et al., 1999). Morin et al. (2004) succeed in doubling the polar lipid 
concentration using a 0.1 µm ceramic membrane. However, they concluded 
that the optimal fractionation of MFGM lipids could not be achieved using 
only microfi ltration. The fi nal fraction of phospholipids in the extract is 
largely dependent on the quality of the butter milk. Rombaut et al. (2007) 
also used microfi ltration with a 0.15 µm cellulose acetate membrane, and 
obtained an increase in polar lipid retention from 64 to 98% by increasing 
the pH from 4.6 to 7.5 at 50°C. Although microfi ltration seems to be a 
promising method for obtaining an MFGM-rich fraction, several attempts 
have been made to optimize its use by using different pretreatments to 
reduce the presence of casein, which is concentrated together with the 
MFGM during fi ltration, reducing the purity of the extract. The microfi ltra-
tion of buttermilk or butter serum with minimum retention of casein after 
fi ltration can be achieved by adding a dissociation agent such as urea, 
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ethanol, citrate, or sodium citrate (McGann and Fox, 1974; Zadow, 1993; 
Udabage et al., 2000; O’Connell et al., 2001; Corredig et al., 2003). A cream 
washing treatment was shown to improve the purity of phospholipids 
extracted from buttermilk (Britten et al., 2008; Lamothe et al., 2008). Morin 
et al. (2007a) found 74% less protein in buttermilk when cream was washed 
prior to churning.

A survey of the literature shows that various separation methods have 
been tested on different samples with different starting compositions and 
histories. As previously mentioned, the composition of milk fat and the 
MFGM is variable, and therefore it is diffi cult to put forward general state-
ments on the effi ciency of the separation techniques. A systematic study 
under the same conditions, using samples from the same origin, is needed 
for a better comparison. The structure, the composition and the nature of 
the interactions between the membrane components are not fully under-
stood as yet. The MFGM presents a complex mixture of lipids, proteins, 
lipoproteins, glycolipids and enzymes with different polarity, physico-
chemical properties and affi nities. In this context, the diffi culties encoun-
tered in isolating the MFGM and its polar fractions in their intact and pure 
forms are not surprising. MFGM characteristics should be taken into con-
sideration when selecting the method and the technological parameters to 
be used for their recovery. Thus, each separation technique adopted should 
be adjusted to the characteristics of the starting material and to the fraction 
to be purifi ed.

13.4 Effect of processing on milk fat globule 
membrane lipids

Besides environmental factors, including the presence of bacteria in milk 
or the presence of mastitis pathogens in mastitic milk (Erwin and Randolph, 
1975; McPherson and Kitchen, 1983), it is well known that processing condi-
tions markedly affect the composition and stability of the MFGM. So far, 
the effects of various operations used in the processing (agitation, homo-
genization, heat treatment, concentration, drying and freezing) of MFGM 
proteins have been extensively investigated (Jackson and Brunner, 1960; 
Anderson et al., 1977; Oortwijn and Walstra, 1979; Walstra and Oortwijn, 
1982; McPherson and Kitchen, 1983; Dalgleish and Banks, 1991; Sharma 
and Dalgleish, 1994; Kim and Jimenez Flores, 1995; van Boekel and Walstra, 
1995; Corredig and Dalgleish, 1996; Walstra et al., 1999; Ye et al., 2002, 
2004, 2007; Lee and Sherbon, 2002; Evers, 2004a). However, the effects of 
such technological treatments on the composition and stability of the 
MFGM lipids fraction have not been widely studied. The effects of techno-
logical processes on MFGM lipids have mostly been reported in the form 
of observations on the quantitative changes, without describing the mecha-
nism of the degradation that may have occurred. In the MFGM, the 



 Lipids from the milk fat globule membrane as a health ingredient 355

proteins coexist with lipids and any degradation of the former should affect 
the integrity of the whole MFGM, including the lipid fraction. Thus, in 
addition to the binding of caseins and whey proteins into the MFGM, heat 
treatment and homogenization induce a loss of MFGM-lipid constituents 
such as triglycerides and phospholipids (Greenbank and Pallansch, 1961; 
Darling and Butcher, 1978; Keenan et al., 1983; McPherson et al., 1984; 
Houlihan et al., 1992). Migration of phospholipids from the MFGM to the 
aqueous phase has been observed (Radema, 1956; Koops and Tarassuk, 
1959; Houlihan et al., 1992) and probably results from the detachment of 
membrane fragments from the surface of the fat globule (Mulder and 
Walstra, 1974). Heat treatment could induce hydrolysis of the phospholip-
ids (Nakanishi and Kaya, 1970). A decrease of triglyceride in the MFGM 
has been observed as a result of heating at 80°C (Houlihan et al., 1992). 
Lee and Sherbon (2002) reported a loss of 20% of lipids when MFGM was 
heated. Spray-drying induced a decrease in the content of MFGM phos-
pholipids (Morin et al., 2007b). Furthermore, it should be emphasized that 
the artifi cial membrane formed after homogenization does not isolate the 
fat from the lipase and oxidative stress. As a consequence, the MFGM and 
milk fat are more vulnerable to hydrolytic rancidity and photo-oxidation 
(light-activated fl avor), and to oiling off of the fat after homogenization. 
On the other hand, homogenization has been shown to slightly decrease 
metal-catalyzed oxidation, which was attributed to the rearrangement of 
the phospholipids rich in polyunsaturated fatty acids. To avoid lipid degra-
dation, pasteurization of the milk is recommended prior to or immediately 
after homogenization. However, according to Mulder and Walstra (1974), 
heating the milk induces the migration of copper from the milk plasma to 
the MFGM, which may catalyze and contribute to the oxidative degrada-
tion of the unsaturated fatty acids of membrane phospholipids (McPherson 
and Kitchen, 1983; van Boekel and Walstra, 1995). Additionally, severe 
heating results in the removal of the lipids from the membrane and increases 
the tendency to coalescence. Freezing milk or cream produces ice crystals, 
which disrupt the lipoprotein complex and damage the MFGM.

Generally, the degree of MFGM damage is directly related to the sever-
ity of the technological treatments to which the milk is subjected. With 
regard to the MFGM-lipid fraction, the impact of such treatments is esti-
mated according to the changes that occur in the distribution of the phos-
pholipids between the cream, milk plasma and fat phase (Koops and 
Tarassuk, 1959; Greenbank and Pallansch, 1961; Patton et al., 1980b; Evers, 
2004a). Another indicator that has been proposed for evaluating MFGM 
damage is the concentration of free fatty acids (FFAs). FFAs are formed 
by the hydrolysis of triglycerides, and mono- and diglycerides due to the 
enzymatic activity of lipase. While free fatty acids indicate hydrolytic deg-
radation of fats, they are, however, quite inadequate to characterize the 
quality of the MFGM, because the determination of FFAs by titration does 
not differentiate between free fatty acids formed by enzymatic hydrolysis 
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and those formed as a consequence of MFGM damage. The methodologies 
for the measurement of MFGM damage have been reviewed in detail by 
Evers (2004b).

13.5 Benefi cial effects of milk-fat globule membrane lipids

Fat is a carrier of many lipophilic micronutrients, such as vitamins. There 
is a high correlation between the absorption of fat-soluble nutrients and fat 
content (Cooper et al., 1997). Triglycerides supply metabolic energy by 
providing 38 KJ/g, mainly through β-oxidation of the constituent fatty acids. 
The useful energy available to the body depends on the digestibility of the 
fat, which in turns depends on the chain length of the constituent fatty acids. 
The MFGM has a relatively high content of monounsaturated and satu-
rated fatty acids. The effi ciency of oleic acid (C18:1) in lowering serum 
cholesterol is now recognized, with the important advantage of being resist-
ant to oxidation. Oleic acid-enriched diets may reduce LDL (low-density 
lipoprotein) oxidation and slow down the progress of atherosclerosis. 
Adversely, lauric (12 : 0), myristic (14 : 0) and palmitic acid (16 : 0) are known 
to raise plasma LDL cholesterol. However, stearic acid (18 : 0) has a neutral 
effect on lipoprotein cholesterol levels. In the MFGM, the polyunsaturated 
fatty acids are present in relatively small quantities compared to the satu-
rated ones; however, their physiological activity is of utmost importance. 
Linoleic acid (18 : 2 n-6) and linolenic acid (18 : 3 n-3) are essential fatty 
acids and play a key role as precursors of arachidonic acid (20 : 4 n-6), which 
is converted to eicosanoids (C20:5 n-3, C22:6 n-3), known for their potent 
biological activity at extremely low concentrations. Therefore, these essen-
tial fatty acids are absolutely necessary for growth and reproduction. Their 
activity in lowering plasma LDL cholesterol is well demonstrated. However, 
their high susceptibility to oxidation, producing cytotoxin in the LDLs, 
may cause atherosclerotic changes in the blood vessels. Their consumption 
should therefore be limited and controlled to some extent (Hegsted et al.,
1965; Keys et al., 1965; Dupont et al., 1991; Bonanome and Grundy, 1988; 
Grundy and Denkey, 1990; Katan et al., 1994; Parthasarathy and Santanam, 
1994; Zock, 1995; Frankel, 1998).

Because the addition of antioxidants to dairy products is not legally 
allowed in most countries, the antioxidative potential in milk is provided 
primarily by its endogenous components. Lipids are protected against 
oxidative degradation by antioxidants naturally present in the raw milk 
(Lindmark-Mansson and Akesson, 2000; Molkentin, 2000). A lipophilic 
antioxidant such as α-tocopherol is an effective scavenger of the lipid 
peroxy radical and is effi cient in protecting unsaturated fatty acids against 
lipid peroxidation by donating a hydrogen atom to the lipid radical. The 
resulting tocopheryl radical is relatively stable and unreactive (Lea and 
Ward, 1959; Frankel, 1991; Pongracz et al., 1995; Kamal-eldin and 
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Appelqvist, 1996; Fox and McSweeney, 1998). A high correlation between 
oxidative stability and the concentration of tocopherols in the MFGM lipids 
and fat fraction has been found (Krukovsky et al., 1950; Erickson et al.,
1963, 1964). Furthermore, vitamin E has attracted greater interest because 
it reduces oxidation problems in milk (Nicholson and St-Laurent, 1991; 
Charmley and Nicholson, 1994). Vitamin E is also of interest in relation to 
health problems such as mastitis and the immune defence of cows (Johnston 
and Chew, 1984; Batra et al., 1992; Politis et al., 1995). Several investigations 
have looked at the impact of a diet enriched with vitamin E on the concen-
tration of α-tocopherol in milk, but the published data are still controver-
sial. It has been widely reported (Dunkley and Ronning, 1966; King et al.,
1966; St. Laurent et al., 1990; Barrefors et al., 1995; Focant et al., 1998; 
Granelli et al., 1998) that the increase of α-tocopherol content in the milk 
decreases spontaneous and copper-induced oxidation. However, no benefi -
cial impact from supplementing the diet with vitamin E has been observed 
(Schingoethe et al., 1979; Charmley and Nicholson, 1994). Besides its pro-
tective effect, there is now accumulating evidence that vitamin E may also 
play other biological roles that do not necessarily involve its antioxidant 
function. A possible structural role in the maintenance of cell membrane 
integrity has already been mentioned. α-Tocopherol inhibits LDL oxida-
tion in vivo and in vitro. Based on animal studies, the role of α-tocopherols
in retarding the progression of atherosclerosis has been shown. In addition, 
the intake of vitamin E correlates with reduced coronary diseases (Stampfer, 
1993; Jialal, 1995).

In addition to their emulsifying properties, phospholipids are generally 
considered to have an antioxidant activity. Phospholipids seem to have 
synergistic activity in mixtures with tocopherols. This synergistic activity is 
often related to the metal-scavenging ability of phospholipids and thus they 
act as a secondary antioxidant; but it seems that the acidic phospholipids 
such as PE and PI are more effective than PC (Hudson and Mahgoub, 1981; 
Nath and Rama Murthy, 1983; Hildebrand et al., 1984; Frede et al., 1990; 
Chen and Nawar, 1991). In addition, recent nutritional studies suggest that 
the consumption of phospholipids may bring health-related benefi ts, includ-
ing antiviral and antimicrobial effects (Van Hooijdonk et al., 2000; Kivinen 
et al., 1992). A protective effect against gastric ulceration and a high gas-
troprotective effect by milk phospholipids have been demonstrated in 
humans (Kivinen et al., 1992; Vesper et al., 1999; Pfeuffer and Schrezenmeir, 
2001). Furthermore, a positive effect from phosphatidylserin on Alzheimer’s 
disease (Gindin et al., 1998; Hashioka et al., 2004) has been reported. 
Sphyngomyelin and its metabolites, ceramides, appear to have tumor-
suppressing properties (Parodi, 1996, 1997); and it is believed that neuro-
transmitters and their synthesis, which are important for memory, are 
promoted by SM and PC (Blusztajn, 1998; Szuhaj and Nieuwenhuyzen, 
2003). The benefi cial effects of the MFGM’s bioactive components have 
been recently reviewed by Spitsberg (2005) and German et al. (2006).
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Atherosclerosis and coronary heart disease are related to a high level of 
plasma cholesterol. However, cholesterol is important for fat resorption 
and in the adrenals is a precursor of steroid hormones. In the brain and 
other nervous tissues, cholesterol is an important component of myelin. 
Although their composition in the MFGM is not fully identifi ed, it is worth 
noting that sterols are also important bioactive components. One example 
of a successful functional food is the incorporation of plant sterols/phyto-
sterols into vegetable-oil spreads. This type of product is now available in 
the marketplace and has been proven to lower blood LDL-cholesterol by 
around 10–15% as part of a healthy diet (Mortan et al., 1995; Ling and 
Jones, 1995).

13.6 Conclusion and perspectives

The lipid fraction of the MFGM could be considered as a valuable alterna-
tive source of bioactive components. However, more studies are required 
for an exhaustive identifi cation and quantifi cation of these bioactive micro-
components, as the functional and nutritional relevance of the MFGM is 
closely related to its specifi c chemical composition, which is controlled by 
numerous factors including season, region of production, stage of lactation, 
breeding, and diet composition. An understanding of the nutritional effects, 
physical properties and technological factors affecting the composition and 
stability of MFGM lipids is necessary for developing innovative strategies 
that allow optimization of their use as functional ingredients. Processing 
conditions should be selected to ensure minimum changes in MFGM com-
position to prevent any reduction in its stability and nutritional value. 
Because of the limited knowledge in this area, more investigations are 
necessary to comprehensively explain the effects of changes in the MFGM 
during processing on the properties of the end-products. Therefore it is 
necessary to understand the dynamic interactions that occur among the 
various components of the MFGM.
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Molecular understanding of the 
interaction of dairy proteins with other 
food biopolymers
M. Corredig, University of Guelph, Canada

Abstract: When mixing dairy proteins with a biopolymer, two possible scenario 
may occur: the mixture either remains stable or after a certain amount of time 
shows phase separation. In this chapter, we attempt to describe the principles 
driving the interactions between the milk proteins and biopolymers, with focus on 
the applications in dairy products. Various types of associative and segreative 
behaviours are discussed, as often these mechanisms of destabilization lead to 
changes in structure and texture in food products.

Key words: proteins, whey proteins, caseins, emulsions, polysaccharides, phase 
separation, coacervates.

14.1 Introduction

The ability to predict the behaviour of biopolymers in foods is critical in 
achieving optimal quality as most macroscopic properties, such as texture, 
mouthfeel and shelf life, depend on the interactions occurring between the 
biopolymers during processing and storage. Polysaccharides are often 
included in dairy formulations because of their viscosifying, texturing and 
stabilizing effects. Polysaccharides are also increasingly included in formu-
lations because their consumption has been associated with wellness and 
prevention of chronic diseases, and in this case they are added at levels not 
only nutritionally signifi cant but also that impart changes in the overall 
quality, texture and stability. Although the chapter deals mainly with the 
polymers commonly used in dairy products, the fundamental aspects dis-
cussed herein are most likely applicable to many other biopolymers when 
present in protein matrices.

In foods and consumer products, the addition of biopolymers to a 
formulation often leads to changes in structure and texture, such as the 
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formation of weak networks or solid gels, or separated phases. The control 
of texture is of critical importance to the fi nal quality of the product and, 
for this reason, the interactions between biopolymers in food have been 
widely researched in the past. In dairy systems, the interactions between 
polysaccharides and milk proteins occur at different levels, as proteins are 
present either in molecular form or as supramolecular assemblies and col-
loidal particles. Whey proteins constitute about 1% of the total volume 
fraction of milk and are present in milk as monomers or oligomers, a few 
nanometer in size. With heating, whey proteins denature and form aggre-
gates much larger in size, and they can be present either in the soluble phase 
or adsorbed on casein particles. The casein proteins in milk are self associ-
ated in colloidal particles polydispersed in size (ranging between 80 and 
400 nm). These particles, held together by calcium phosphate bridges and 
sterically stabilized by κ-casein, occupy about 10% of the volume fraction 
of milk. When caseinates are employed as ingredients, they are no longer 
structured as casein micelles, but they are a mix between monomeric pro-
teins and small particles of about 30 nm of diameter. The interactions 
between biopolymers and caseins will depend on their state of aggregation 
and processing history. In addition, in dairy products, often proteins are 
adsorbed on the surface of lipid droplets in emulsion systems, and the 
behaviour of the emulsion droplets will depend on the type of protein 
present at the interface. It is therefore often necessary to distinguish 
between the different types of interactions that may occur between bio-
polymers and dairy proteins, depending on the proteins involved and 
the processing history of the milk matrix. The present chapter will attempt 
to illustrate these differences. The fi rst part of the chapter will deal with 
biopolymer interactions with monomeric proteins, the second part will 
focus on casein micelles interactions with polysaccharides, and the third 
part of the chapter will discuss the interactions between polymers and pro-
teins when the proteins are adsorbed at an oil–water interface.

When mixing proteins with a biopolymer, at very dilute regimes the 
system will often appear stable and homogeneous, as the entropy of mixing 
dominates; however, at high enough concentrations, destabilization will 
occur because of either associative or segregative behaviour (Tolstoguzov, 
1991) (Fig. 14.1). When two or more polymers with different structures are 
mixed in solution, they tend to show a segregative behaviour. At close 
approach, the molecules will lose conformational entropy and there will be 
a tendency to reduce the concentration of one polymer in close proximity 
of the other polymer. In a protein–polysaccharide system such as, for 
example, milk with a neutral polysaccharide, at high enough concentrations 
there will be separation of the mix into two phases, one protein-rich and 
the other polysaccharide-rich. In systems where the biopolymer is mixed 
with large protein particles or oil droplets, the excluded volume effect, 
which is entropy driven, plays an important role in causing phase separation 
(Vrij, 1976; Poon, 1998; de Kruif and Tuiner, 2001). The phase behaviour 
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of many food biopolymers has been extensively described by various 
phase diagrams for binary systems (Grinberg and Tolstoguzov, 1997). In 
binary mixtures there is a small region of compatibility, below the tie line 
(Fig. 14.2). The closer the tie line to the axes, the higher the polymer 
incompatibility.

+

AssociationSegregation

Co-solubilityIncompatibility Complexation

Fig. 14.1 When two polymers are present in a mixture, co-solubility occurs at 
low concentrations, while at high enough concentrations, associative or 
segregative interactions will cause phase separation or the formation of 

complexes (coacervates).
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Fig. 14.2 Phase separation diagram for a binary mixture containing protein and 
polysaccharide. Binodal (solid line, �), initial mixtures (�), upper phase (�), 

lower phase (�).
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If the two biopolymers present in solution interact with one another, 
instability will occur because of associative interactions (Fig. 14.1). Many 
of the polysaccharides added to milk matrices carry a charge, because they 
have carbohydrates with carboxylic, phosphate or sulphate groups. These 
polysaccharides will associate with the proteins, creating soluble or insolu-
ble complexes, bridging between two or more protein particles. This process 
is called coacervation and the biopolymer complexes are called coacervates. 
The interactions between the biopolymers are usually electrostatic in 
nature, and therefore strongly dependent on pH and ionic strength. These 
aggregates have been widely studied as they are of practical importance. 
For example, it has been recently suggested that the interactions between 
salivary proteins and the pectins present in wine are relevant to a better 
taste perception, as they decrease the tannins–protein interactions that 
cause the highly astringent taste in the mouth (Carvalho et al., 2006). The 
control of coacervates formation is not only of great importance to the 
design of microstructure and appearance of foods, but also in the engineer-
ing of systems for the controlled release of bioactives in the gastrointestinal 
tract. In addition, it has been shown that the effi cacy of digestive enzymes 
is different when molecules are present in a coacervate system from when 
they are in isolation, and this can have profound implications for allergenic-
ity reduction (Peyron et al., 2006).

In this chapter, we attempt to describe the principles driving the interac-
tions between milk proteins and biopolymers, and their applications in milk 
products. This overview is by no means exhaustive, but brings a series of 
examples from the widespread use of polysaccharides in dairy products.

14.2 Interpolymer complexes: Interactions of 
polysaccharides with whey proteins or 
sodium caseinate

Whey proteins and caseins are dairy ingredients commonly used in foods. 
Whey protein isolates are composed mostly of β-lactoglobulin, α-lactalbumin
and bovine serum albumin. These are compact globular proteins, which will 
modify their structure with heating. Above their denaturation temperature, 
they unfold and form aggregates. The protein that dominates the behaviour 
of whey proteins is β-lactoglobulin, and for this reason β-lactoglobulin is 
the most studied of the whey proteins. Native β-lactoglobulin has a molecu-
lar mass of about 18 kDa, is positively charged below its isoelectric point 
(pH 5.2), and it has been shown to form complexes with charged polysac-
charides (Swaisgood, 1992).

The caseins are phosphoproteins with specifi c areas showing high charge 
density. For example, αs1-casein has an acidic peptide region of about forty 
amino acids that contains seven phosphate groups and twelve carboxyl 
groups. The κ-casein has a hydrophilic region containing glycosilated 
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moieties and fourteen carboxylic groups (Holt, 1992). For this reason, these 
highly charged moieties may interact with charged polysaccharides under 
specifi c conditions. It is important to note that, while great effort has been 
made in the past to research the interactions of polysaccharides with micel-
lar caseins (see below), very little has been reported on the interactions 
between polysaccharides and non-micellar casein ingredients (such as 
sodium caseinate).

In the past few years there has been considerable progress in under-
standing the associative interactions of whey proteins (especially β-
lactoglobulin in isolation or whey protein isolates) with polysaccharides 
in binary mixtures (Turgeon et al., 2007). Complexes form between pro -
teins and polysaccharide molecules when opposite net charges (or charge 
patches) are present. With the exception of chytosan (α(1,4)2-amino-
2deoxy-d-glucose polymer), which is positively charged, most of the charged 
polysaccharides used in dairy systems are negatively charged. For this 
reason, most complexes form with the milk proteins at a pH below their 
isoelectric point (for example, at pH < 5 for β-lactoglobulin). These com-
plexes are non-covalent and are affected by pH, ionic strength, tempera-
ture, and changes in processing conditions (e.g. rate of acidifi cation or 
changes in shear). At a pH near the isoelectric point, the proteins will start 
interacting with the polymers, increasing the ionization of both polyelec-
trolytes at the expense of the portion of the polymer in solution. To be 
attractive, the decrease of electrostatic free energy caused by the formation 
of the coacervate needs to be larger than the increase in free energy caused 
by the mixing term and the conformational changes needed to form the 
complex (Biesheuvel and Cohen Stuart, 2004).

The formation of coacervates in β-lactoglobulin and gum arabic mixtures 
is a clear example of the associative behaviour between charged polysac-
charides and whey proteins. Gum Arabic is a negatively charged poly-
saccharide composed of D-galactose, L-arabinose, L-rhamnose and 
D-glucuronic acid. In addition, it has a polypeptide moiety which is respon-
sible for its emulsifying properties (Williams et al., 1990). Under particular 
conditions, the mixture forms two separate phases, with one rich in the 
coacervates. By using slow acidifi cation (achieved by the addition of 
glucono-δ-lactone to the binary mixture), it has been possible to accurately 
describe the effect of pH on the complex formation between the two poly-
mers (Mekhloufi et al., 2005). During acidifi cation, at a critical pH, primary 
soluble complexes form. During complexing, there is a clear change in the 
structure of the β-lactoglobulin (Mekhloufi et al., 2005). A further decrease 
in pH results in visible phase separation, with a continuous coarsening of 
the aggregates (Sanchez et al., 2006). The whey proteins and the gum arabic 
polymers present in the coacervate phase show independent translational 
movement. This has been interpreted as electrostatic interactions in the 
coacervates as they continue to break and reform, showing a continuous 
rearrangement of the coacervates (Weinbreck et al., 2004a). The structure 
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of the coacervates is pH dependent: the structure density is directly pro-
portional to the extent of the electrostatic interactions (Weinbreck et al.,
2004a). It has been shown that the coacervates have different functional 
properties compared to the two biopolymers in isolation. In mixes contain-
ing whey protein isolate and gum acacia, the complexes cause an increase 
in viscosity; the weaker the electrostatic interactions, the lower the viscosity 
of the coacervate phase (Weinbreck et al., 2004b).

Mixing whey proteins with negatively charged polysaccharide molecules 
will cause the formation of different types of aggregates, depending on the 
stiffness of the polysaccharide and its charge density, as well as the pH and 
the ionic strength of the mixture. An optimal ratio of the two biopolymers 
needs also to be achieved, as this will correspond to an electrostatic equiva-
lent number of protein and polysaccharide molecules. Soluble complexes 
have been obtained mixing whey proteins with xanthan gum or pectin 
(Kazmierski et al., 2003; Girard et al., 2004; Laneuville et al., 2005). Pectin 
is a cell-wall polysaccharide, generally extracted from citrus, apple or beet. 
Pectin is an anionic polysaccharide with D-galacturonic acid residues esteri-
fi ed with methoxyl groups, the extent of methylesterifi cation infl uencing 
the overall charge and its distribution on the chain (Voragen et al., 1995). 
Xanthan polymers are also negatively charged. Xanthan, which is produced 
by Xhanthomonas sp., has a pentasaccharide repeating unit with acetyl and 
pyruvate substitutions, with carboxylic groups (Laneuville et al., 2005). 
Xanthan has a low charge density when compared to other negatively 
charged polysaccharides used in dairy systems. When β-lactoglobulin is 
mixed with xanthan, a coupled gel network forms having clusters of associ-
ated protein–xanthan complexes, with junction zones at very low concen-
trations of biopolymer (0.1%) (Laneuville et al., 2006). The rheological 
properties of the gel network can be controlled by modulating the ratio of 
protein and xanthan polymer, or by varying the polymer molecular mass 
(Laneuville et al., 2006).

The interfacial properties of the coacervates are also often distinct from 
those of the biopolymers in isolation (Ganzevles et al., 2006; Guzey and 
McClements, 2006): For example, the foam stabilizing properties of the 
electrostatic complexes can be superior to those of the protein alone, mostly 
because they provide a better barrier to gas diffusion and oxidation (Schmitt 
et al., 2005).

Compared to whey proteins, much less work has been carried out on the 
interactions of non-micellar caseins with charged polysaccharides. Recently, 
it has been shown that sodium caseinate forms nanoparticles between 250 
and 350 nm when mixed with chitosan (Anal et al., 2008). Chitosan is com-
posed of N-acetylglucosamine and N-glucosamine repeating units and it is 
cationic (with a pKa of about 6.5). Its composition and charge make it 
unique, as most of the commercially available polysaccharides employed as 
functional ingredients in dairy products are either neutral or negatively 
charged. Chitosan forms electrostatic soluble or insoluble complexes with 
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proteins (Laplante et al., 2005; Hong and McClements, 2007). Chitosan 
molecules form electrostatic complexes with casein proteins, in the pH 
range 4.8 to 6.0. It has been hypothesized that the particular structural 
features of the casein proteins, with well defi ned charged moieties, are very 
desirable in the formation of nanoparticles (Anal et al., 2008). These com-
plexes may result in unique functional ingredients used to design foods with 
novel textures, or nanoparticles with unique release properties at a particu-
lar pH range (between 3.5 and 5.5).

A specifi c associative behaviour can be noted when mixing casein pro-
teins with κ-carrageenan. Carrageenans, derived from red algae, are poly-
saccharides containing sulphate moieties, with repeating galactose and 
3,6 anhydrogalactose joined by alternating α-(1,3) and β-(1,4) links (Rochas 
and Landry, 1987). These polysaccharides are classifi ed depending on the 
number and position of their sulphate groups: one, two or three, for κ-, ι-, 
and λ-, respectively. When dispersed in solution, κ- and ι- carrageenan 
undergo a temperature-dependent, reversible coil-to-helix transition. At 
neutral pH, κ-carrageenan is negatively charged; however, it has been 
shown to interact specifi cally with κ-casein. This interaction has been attrib-
uted to the positively charged region of κ-casein between amino acids 97 
to 112 (Snoeren et al., 1975). Size exclusion chromatography of mixtures 
containing pure caseins (β, αs and κ) as well as sodium caseinate, in the 
absence and the presence of κ-carrageenan, clearly show that κ-casein is 
the protein involved in this specifi c interaction, as only in the presence of 
κ-casein do κ-carrageenan molecules form complexes with the proteins. 
This specifi c interaction is of great importance in the stabilization of dairy 
products as κ-carrageenan adsorbs at neutral pH to the surface of the casein 
micelles, providing additional steric stabilization in milk and ice-cream 
mixes (see below).

Segregative interactions often occur between negatively charged poly-
mers and milk proteins at pH near neutral, because of thermodynamic 
incompatibility; that is to say, the interactions between different molecules 
are energetically less favourable than the interactions between like-
molecules. Thermodynamic incompatibility leads to phase separation. A 
recent example of thermodynamic incompatibility has been shown in the 
study of mixtures of whey proteins and β-glucans (Kontogiorgos et al.,
2009). This group of neutral, linear homopolysaccharides containing 
1-4-β-glucosyl residues, have received considerable attention because of the 
physiological benefi ts related to their consumption (Lazaridou and 
Biliaderis, 2007). Phase diagrams of binary mixes of whey protein and 
β-glucan at neutral pH show close proximity of the bimodal line to the axes, 
indicating high incompatibility in a wide range of concentrations 
(Kontogiorgos et al., 2008).

Segregative interactions are of particular importance during heating of 
whey proteins. With the presence of charged polysaccharides, different 
types of heat-induced aggregates form. Heat treatment causes structural 
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changes in whey proteins, with disulphide interchange reactions leading to 
the formation of protein aggregates. At low ionic strength and at neutral 
pH, denatured β-lactoglobulin monomers form well-defi ned clusters of 
about 30 nm (Aymard et al., 1996), but in the presence of κ-carrageenan or 
pectin, the aggregation is affected (Capron et al., 1999; Beaulieu et al.,
2005), and it depends on the charge density of the polymer, as shown in a 
study using pectin molecules with similar charges but different charge dis-
tributions (Kazmierski et al., 2003). It has been reported that if mixtures 
are heated at 70°C with κ-carrageenan at levels below phase separating 
concentrations, neither the rate nor the structure of the aggregates is 
affected (Croguennoc et al., 2001). When heating at 90°C, the presence of 
κ-carrageenan causes the formation of larger and more polydisperse inter-
mediate aggregates, modifying the make-up of the fi nal building blocks of 
the gel networks (Flett and Corredig, 2009). At high enough concentra-
tions, these mixed systems show a faster heat-induced aggregation and 
gelation (Ould Eleya and Turgeon, 2000).

Only recently, the infl uence of shear on the phase behaviour during 
heating of whey protein isolate solutions containing κ-carrageenan has 
been considered, although it is known that shear can be used to modulate 
bulk properties such as texture, stability, sensorial perception and micro-
structure of the mixtures. The phase behaviour depends on the shear 
applied during heating and cooling, with a shift of the bimodal tie lines 
towards lower concentrations of whey proteins and a change in the micro-
structure and the distribution of the polymers’ concentrations in the two 
phases (Gaaloul et al., 2008).

14.3 Interactions of casein micelles with polysaccharides

Casein proteins are present in milk as supramolecular aggregates, the casein 
micelles. These protein particles, polydisperse in size (with a diameter 
between 80 and 400 nm) are an association of four individual molecules, 
αs1, αs2, β and κ-casein, with κ-casein present primarily on the surface. The 
hydrophilic C-terminal part of κ-casein protrudes in solution, imparting a 
polyelectrolyte brush character to the surface of the micelles, causing steric 
stabilization. When polysaccharides are added to milk, different effects will 
occur depending on the presence of associative or segregative interactions 
of these biopolymers with the casein micelles, which, at the natural pH of 
milk, are negatively charged.

When non-interacting polysaccharides are added to milk, phase separa-
tion often occurs by a depletion mechanism. The polymer molecules are in 
fact excluded from the surface, creating a depletion layer around the par-
ticle, and the casein micelles are then driven together (Asakura and Oosawa, 
1958; Vrij, 1976). The thickness of the depletion layer is not affected by 
the concentration of the polymer (Vrij, 1976), until concentrations in the 
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semi-dilute regime, where there are signifi cant increases in the osmotic 
pressure. The thickness of the layer decreases with the polymer concentra-
tion (De Gennes, 1981).

The phase separation occurring in milk systems in the presence of the 
non-interacting polysaccharide is affected by the molecular mass of the 
biopolymer. This has been well demonstrated in a study of milk and guar 
gum mixtures (Tuiner et al., 2000). Guar gum is a galactomannan, consisting 
of β (1-6)-linked mannose repeating units and side groups of β (1-4)-linked 
galactose in a 2 : 1 ratio. It has been shown that the critical polymer con-
centration to cause phase separation increases with decreasing molecular 
weight. Charged polysaccharides also cause phase separation at neutral 
pH, if the molecules do not interact with the casein micelles. Figure 14.3 
illustrates the effect of increasing concentrations of high methoxyl pectin 
(negatively charged) on the stability of milk as indicated by changes in the 
velocity of ultrasonic waves travelling through the sample. This parameter 
indicates the energy losses to which the ultrasonic wave will be subjected 
while travelling through the sample. Above a critical amount of high meth-
oxyl pectin, the ultrasonic attenuation changes dramatically with time, indi-
cating that the non-interacting polymer is structuring and causing the casein 
micelles to cluster themselves, eventually leading to phase separation 
(Acero-Lopez et al., 2009). It has been recently demonstrated, using diffus-
ing wave spectroscopy and ultrasonic spectroscopy, that clustering of the 
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Fig. 14.3 Effect of the addition of different concentrations of high methoxyl 
pectin in skim milk on the velocity of ultrasonic waves (8 MHz) traveling through 
the sample over time. Velocity is measured relative to the initial value right after 

mixing. Above a critical concentration, the ultrasonic velocity shows a clear 
decrease until reaching a plateau, indicating an increase in the overall 

compressibility of the mixture because of the formation of casein micelle clusters.



380 Dairy-derived ingredients

casein micelles occurs even at concentrations of polysaccharide lower than 
those needed to cause visible phase separation (Acero-Lopez et al., 2009). 
To be able to control phase separation in complex mixtures is critical not 
only to control stability but, more importantly, because in processing phase-
separating systems, controlling the extent of the phase separation has 
potential for the creation of new textures and structures.

Scattering techniques, combined with microscopy at appropriate length 
scales, as well as rheological measurements, have provided a large amount 
of information on the overall mechanisms involved in polysaccharide-
induced phase separation in milk (Doublier et al., 2000; de Kruif and Tuiner, 
2001). In acid-induced casein gels, increasing the amount of non-interacting 
polysaccharide (e.g. locus bean gum or xanthan) leads to the formation of 
a more compact casein network, with an increased porosity of the gels, as 
shown by electron and phase contrast microscopy (Sanchez et al., 2000). 
Different structures can also form by controlling the extent of phase separa-
tion in milk during rennet-induced aggregation (Acero-Lopez et al., 2009). 
The microstructure, in turn, affects the fracture behaviour of the food 
system, and this is one of the most important parameters in sensory percep-
tion (Van den Berg et al., 2007).

The specifi c associative interactions occurring between κ-casein and 
κ-carrageenan are of critical importance to the stability of many dairy 
products. At pH near neutral, κ-carrageenan (as well as ι-carrageenan)
molecules adsorb on the surface of casein micelles, imparting additional 
stabilization to these protein particles. Dynamic light scattering measure-
ments demonstrate that with addition of κ-carrageenan there is an increase 
in the size of the micelles (Dalgleish and Morris, 1988). Below the coil to 
helix transition of κ-carrageenan, the charge density of the polysaccharide 
chain increases and interactions occur (Syrbe et al., 1998). At suffi cient 
concentrations, helix–helix associations between polysaccharides form a 
three-dimensional network (Rochas and Landry, 1987). It is important to 
note that at temperatures above the coil–helix transition, at a suffi cient 
concentration of κ-carrageenan, phase separation by depletion fl occulation 
occurs (Langendorff et al., 1997).

Images from fi eld emission scanning electron microscopy have clearly 
illustrated that κ-carrageenan, when present at concentrations below 
gelling, interacts with the casein micelles forming bridges between the 
protein particles (Martin et al., 2006). At these low concentrations, 
κ-carrageenan inhibits macroscopic phase separation when other non-
interacting polysaccharides are present. Figure 14.4 illustrates the differ-
ence in phase separation behaviour for a milk mixture containing fl axseed 
gum with and without κ-carrageenan (below gelling concentration). 
Flaxseed gum is a water extract from the seed and it is composed of an 
acidic and a neutral fraction, containing four major sugars, L-galactose, 
D-xylose, L-rhamnose and D-galacturonic acid (Oomah et al., 1995). 
Flaxseed gum in milk causes phase separation by a depletion mechanism, 
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and the presence of κ-carrageenan inhibits visible phase separation. As is 
clearly shown in Fig. 14.4, and confi rming previous literature results, the 
mixtures containing κ-carrageenan and phase separating polysaccharides 
are still microscopically organized in clusters, with discrete micelle-rich 
domains and a continuous phase rich in the non-interacting polysaccharide 
(Schorsch et al., 2000; Thaiudom and Goff, 2003). Bridging of the polysac-
charide between casein micelles and the formation of a loose network seem 
to be the key to inhibiting macroscopic phase separation (Bourriot et al.,
1999; Spagnuolo et al., 2005). It has been in fact proven that when helix–
helix association is hindered, by the use of NaI or comparing ι-carrageenan
to κ-carrageenan, without inhibiting the adsorption of the polymer to the 
micelles, the ability of κ-carrageenans to stabilize mixtures against macro-
scopic phase separation is signifi cantly reduced (Spagnuolo et al., 2005).

An interesting feature of the association and bridging between 
κ-carrageenan and κ-casein is that the mixtures do not show a signifi cant 
decrease in the ability of the micelles to freely diffuse. Diffusing wave 
spectroscopy data have recently shown that the casein micelles themselves 
have considerable mobility even when associated with κ-carrageenan
(Alexander and Dalgleish, 2007). This unique interaction mechanism 
between κ-casein and κ-carrageenan has not yet been fully exploited. 
Recently it has been shown that mixing κ-carrageenan with milk at appro-
priate ratios, under shear, causes the formation of large aggregates which 
show a very different functionality to that of the original biopolymers (Ji 
et al., 2008). This implies that value-added ingredients containing aggre-
gates of caseins and κ-carrageenan may be obtained by modulating the 
interactions between the biopolymers.

Other negatively charged polysaccharides (such as pectin) form electro-
static complexes with casein micelles at pH values close to the isoelectric 

(a) (b) (c)

Fig. 14.4 Confocal micrographs of skim milk mixtures observed one hour after 
mixing. Bar 50 µm. Protein stained with FTIC appears brighter. (a) Skim milk, 
(b) Skim milk containing 0.30% fl axseed gum, (c) skim milk containing 0.30% 

fl axseed and 0.03% k-carrageenan.
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point of the caseins. While at pH near neutral, pectins cause phase separa-
tion, at low-pH, high methoxyl pectins (i.e. with lower charges on the 
backbone) are often employed to stabilize low-pH milk products, such as 
acidifi ed milk beverages (Maroziene and de Kruif, 2000). The adsorption 
of pectin around the casein particles seems to occur at a pH between 5.0 
and 4.5, right when the casein micelles show the collapse of the κ-casein
polyelectrolyte brush. The newly adsorbed layer of pectin will increase the 
negative charge on the surface of the protein particles and will also impart 
more steric stability. To stabilize an acid milk beverage, after acidifi cation 
of the milk, high methoxyl pectin is added and the mix is homogenized. At 
a pH close enough to the isoelectric point of the caseins, the high methoxyl 
pectin will adhere to the particles and also form a loose network, which is 
at least in part responsible for the stabilization of the acid drinks as well 
as to the improvement of the mouthfeel (Boulenguer and Laurent, 2003; 
Tromp et al., 2004). Indeed, only a fraction of the biopolymer is actually 
associated with the micelles, and researchers have shown that the casein 
particles are still stable when the unadsorbed part of the pectin is removed 
(Tromp et al., 2004). The dispersed particles are stabilized by an electro–
steric mechanism, and differences in the charge of the polymer strongly 
affect the stabilizing effi ciency. Although low methoxyl pectins are more 
charged at a particular pH than high methoxyl pectins, they do not stabilize 
the acid dispersions, and amongst the high methoxyl pectins, the least 
charged are the most effective (Liu et al., 2006).

Other polysaccharides are also of interest in low pH casein gels. Soybean 
soluble polysaccharide (SSPS), a polysaccharide derived from soy cotyle-
dons, has also been employed to stabilize milk beverages. SSPS contains 
a rhamnogalacturonan backbone branched with galactose and arabinose 
chains. In addition, SSPS contains a small protein portion, which plays 
an important role in the adsorption of this polysaccharides at oil–water 
interfaces (Nakamura et al., 2004). SSPS has been shown to be more effi -
cient than pectin in imparting stability to acid milk at pH < 4.0 (Liu et al.,
2006), forming electrostatic complexes with the casein particles. At these 
pH values, high methoxyl pectins lose their effectiveness in binding 
and stabilizing acid milk dispersions. It has been hypothesized that the 
neutral sugar size chains of SSPS protrude into solution, causing steric 
stabilization.

Perhaps one of the most complex examples of the interaction dynamics 
between a biopolymer and milk proteins (especially casein micelles) can be 
found in the effect of exopolysaccharides (EPS), produced by lactic acid 
bacteria, in texture formation during acid-induced gelation of milk. Lactic 
acid bacteria that produce EPS are often used in starter cultures, to enhance 
the viscosity or the water holding capacity of the acid gels. Recently, EPS 
production by lactic acid bacteria has been a focus of attention for the dairy 
industry. Although there may be a direct relation between the viscosity 
and structure formation, and the amount of EPS produced by the bacterial 
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strain, other factors such as the molecular structure and characteristics of 
the EPS as well as the interactions occurring with the milk proteins play an 
important role (Tuinier et al., 2001; Ayala-Hernandez et al., 2008a). EPS 
can be attached either as capsules to the bacterial cells or excreted by the 
bacteria as unattached material (Hassan, 2007). The ‘ropy’ characteristics 
of some fermented milks are associated with particular types of unattached 
EPS, and could be related to the ability of the polymer to interact with milk 
proteins (Ayala-Hernandez et al., 2008b). The dynamics of the interactions 
are complex, as EPS is gradually produced during fermentation, while the 
environmental conditions as well as the physico-chemical characteristics of 
the casein micelles are also changing. For this reason, the higher pH of 
gelation induced by cultures producing EPS has been attributed to phase 
separation because of a lack of interactions between EPS and the caseins 
at pH > gelation (Girard and Shaffer-Lequart, 2007a). On the other hand, 
there is also evidence of the interactions between EPS and proteins at acid 
pH (Girard and Shaffer-Lequart, 2007a, 2007b; Ayala-Hernandez et al.,
2008a). A microstructural study of milk fermented with a strain producing 
EPS showed gels with large interstitial cavities fi lled with bacterial colonies 
surrounded by polysaccharide (Hassan et al., 2003). This was attributed to 
phase separation and incompatibility between the protein network and the 
EPS produced, which remains in close proximity to the bacterial cells. It 
was also reported that the formation of EPS-rich domains in the gels con-
tributes to the texture and mouthfeel of acid milk gels (Hassan et al., 2003). 
This is an area still under debate, most likely because of the complications 
due to lack of accurate methods to measure the amounts of polysaccharide 
present in the gels and the differences in EPS composition and molecular 
characteristics depending on the bacterial strain. However, the technologi-
cal benefi ts, such as water binding and improved mouthfeel in reduced fat 
cheeses, as well as structuring characteristics of the EPS, continue to emerge 
and more research will be carried out to understand their mechanisms of 
interaction with the milk proteins in fermented dairy matrices.

14.4 Polysaccharides interactions with milk proteins 
adsorbed at oil–water interfaces

In dairy emulsions, the primary emulsifying agent is the proteins (i.e. 
caseins, in either monomeric or micellar form, or whey proteins). The pro-
teins adsorb at the oil/water or air/water interface, protecting the interfacial 
membranes from coalescence. Milk proteins function as surface active 
ingredients in emulsions because of their amphiphilic structure, and they 
contribute to the stability of the emulsion droplets by a combination of 
electrostatic and steric stabilization mechanisms (Dalgleish, 1997). The 
behaviour of the oil droplets will depend on the type of protein adsorbed 
at the interface and the surface load. In aqueous conditions, at pH near 
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neutral and at low ionic strength, casein proteins form loops and tails that 
protrude into solution, and under these conditions the oil droplets covered 
by sodium caseinate do not behave as hard spheres, because of the strong 
steric repulsion between the droplets (Gaygadzhiev et al., 2008). Globular 
whey proteins form thinner and denser layers, and stabilization occurs 
mostly by electrostatic repulsion; at high ionic strength they are present as 
fl occulated systems (Gaygadzhiev et al., 2008).

Emulsions stabilized by dairy proteins often show poor stability to 
changes in pH, ionic strength and processing conditions such as heating, 
cooling or shearing. For this reason, polysaccharides are often added, 
mostly to control the rheological properties of the continuous phase. The 
addition of these biopolymers will improve stability and affect the texture 
and sensory characteristics of the emulsions. Most polysaccharides added 
do not show interfacial activity, with the exception of a few, such as gum 
arabic or SSPS. These polysaccharides contain a polypeptide fraction asso-
ciated to the carbohydrate backbone. This polypeptide is the surface active 
fraction that anchors to the surface of the oil droplet, with the hydrophilic 
carbohydrate portion extending in solution and providing the steric and 
electrostatic stabilization (Williams et al., 1990; Nakamura et al., 2004).

The addition of polysaccharides to emulsions needs to be carefully con-
trolled, because of the interactions occurring between the polysaccharides 
and the proteins adsorbed at the interface. These interactions can be seg-
regative or associative in nature, and they will have implications for stability 
and the formation of particular textures and structures.

When non-interacting, non-adsorbing polysaccharide is added to emul-
sions, depletion fl occulation may occur. This has been reported for dairy 
stabilized emulsions at pH near neutral with added pectin, κ-, ι-, λ-
carrageenan, xanthan gum or fl axseed gum, amongst others (Surh et al.,
2006; Sun et al., 2007). Phase separation is of great importance as it can help 
in the formation of structure; for example, the development of multiple 
emulsions of the oil-in-water-in-water type. These are mixtures of oil drop-
lets and water droplets dispersed in a continuous water phase, with this 
latter phase in a gel-like state to improve stability (Khalloufi et al., 2008, 
2009).

The presence of unadsorbing polysaccharide can also infl uence the heat 
stability of emulsions, as already discussed for the heat-induced aggregation 
of whey protein solutions (Capron et al., 1999; Flett and Corredig, 2009). 
It has been demonstrated that the presence of xanthan or carrageenan 
molecules increases the rate of aggregation of emulsions stabilized by whey 
protein concentrates. As the polysaccharide concentration increases, the 
heat stability of the emulsions is signifi cantly reduced (Euston et al., 2002).

The association of polysaccharide molecules with proteins can occur via 
covalent bonds or physical interactions (for example, electrostatic interac-
tions and formation of coacervates). Protein–polysaccharide conjugates 
can be prepared via non-enzymatic browning (Maillard-type reactions) 
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using dry heating, and these conjugates have shown improved surface activ-
ity and good emulsifying and stabilizing properties, especially if the protein 
present contains a number of hydrophobic moieties (Dickinson and 
Semenova, 1992; Wooster and Augustin, 2006; Akhtar and Dickinson, 
2007). These complexes, formed via heat processing, mimic the structural 
characteristics of surface active polysaccharides such as gum arabic and 
SSPS. This area will surely see developments in the future. In addition to 
dry heating as a method to prepare these protein–polysaccharide conju-
gates, it is possible to form covalent protein–polysaccharide complexes at 
the interface using enzymes such as laccase (Littoz and McClements, 2008).

When charged polysaccharides are added to emulsions, electrostatic 
interactions play an important role in the interactions occurring at the 
interface. In dairy emulsions, typically, attractive interactions occur at pH 
values close to or below the isoelectric point of the proteins, although this 
is not the case for chytosan, a positively charged polysaccharide soluble at 
pH < 6 (Hong and McClements, 2007). The addition of a polysaccharide 
that interacts with the proteins adsorbed at the interface can often cause 
bridging between oil droplets, followed by destabilization and phase sepa-
ration. The destabilization is clearly shown using optical microscopy. Figure 
14.5 illustrates the effect of the addition of various concentrations of fl ax-
seed gum to a 10% oil-in-water emulsion stabilized by whey protein at pH 
3.5. At this pH, fl axseed gum forms complexes with the protein adsorbed 
at the interface, and bridging between oil droplets occurs (Khalloufi et al.,
2009). Bridging fl occulation leads to emulsions with very different bulk 
properties from those of emulsions destabilized by depletion interactions; 
for example, the fl ocs can withstand shear stresses and show higher water 
holding capacity than depleted emulsions (Blijdenstein et al., 2004).

Multilayered interfaces (containing protein and polysaccharide interact-
ing with the protein) can be designed to improve oil-in-water emulsion 
stability to environmental stresses and processing conditions (Guzey and 
McClements, 2006). The charge density of the polysaccharide is important 
in the adsorption of the polymer to protein-stabilized emulsions; for 
example, in the case of β-lactoglobulin covered oil droplets, ι-carrageenan, 
the most charged helical structure amongst the carrageenan molecules, is 
the most effective in creating charged interfacial membranes (Gu et al.,
2005).

Emulsions containing electrostatic complexes of proteins and polysac-
charide at the interface can be obtained by either emulsifying the oil in an 
aqueous dispersion containing the coacervate, or by a layer-by-layer depo-
sition technique. In this case, the emulsion droplets are fi rst emulsifi ed with 
milk proteins (i.e. whey proteins, caseins) and then the polysaccharide is 
added to the soluble phase. The molecules form electrostatic complexes at 
the oil–water interface. The sequence of adsorption of the biopolymers at 
the interface affects the structure and stabilizing properties of the interfa-
cial layer, by creating differences in the gradients and heterogeneities in 
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(a)

(b)

(c)

Fig. 14.5 Optical images of emulsions prepared with whey protein isolate and 
adjusted to pH 3.5. (a) Control, (b) emulsions with 0.02% and (c) 0.1% fl axseed 

gum. Bar is 20 µm.
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the complexes present on the surface. This has been shown clearly, using 
spectroscopic and refl ectivity experiments (Guzey and McClements, 2006; 
Ganzevles et al., 2008). The formation of electrostatic complexes at the 
interface is of considerable importance when considering its potential to 
design new delivery systems that incorporate sensitive bioactives in the 
coacervates. The protection of the nutrients against environmental and 
processing stresses can be enhanced by protecting the nutrients within the 
interfacial layers.

Layer by layer deposition can also occur dynamically during processing; 
however, very few studies have been reported on this topic. For example, 
in a mixed system containing emulsion and high methoxyl pectin (nega-
tively charged) at a pH of 6.8, we have no interactions between the polysac-
charide and the protein adsorbed at the interface. In fact, at high enough 
concentrations of pectin, it is possible to notice the occurrence of phase 
separation by a depletion mechanism. However, if the emulsion droplets 
undergo a change in pH (as for example, during direct acidifi cation or 
fermentation), at a pH low enough, electrostatic adsorption of the high 
methoxyl pectin on sodium caseinate oil droplets will occur (Fig. 14.6) 
(Bonnet et al., 2005; Liu et al., 2007). Without polysaccharide, the emulsions 
undergo a sol–gel transition, but with a suffi cient amount of high methoxyl 
pectin, the droplets are stable and, depending on the amount of 
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Fig. 14.6 Changes in the average hydrodynamic diameter measured by dynamic 
light scattering during acidifi cation of emulsions stabilized with sodium caseinate 
and with added high methoxyl pectin. The emulsions were diluted in their soluble 

phase extracted using ultrafi ltration. While control emulsions (�) clearly show 
aggregation, and the addition of a low amount of high methoxyl pectin delays 

aggregation (0.05%, �), when enough pectin is present (0.2%, �) aggregation is 
inhibited and there is a clear increase in size, caused by the adsorption of the 

high methoxyl pectin at the interface at pH 5.5.
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polysaccharide present, it is possible to modify the pH of gelation of the 
emulsions (Fig. 14.6). Only recently, using non-disruptive techniques such 
as ultrasonic and diffusing wave spectroscopy, it has been possible to show 
that the dynamic changes occurring during processing can be optimized to 
obtain different structures and textures.

14.5 Conclusions

An understanding of the dynamic changes occurring during mixing of poly-
mers with milk proteins is paramount not only for imparting stability to the 
food products, but more importantly to optimize delivery of bioactives and 
design particular structures and textures tailored to the ever increasingly 
sophisticated consumer. Much work still needs to be carried out to under-
stand the complexity of mixtures evolving over time and changing during 
the various stages of processing, storage and digestion.

The creation of encapsulated complexes as used for delivery systems of 
bioactives offers great potential. Much effort is currently focused on inter-
facial engineering of encapsulated structures tailored to specifi c functions, 
such as limited fat intake, controlled release of bioactives, or creation of 
triggers for specifi c reactions at a particular stage of the consumption and 
digestion. While information on the combined physical and biochemical 
changes occurring in these complex systems is still sparse, some studies 
are beginning to emerge; however, novel analytical methodologies need to 
be developed to be able to follow the dynamics of the interactions and the 
coacervates or in the water-in-water or oil-in-water-in-water emulsion 
systems generated from segregative interactions.

Although many biopolymers are commonly added to dairy products, 
surprisingly little is understood on the interactions of some polysaccharides 
commonly found in products (such as starch, inulin or β-glucan). The for-
mation of new biopolymers using enzymes to create covalent crosslinks 
is also not yet fully exploited, as well as much less studied are complexes 
between milk proteins and neutral polymers. Once we clearly understand 
how to control the dynamics of change of the interactions and to fi ne tune 
segreative and associative behaviour, we will be able to create novel struc-
tures and delivery systems. In dairy products, structuring processes com-
monly employed, such as renneting, acidifi cation and heating, should also 
be carefully controlled when other ingredients are present. A better knowl-
edge of these interactions will lead to the manipulation of food sensory 
properties and digestive behaviour of the complexes.
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Novel applications of enzymes in the 
dairy sector: Optimizing functional 
properties of milk proteins by enzymatic 
cross-linking
T. Huppertz, NIZO food research, The Netherlands

Abstract: Milk proteins are probably the most-used protein source world-wide, 
which is no doubt related to their excellent functional properties. In particular, 
their gelation and emulsifi cation properties are utilized in a wide variety of 
popular food products. Functional properties can be modifi ed through enzymatic 
cross-linking, which is commonly performed with the enzyme transglutaminase 
(TGase). Treatment of milk proteins with TGase improves their acid gelation 
properties and thus it has considerable scope for the improvement of texture in 
acid-coagulated dairy products. Enzymatic coagulation of milk is hindered by 
TGase treatment, which limits options for its application in cheese production, 
but may offer opportunities in preventing undesirable enzymatic coagulation of 
milk in other products. The stability of emulsion droplets can also be increased 
by cross-linking the proteins on their surfaces. By targeted application of TGase 
or cross-linking enzymes, many other valuable applications for enzymatic 
cross-linking can undoubtedly be developed.

Key words: transglutaminase, cross-link, casein, whey protein, yoghurt, stability.

15.1 Introduction

In the current food market, an overwhelming proportion of products 
contain one or more sources of proteins. While these proteins clearly fulfi ll 
a nutritional role in the products, they more often than not also confer other 
desirable properties with respect to product texture, fl avour or stability. 
Protein functionality can be described as the desirable, or undesirable, 
attributes conferred by the proteins through interactions with other com-
ponents of the system to which they are applied. Functional properties can 
include, e.g. the formation and stabilization of emulsions and foams, the 
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creation and stabilization of textures, the binding of water, and the building 
of viscosity.

Due to their abundance and relative ease of isolation, milk proteins are 
probably the best-characterized group of food proteins to date. As a result, 
the functionality of milk proteins has long been recognized and has been 
exploited in the utilization of milk as a base material or ingredient in the 
preparation of a wide variety of popular food products, such as cheese, 
yoghurt and ice cream. Additionally, milk proteins are also isolated from 
milk or other dairy streams and applied as crude, semi-purifi ed or highly 
purifi ed fractions in a wide variety of food and non-food products. Major 
milk protein ingredients include sodium and calcium caseinate, milk protein 
concentrate, whey protein concentrate and isolate, and rennet and acid 
casein. A review of the preparation and uses of milk protein ingredients is 
provided by Mulvihill and Ennis (2003) and Rollema (2003). Applications 
of caseins and caseinates in non-food products are reviewed by De Kruif 
(2003).

Although functionality of milk proteins is already very high, studies over 
the past two decades have focused on further improving their functionality, 
by enzymatic cross-linking, which creates covalent linkages between pro-
teins. In this Chapter, the use of enzymatic cross-linking of milk proteins 
to tailor the functional properties of milk is described. Focus is upon two 
of the most-utilized properties, namely gelation properties and emulsifi ca-
tion properties. These properties are outlined in Section 15.2, and Section 
15.3 deals with the enzymatic cross-linking of milk proteins. The physico-
chemical properties of cross-linked milk proteins are outlined in Section 
15.4. Sections 15.5 and 15.6 deal with the gelation and emulsifi cation prop-
erties of cross-linked milk proteins, respectively.

15.2 Functional properties of milk proteins

15.2.1 Gelation properties of milk proteins
The gelation properties of milk proteins, in particular the caseins, form the 
basis for a wide variety of desirable and undesirable phenomena in milk 
and dairy products. Prime examples of desirable gelation phenomena in 
milk are the enzymatic gelation of milk as the primary step in cheese-
making, as well as the acid-induced gelation of milk in the manufacture of 
yoghurt or other acid-coagulated dairy products. On the other hand, exam-
ples of undesirable gelation properties of milk are also in abundance, prime 
examples being the heat-induced gelation of milk and the enzyme-induced 
age-gelation of UHT-treated milk products. The gelation properties of 
caseins are closely related to the degree of the colloidal stability of the 
association colloids in which they naturally occur, i.e. the casein micelles. 
To induce gelation, the colloidal stability of the micelles is reduced, initially 
leading to aggregation and fl occulation of the destabilized micelles, eventua-
lly followed by the formation of a gel.
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Casein micelles are the crucial features in the aforementioned gelation 
properties of milk. Casein micelles are highly hydrated association colloids 
with an average radius of ~100 nm. The micellar dry matter consists of 
~94% protein and 6% inorganic material, referred to as micellar calcium 
phosphate (MCP). MCP is crucial in maintaining the structural integrity of 
the micelles (De Kruif and Holt, 2003). The substructure of the casein 
micelle has been an issue of debate for the past fi ve decades, and will 
undoubtedly remain so in the future. However, a consensus is now being 
reached on MCP, in that it is present in amorphous nanoclusters consisting 
of predominantly calcium phosphate, in which phosphorylated serine resi-
dues of the caseins participate (De Kruif and Holt, 2003). However, in 
terms of gelation properties, the composition and properties of the micellar 
surface are of far greater importance. The micellar surface consists pre-
dominantly of κ-casein, although at low temperature, signifi cant amounts 
β-casein are also found on the micelle surface (De Kruif and Roefs, 1996). 
The hydrophilic and partially glycosylated C-terminus of κ-casein extends 
from the surface, and has been referred to as a ‘hairy layer’, but is better 
termed a polyelectrolyte brush. The polyelectrolyte brush stabilizes the 
micelles through providing both steric and electrostatic repulsion (De 
Kruif, 1999), although the former probably predominates since ionic 
strength in milk is already quite high and can be increased considerably 
further without inducing micellar aggregation.

As with any colloidal particle stabilized by a polyelectrolyte brush, the 
colloidal stability of casein micelles can be effectively reduced by either 
one, or a combination, of two routes: (i) removal of the polyelectrolyte 
brush, or (ii) collapse of the polyelectrolyte brush. Enzymatic coagulation 
is a typical example where colloidal stability is reduced by removal of the 
brush, whereas acid-induced coagulation is brought about by a collapse of 
the brush, as will be outlined in the next two subsections. Heat-induced 
coagulation is, most likely, the result of a combined removal of some of 
the brush and collapse of the residual brush, and is described in third 
subsection.

Enzymatic gelation of milk
Enzymatic coagulation of milk forms the fi rst step in the production of most 
varieties of cheese. During this process, chymosin hydrolyzes the Phe105–
Met106 bond in κ-casein, as a result of which its C-terminus, consisting of 
residues 106–169 and termed the caseinomacropeptide, is released into the 
serum phase of the milk. The residual N-terminus of κ-casein, termed para-
κ-casein, remains attached to the micelles, but is unable to provide the 
para-casein micelle with suffi cient steric and electrostatic repulsion for the 
micelles to remain as separate entities. When suffi cient κ-casein has been 
hydrolyzed by chymosin, i.e. >90%, the residual κ-casein is unable to 
stabilize the micelles and fl occulation commences, following which the 
para-casein micelles form a self-supporting gel. In subsequent stages of the 
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cheese-making process, the gel is cut, which induces syneresis and the 
expulsion of whey. Rennet-induced gelation of milk is reviewed in detail 
by Dalgleish (1992), Hyslop (2003), Horne and Banks (2004) and Dejmek 
and Walstra (2004).

Acid-induced gelation of milk
Acid-induced gelation of milk is based on the destabilization of the casein 
micelles as a result of a collapse of the stabilizing polyelectrolyte brush. 
The protruding C-terminus of κ-casein, which predominates in the brush, 
is soluble primarily as a result of its considerable net-negative charge 
at neutral pH. This negative charge is derived largely from a high number 
of glutamic acid residues, as well as N-acetylneuraminic acid groups of 
the glycosylated fraction of κ-casein. When pH is reduced, the carboxyl-
groups of the glutamic acid residues (pKa = 4.1) gradually become proto-
nated and net-negative charge is thus reduced. Signifi cant protonation of 
N-acetylneuraminic acid residues (pKa = 2.6) does not occur until pH < 4, 
but the residual negative charge provided therefrom is insuffi cient to retain 
solvency of the polyelectrolyte brush and the brush collapses (De Kruif and 
Zhulina, 1996). As a result, residual inter-micellar repulsion is insuffi cient 
to maintain the micelles as individual entities. Acid-induced fl occulation of 
casein micelles thus commences, ultimately leading into the formation of a 
self-supporting gel network. Acid-induced gelation of milk is reviewed in 
detail by Lucey and Singh (1997, 2003).

Heat-induced gelation of milk
Heat-induced coagulation of milk is an undesirable phenomenon which 
occurs on heating milk for a prolonged time at high temperature, e.g. 140°C 
for unconcentrated milk or 110–120°C for concentrated milk. The heat 
stability of milk is infl uenced by a myriad of factors, as reviewed extensively 
by O’Connell and Fox (2003) and Singh (2004). At 140°C, the heat coagula-
tion time (HCT) of bulked unconcentrated milk samples increases with 
increasing pH, up to a maximum at pH ~6.7, followed by a decrease in HCT 
to a minimum at pH ~6.9, on the alkaline side of which HCT increases with 
increasing pH (O’Connell and Fox, 2003; Singh, 2004). For concentrated 
milk, HCT at 120°C increases with increasing pH, up to a maximum at pH 
~6.6, above which HCT progressively decreases with increasing pH 
(O’Connell and Fox, 2003). The infl uence of pH on HCT of unconcentrated 
and concentrated milk is thought to derive from its effects on calcium activ-
ity, heat-induced acidifi cation, heat-induced dissociation of κ-casein and the 
denaturation of whey protein as well as the denatured whey proteins’ sub-
sequent association with micellar and non-micellar caseins (O’Connell and 
Fox, 2003; Singh, 2004). Since the pH-dependency of the aforementioned 
contributors to stability and instability varies, typical HCT profi les are 
obtained. For instance, the concentration of ionic calcium and heat-induced 
acidifi cation of milk are predominantly important in the acidic region, 
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whereas heat-induced dissociation of κ-casein occurs extensively only at pH 
values in the alkaline region of the pH–HCT profi le.

15.2.2 Emulsifi cation properties
Because most proteins have signifi cant amounts of both polar and apolar 
areas, they tend to be surface active and thus accumulate at the oil–water, 
or air–water, interface. The conformation that a protein adopts at the oil–
water interface depends on its molecular structure and interactions. 
Natively-unfolded proteins, e.g. caseins, adopt a conformation at the inter-
face whereby the polar segments protrude into the aqueous phase, the 
non-polar segments protrude into the oil phase and neutral legions lie fl at 
on the interface. As a result, relatively open and thick membranes of low 
visco-elasticity are formed. In contrast, globular proteins, such as the whey 
proteins, have a defi ned orientation at the interface, whereby the predomi-
nantly apolar regions of the surface face the oil phase and the predomi-
nantly polar regions face the aqueous phase. Following adsorption, globular 
proteins can undergo further interactions, as a result of which a highly 
visco-elastic membrane forms (McClements, 1999). Both caseins and whey 
proteins are excellent emulsifi ers, which is of importance, for instance, in 
the homogenization of milk, the preparation of recombined milk, and the 
use of milk powders, caseinates and whey protein isolates and concentrates 
in a wide variety of products, including clinical and infant foods, processed 
cheese and cream liqueur. Emulsifi cation properties of milk proteins are 
reviewed in detail by Dickinson (2003).

15.3 Enzymatic cross-linking of milk proteins

15.3.1 Transglutaminase-induced cross-linking of milk proteins
Cross-linking of milk proteins with transglutaminase (TGase) in an attempt 
to further improve their functionality has been of great academic and 
industrial interest in since the 1980s. TGase catalyzes the acyl-transfer reac-
tion, where the γ-carboximide group of glutamine acts as an acyl donor. 
Acyl-acceptors can, as outlined in Fig. 15.1, be (A) primary amines, includ-
ing (B) the ε-amino-group of lysine. In the latter case, this leads to the 
formation of an intermolecular protein cross-link. In the absence of a 
primary amine, water can act as an acyl-acceptor, thereby leading to deami-
dation of the glutamine residue (Fig. 15.1C). The use of TGase in food 
systems is reviewed by Motoki and Seguro (1998), Nielsen (1995), Zhu 
et al. (1995), Kuraishi et al. (2001) and De Jong and Koppelman (2002). The 
use of TGase in dairy applications is reviewed by Jaros et al. (2006a).

Transglutaminases cover a group of enzymes that occur widely in nature, 
having been discovered in plants and most bodily tissues and fl uids. 
Molecular properties of transglutaminases are described by Folk (1980) and 
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Folk and Finlayson (1977). In the human body, TGase, also known as 
Factor XIII, is involved in the blood coagulation system and cross-links 
fi brin. Applications for TGase in food production became commercially 
relevant following the discovery of extracellular TGase production by 
Streptoverticillium species, as reported by Ando et al. (1989). Since then, 
large-scale food-grade production of TGase by Streptoverticillium 
mobaraence S-8112 has been commercialized by the Japanese company 
Ajinomoto. The production of TGase by microbial fermentation is reviewed 
by Zhu et al. (1995). In contrast to most other types of TGase, microbially-
produced TGase does not require the presence of Ca2+ for the expression 
of activity. Activity of microbial TGase increases ~10-fold in near-linear 
fashion between 5 and 50°C, with activity rapidly decreasing at tempera-
tures >60°C due to inactivation of the enzyme. Optimal pH for TGase is in 
the range 5–8, with little or no activity observed at pH < 4 or >9 (Seguro 
et al., 1996).

When milk is incubated with TGase, the caseins are rapidly cross-linked, 
whereas the whey proteins remain unaffected (Hinz et al., 2007). This is 
undoubtedly related to the fact that glutamine- and lysine-residues in the 
natively-unfolded caseins are readily accessible, whereas these residues are 
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largely buried inside the globular whey proteins. Accessibility of the pro-
teins to TGase can be enhanced by treatment with dithiolthreitol (DTT), 
which unfolds the protein through cleavage of disulphide bonds (Coussons 
et al. 1992; De Jong and Koppelman, 2002; Lee et al., 2002) or by increasing 
pH to 8.5–9.0, where β-lactoglobulin is partially-unfolded (Faergemand 
et al., 1997a) or by denaturation of β-lactoglobulin as a result of heat treat-
ment (O’Sullivan et al., 2002a) or high pressure treatment (Lauber et al.,
2003). In addition, TGase-induced cross-linking of α-lactalbumin can be 
improved by removing the calcium-ion bound in the native structure 
(Sharma et al., 2002; Nieuwenhuizen et al., 2003). In whole milk, buttermilk, 
and cream, the proteins of the milk fat globule membrane are also suscep-
tible to TGase-induced cross-linking (Hinz et al., 2007).

Compared to in milk, cross-linking of caseins occurs much more readily 
in sodium caseinate (Lorenzen, 2000a), which is undoubtedly related to the 
more accessible structure of the protein aggregates of sodium caseinate, 
which are approximately an order of magnitude smaller than the casein 
micelles and hence have a considerably higher accessible surface area.

In milk at 30–40°C and natural pH, the rate of TGase-induced cross-
linking of caseins is in the order κ-casein > β-casein > αs-caseins (Sharma 
et al., 2001; Smiddy et al., 2006; Huppertz and De Kruif, 2007a,b; Hinz 
et al., 2007). This order of cross-linking probably largely refl ects the acces-
sibility of the various caseins for TGase, with κ-casein being found predomi-
nantly on the readily-accessible micellar surface, whereas the αs-caseins are 
largely found in the poorly-accessible micellar core (De Kruif and Holt, 
2003). Altering micelle structure infl uences the susceptibility of the caseins 
towards cross-linking, as is exemplifi ed by studies by Moon et al. (2009) 
who observed that, particularly, susceptibility of κ-casein to TGase-induced 
cross-linking strongly depends on milk pH, with considerably less β-casein
being cross-linked at high pH (8–9) than at low pH (5.5–6.5). In sodium 
caseinate, the susceptibility of caseins to cross-linking is κ-casein > αs-caseins
> β-casein (Tang et al., 2005).

TGase-induced cross-linking of milk proteins is by no means optimal in 
milk. This has been related to the potential presence of a low molecular 
mass TGase-inhibitor in milk (De Jong et al., 2003). Cross-linking of pro-
teins in milk is further improved by pre-heating the milk (Bonisch et al.,
2004, 2006; Rodriguez-Nogales, 2006), but this cannot be unambiguously 
attributed to heat-induced inactivation of a potential enzyme inhibitor, as 
suggested by Bonisch et al. (2004, 2006), since heat treatment may also 
improve accessibility of the caseins for TGase through changes in micelle 
structure. The addition of glutathione to milk also improves TGase-induced 
cross-linking of milk (Bonisch et al., 2007a), which may again be due 
to improved substrate accessibility. Glutathione induces sulphydryl–
disulphide interchange reactions, which reduce the size of disulphide-
linked protein aggregates (Dong and Hoseney, 1995), and can thus break 
down the κ-casein aggregates present at the micellar surface.
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15.3.2 Tyrosinase and laccase-induced cross-linking of milk proteins
Tyrosinase (EC 1.14.18.1; monophenol monooxygenase) belongs to the 
group of phenol oxidases and is widespread in nature. The enzyme is found 
in animals, plants, fungi and bacteria, where it is involved in the biosynthesis 
of melanin pigments from the amino acid tyrosine, as well as from other 
phenolic compounds (Claus and Decker, 2006). Tyrosinase catalyzes the 
oxidation of various phenolic compounds to their corresponding quinones, 
using oxygen as an electron acceptor. These quinones are highly reactive 
and may undergo further non-enzymatic reactions (Selinheimo et al., 2006). 
In tyrosinase-induced protein cross-linking, tyrosinase catalyzes two distinct 
subsequent oxidative reactions: the fi rst reaction involves a monophenolase 
activity, whereby the phenol groups of tyrosine is hydroxylated; the second 
reaction involves a diphenolase activity, whereby the substrate is further 
oxidized to form a quinone. Both reactions are outlined in Fig. 15.2. The 
quinone may subsequently react non-enzymatically with another quinone, 
the free sulphydryl group of a cysteine residue, or the ε-amino-group of a 
lysine residue, forming inter-molecular cross-links, as outlined in Fig. 15.3.

When pasteurized skim milk is incubated at 30°C with Trichoderma 
reesei tyrosinase, cross-linking of caseins occurs readily at 30°C in the pres-
ence oxygen, whereas the whey proteins α-lactalbumin and β-lactoglobulin
are not cross-linked under these conditions (Lille et al., 2007). All caseins 
are susceptible to tyrosinase-induced cross-linking under the aforemen-
tioned conditions, with κ-casein and β-casein apparently being most sus-
ceptible to tyrosinase-induced cross-linking. Pre-heating pasteurized milk 
at 90°C for 5 min prior to incubation with tyrosinase does not yield signifi -
cant additional tyrosinase-induced cross-linking of caseins and does not 
improve the susceptibility of whey proteins to tyrosinase-induced cross-
linking (Lille et al., 2007).

Like tyrosinase, some laccases can also induce cross-linking of proteins. 
Laccases are mainly found in fungi and plants, but have also been found in 
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insects and bacteria. Laccases are able to oxidize various phenolic com-
pounds and amines. Laccase-induced oxidation occurs through the removal 
of one electron, which yields the formation of free radicals, as outlined in 
Fig. 15.4. In proteins, tyrosine, cysteine and tryptophan residues can be 
oxidized by laccase (Mattinen et al., 2006). Studies on laccase-induced 
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cross-linking of proteins in milk have not been reported to date. Such 
studies may be of interest in considering alternatives for TGase to induced 
cross-linking of milk proteins, but the low pH optimum (4–5) for most 
laccases should be taken into account and may induce limitations in 
applicability.

15.4 Physicochemical properties of cross-linked 
milk proteins

15.4.1 Casein micelles
Data on the physicochemical properties of casein micelles cross-linked by 
tyrosinase or laccase have not been published to date, but over the last 
decade or so a wealth of information has become available on the physico-
chemical properties of caseins cross-linked by TGase. Following incubation 
with TGase, casein micelle size in unconcentrated milk remains unaffected 
(O’Sullivan et al., 2002a; Vasbinder et al., 2003; Mounsey et al., 2005; 
Huppertz and De Kruif, 2007b, 2008; Huppertz et al., 2007), suggesting that 
cross-linking in this medium is exclusively intra-micellar and not inter-
micellar. However, when concentrated milk systems are incubated with 
TGase, gelation can occur, suggesting that when inter-micellar distance is 
suffi ciently small, inter-micellar cross-linking can occur (Nonaka et al.,
1992). The zeta-potential of cross-linked casein micelles is also comparable 
to that of native casein micelles (Huppertz and De Kruif, 2008), which is 
not surprising considering that it is, to a large extent, determined by the 
negative charge on glutamic acid residues of κ-casein as well as the 
N-acetylneuraminic acid of the glycosylated κ-casein, neither of which is 
involved in the cross-linking reaction. Microstructure of cross-linked casein 
micelles is comparable to that of native casein micelles, as evidenced by 
similarities in scattering spectra obtained by small-angle neutron scattering 
(SANS) and small-angle X-ray scattering (SAXS) (Huppertz and De Kruif, 
2008). Improved water-binding of TGase-treated casein micelles has been 
reported by Imm et al. (2000).

The ability of the micelles to retain their structural integrity under unfa-
vourable conditions is improved signifi cantly as a result of TGase-induced 
cross-linking. Native casein micelles are association colloids, whose struc-
ture is determined by cooperative weak interactions between the proteins 
and ionic interactions between the phosphorylated serine residues of the 
caseins with the calcium phosphate nanoclusters (De Kruif and Holt, 2003). 
As a result, casein micelles are disrupted when the protein–protein or 
protein–nanocluster interactions are disturbed. In contrast, when all micel-
lar casein is cross-linked, micelles become completely stable against disrup-
tion and start behaving more like micro- or nanogel particles, which are 
fully stabilized against disruption but shrink or swell as a result of altered 
solvent conditions (Huppertz et al., 2007).
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The increased stability of cross-linked casein micelles is exemplifi ed in 
their increased stability on addition of the chaotropic agent urea (O’Sullivan 
et al., 2002a; Smiddy et al., 2006), the detergent sodium dodecyl sulphate 
(Smiddy et al., 2006), or the calcium chelator trisodium citrate (O’Sullivan 
et al., 2002a; Smiddy et al., 2006), or on an improvement in solvent quality 
on heating milk in the presence of ethanol (O’Sullivan et al., 2002a; Smiddy 
et al., 2006) or on the treatment of milk at high hydrostatic pressure 
(O’Sullivan et al., 2002a; Smiddy et al., 2006; Huppertz and Smiddy, 2008). 
When all caseins are cross-linked, the light scattering behaviour of the 
micelles in the presence of urea, citrate or a combination thereof, fi ts that 
predicted when taking into account the infl uence of such additives on 
refractive index and micellar mass, hence suggesting complete stability of 
the particles (Huppertz et al., 2007). Cross-linked micelles swell in the pres-
ence of urea or on chelation of micellar calcium (Huppertz et al., 2007).

15.4.2 Sodium caseinate
Properties of TGase-treated sodium caseinate have been widely reported. 
After incubation of sodium caseinate with TGase, aggregates have a molec-
ular mass up to ~2000 kDa, i.e. up to ~100 casein monomers (Lorenzen 
et al., 1998), which suggests largely intra-particle cross-linking. As a result 
of TGase-induced cross-linking, gelation of concentrated caseinate suspen-
sions or caseinate-stabilized emulsions can occur, provided the protein 
content is suffi ciently high. A sodium caseinate suspension containing 2.7% 
protein did not gel on incubation with TGase, but incubation of a caseinate 
suspension containing 7.2% protein yielded the formation of a transparent 
gel which did not exhibit syneresis on cutting (Partanen et al., 2008). A more 
concentrated suspension of sodium caseinate (12.5% protein), as well as 
an emulsion prepared therefrom, also gelled on incubation with TGase 
(Nonaka et al., 1992). TGase-induced gelation of sodium caseinate suspen-
sions is probably aided by the fact that the water-binding capacity of the 
product is improved compared with its untreated variant (Lorenzen, 2000a, 
2007). Acid-induced gelation of sodium caseinate is also affected by TGase 
treatment, with gels formed from TGase-treated sodium caseinate showing 
considerably higher fi rmness and fi ner gel structure (Myllarinen et al., 2007; 
Partanen et al., 2008).

Solubility of sodium caseinate at pH < 4 and at pH ~5 is improved con-
siderably on treatment with TGase (Flanagan et al., 2003) and can be 
improved further by combining TGase treatment with partial enzymatic 
hydrolysis by a Bacillus proteinase, either before or after TGase treatment 
(Flanagan and Fitzgerald, 2002). Furthermore, TGase-treatment of sodium 
caseinate suspension reduced the development of turbidity and pH 4.6-
soluble nitrogen during heat treatment at 140°C, suggesting that treatment 
with TGase improves the stability of sodium caseinate to heat-induced 
coagulation and heat-induced hydrolysis (Flanagan et al., 2003). Treatment 
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of sodium caseinate with TGase offers little potential for improving foaming 
properties (Flanagan et al., 2003) and some minor improvements in emul-
sifying properties (Flanagan et al., 2003; Tang et al., 2005) that are outlined 
further in Section 15.6.

15.4.3 Whey proteins
Compared to casein, as described above, studies on the properties of 
TGase-treated whey proteins are far less in abundance. TGase-induced 
gelation of whey protein solutions has not been observed, but Eissa and 
Kahn (2005) showed that the storage modulus of acid-induced gels from 
preheated whey protein were approximately 2-fold higher for TGase-
treated variants than for untreated variants. In addition, Gauche et al.
(2008) showed that incubation of reconstituted whey powder (50%, m/m) 
with TGase changed the fl ow behaviour of the sample towards less 
Newtonian and more pseudoplastic behaviour. TGase-treatment also 
increased the heat stability of a whey protein concentrate solution, but did 
not infl uence its solubility or viscosity (Lorenzen, 2007).

15.5 Gelation properties of milk systems subjected to 
enzymatic cross-linking

15.5.1 Acid-induced gelation
Acid-coagulation properties of casein micelles are strongly affected by 
TGase treatment, with acid-induced fl occulation of cross-linked casein 
micelles commencing at a considerably higher pH than that for native 
casein micelles (Schorsch et al., 2000; Anema et al., 2005; Huppertz and De 
Kruif, 2008). In addition, improved storage modulus was observed for acid 
gels prepared from TGase-treated pasteurized skim milk (Anema et al.,
2005) or phosphocasein suspensions (Schorsch et al., 2000). However, these 
results could not be confi rmed for acid gels from 1.5% fat UHT milk, for 
which Jaros et al. (2006b) observed improved large-deformation properties 
but no effect of small deformation properties. The reason for these differ-
ences is unclear at present; it could be related to the presence of fat in this 
system, which, as discussed later, reduces the positive effects of TGase, or 
due to the use of UHT-treated milk, which notably produces rather poor 
acid milk gels. Acid-gels prepared from TGase-treated phosphocasein sus-
pensions were also shown to be less susceptible to syneresis and tempera-
ture-induced changes in microstructure (Schorsch et al., 2000). Acid gelation 
properties of TGase-treated milk could be further enhanced by performing 
the incubation with TGase at 400 MPa rather than at atmospheric pressure 
(Anema et al., 2005). Acid coagulation of completely cross-linked casein 
micelles can further be manipulated by adjustment of their micellar calcium 
phosphate content; the pH at which acid-induced fl occulation of cross-
linked casein micelles commenced increases in near-linear fashion with 
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increasing micellar calcium phosphate content (Huppertz and De Kruif, 
2008).

Perhaps quite surprisingly, the mechanism for the TGase-induced reduc-
tion in acid stability of casein micelles has received little attention thus far. 
Huppertz and De Kruif (2008) reasoned that TGase-induced reductions in 
the stability of casein micelles to acid-induced coagulation are probably 
related to a reduced degree of steric repulsion provided by the casein brush 
on the micelle surface, due to reduced mobility of the cross-linked proteins. 
Steric stabilization of casein micelles contains a large entropic term (Tuinier 
and De Kruif, 2002), which is likely to be reduced considerably when the 
casein brush is cross-linked.

The improved acid-induced coagulation properties of cross-linked casein 
micelles offer great potential for improving the texture of yoghurt and other 
acid-coagulation dairy products. Particularly, the application of TGase 
in set-yoghurt manufacture has been studied extensively. Both the pre-
treatment of milk with TGase and TGase treatment during acidifi cation 
have been studied, as outlined in Tables 15.1 and 15.2 respectively. From 
these tables, it is apparent that yoghurt prepared from TGase-treated milk 
has a higher fi rmness and lower syneresis than equivalents produced from 
untreated milk. Particularly in set-yoghurt prepared from TGase-treated 
milk, it is apparent that the effects of TGase are greatest in skim milk 
yoghurt and gradually diminish with increasing fat content (Table 15.1). In 
addition, the sensory perception of the yoghurt is also infl uenced. Sensory 
evaluation by Lorenzen et al. (2002) revealed that set-yoghurt prepared 
from TGase-treated milk was perceived as less acidic, less intense in odour 
and taste, and fi rmer, compared with yoghurt prepared from untreated skim 
milk. In contrast, set-style yoghurt produced by the simultaneous TGase-
treatment and acidifi cation of milk was perceived as more fl aky and gritty 
(Faegemand et al., 1999a).

Stirred yoghurt prepared from TGase-treated milk also shows improved 
viscosity, when TGase treatment is carried out prior to or during acidifi ca-
tion (Table 15.3). Care should be taken, however, with the combined acidi-
fi cation and TGase treatment, although presented by Bonisch et al. (2007b,c) 
as a rapid method of improving yoghurt properties, compared to the more 
lengthy pre-treatment of milk with TGase. The results of Bonisch et al.
(2007b) clearly indicate that TGase remains active in the fi nal product. 
Since residual activity is detectable, this would necessitate the inclusion 
of TGase on product labelling as a ‘novel food ingredient’ in most jurisdic-
tions, whereas TGase can be classifi ed as a ‘processing aid’ once fully 
inactivated.

15.5.2 Rennet-induced gelation
As a result of the TGase-induced cross-linking of caseins, the rennet gela-
tion of milk is impaired, as highlighted by increases in the time required to 
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Table 15.1 Properties of set-style yoghurt prepared from TGase-treated milk

Reference Substrate type Major effects of TGase

Faergemand 
and Qvist 
(1997)

Reconstituted skim 
milk

• Increased storage modulus (~5-fold)
• Increased yield stress (~3-fold)
• Reduced permeability (~2-fold)
• Finer protein network in yoghurt

Lorenzen and 
Schlimme
(1998)

Whole milk (3.5% 
fat)

• Increase fermentation time
• Increased gel strength
• Reduced syneresis
• No effect on acidity

Lorenzen
et al. (1999)

Milk (3.2% protein, 
0–10% fat)

• Increased fermentation time (~15%)
• Increased gel strength for skim milk 

(~100%), 1.5% fat milk (~50%) and 
3.5% fat milk (~30%)

• Reduced gel strength for 10% fat 
milk (~10%)

• Reduced syneresis (~2-fold)
• Reduced acidity (~10%)

Lauber
et al. (2000)

Skim milk • Increased breaking strength (~40%) 
(breaking strength correlates 
directly with degree of cross-linking.

Neve
et al. (2001)

Pre-heated (5 min 
92°C) skim milk

• Little effect on growth rate of 
bacteria

• Increase in fermentation time 
(~10%)

• Reduced acidity
• Increase gel strength (effect 

increases with storage time if TGase 
is not inactivated)

• Reduced syneresis (effect increases 
with storage time if TGase is not 
inactivated)

Lorenzen
et al. (2002)

Pre-heated (5 min 
92°C) skim milk, 
low-fat milk (1.5% 
fat) or full-fat milk 
(3.5% fat)

• Reduced acidity (~10% in skim milk 
and full-fat milk)

• Increased gel strength (effect 
greatest in skim milk and smallest in 
full-fat milk; effect enhanced during 
storage if TGase is not inactivated)

• Reduced syneresis (effect greatest in 
skim milk and smallest in full-fat 
milk; effect enhanced during storage 
if TGase is not inactivated)

• Less-intense fl avour and odour 
(sensory assessment)

• Increased fi rmness, creaminess and 
graininess (sensory assessment)
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Table 15.2 Properties of set-style yoghurt prepared using the simultaneous 
acidifi cation and TGase-treatment of milk

Reference Substrate type Major effects of TGase

Faergemand 
et al. (1999a)

Recombined milk 
(3.7,4.3 or 4.7% 
protein, 1.5 or 
3.4% fat)

• Increased gel fi rmness (effect of 
greater at higher protein and 
higher fat content and higher 
enzyme concentration)

• Decreased gel permeability 
(effect greater at lower protein 
and lower fat content and higher 
enzyme concentration)

• Texture properties (sensorial 
assessment) of low-fat TGase 
variant comparable to high fat 
variant without TGase

Lorenzen and 
Schlimme (1998)

Whole milk 
(3.5% fat)

• Increase fermentation time
• Increased gel strength
• Reduced syneresis
• No effect on acidity

Table 15.3 Properties of stirred-style yoghurt prepared using TGase

Reference TGase treatment Substrate type Major effects of TGase

Jaros et al.
(2007)

Prior to 
fermentation

Pre-heated
(30 min 90°C) 
reconstituted
skim milk

• Increased viscosity 
(effect decreases at 
high shear rate)

• Increased thixotropic 
behaviour

• Increased complex 
modulus (G*)

Bonisch et al.
(2007b)

During
fermentation

Pre-heated
(3 min 95°C) 
reconstituted
skim milk

• Increased viscosity 
(effect increases during 
storage)

• Coarser product 
appearance

Bonisch et al.
(2007c)

Pasteurized
skim milk

• Increased viscosity 
(effect increases with 
enzyme concentration 
and over storage)

induce visual coagulation, i.e. the rennet coagulation time (RCT) (Lorenzen, 
2000b; O’Sullivan et al., 2002a; Huppertz and de Kruif, 2007a) and reduc-
tion in the rate of development of fi rmness of the coagulation (Huppertz 
and De Kruif, 2007a; Bonisch et al., 2008). These effects are unlikely to 
be related to cross-linking of proteins in the micellar core, since TGase 
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treatment of para-casein micelles prepared by cold-renneting did not impair 
milk’s coagulation properties (O’Sullivan et al., 2002a). More likely, 
impaired renneting of TGase-treated milk is due to the cross-linking 
of caseins, particularly κ-casein, on the micellar surface. According to 
Lorenzen (2000b), O’Sullivan et al. (2002b) and Bonisch et al. (2008), 
impaired renneting of TGase-treated casein micelles is due to the fact that 
the enzymatic hydrolysis of κ-casein by chymosin is inhibited. They sup-
ported this claim with experimental data showing a reduced rennet-induced 
release of caseinomacropeptide into the milk serum from TGase-treated 
milks. If reduced enzymatic hydrolysis of κ-casein was the cause of TGase-
induced impaired renneting of milk, one would logically expect the time 
required for the onset of fl occulation , which is identifi able as the minimum 
in time-profi les determined by light scattering or rheological measure-
ments, to increase signifi cantly. This expected increase in the time required 
for the onset of gelation to occur, however, was not observed in the diffus-
ing wave spectroscopy studies of Huppertz and De Kruif (2007a). These 
authors observed only a small TGase-induced increase in the fl occulation 
time, and observed that it is primarily the rate of aggregation of the ren-
neted casein micelles that is affected by treatment with TGase. The rate of 
rennet-induced aggregation of TGase-treated casein micelles showed a 
positive linear correlation with the degree of non-cross-linked κ-casein and 
a positive linear correlation with the reciprocal of RCT; the degree of non-
cross-linked κ-casein also showed a linear correlation with the reciprocal 
of RCT (Huppertz and De Kruif, 2007a). These fi ndings strongly suggest 
that the cross-linking of κ-casein on the micelle surface results in a reduced 
rate of aggregation of renneted micelles, as a result of which a weaker gel, 
or no gel at all, will form. The impaired renneting of cross-linked casein 
micelles limits the applicability of TGase-treatment as a pretreatment in 
cheese-making. However, studies on the inclusion of TGase in the cheese-
matrix at a later stage may still yield interesting options for the modifi cation 
and tailoring of textural properties of cheese.

15.5.3 Heat-induced gelation of milk
TGase treatment of milk has also been studied as a pre-treatment with the 
aim of extending the stability of milk against heat-induced gelation. As 
outlined in Section 15.2.1 (Heat induced gelation of milk), heat-induced 
dissociation of κ-casein from the micelle has been attributed a major role 
in promoting the heat-induced coagulation of unconcentrated and concen-
trated milk products, so prevention thereof can thus contribute to an 
improved stability of milk against heat-induced coagulation. TGase treat-
ment of milk transforms the heat coagulation time–pH profi le of unconcen-
trated milk from one containing a maximum and minimum to a sigmoidal 
one, where heat coagulation time increases with increasing pH. TGase-
induced improvements in the heat stability of unconcentrated milk are 
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indeed observed, but only at pH-values >~6.6 (O’Sullivan et al., 2001, 
2002b; Mounsey et al., 2005; Huppertz and De Kruif, 2008). At lower pH, 
TGase-treatment actually reduces the heat stability of unconcentrated milk 
(Mounsey et al., 2005; Huppertz and De Kruif, 2008). The improved heat 
stability at pH > 6.7 is probably due to the fact that heat-induced dissocia-
tion of κ-casein is prevented by TGase-induced cross-linking. The TGase-
induced reduction in the heat stability of unconcentrated milk at pH < 6.7 
is probably due to the fact that TGase-treatment improves the susceptibility 
of casein micelles to acid-induced coagulation, which plays a major role in 
the heat-induced coagulation at low pH (Huppertz and De Kruif, 2008). 
The heat stability of cross-linked casein micelles can be further modifi ed 
by adjusting their MCP content; the sigmoidal HCT–pH profi le of TGase-
treated milk progressively shifts to more alkaline values with decreasing 
MCP content (Huppertz and De Kruif, 2008).

The heat stability of concentrated milk is also infl uenced considerably 
by treatment with TGase. The original profi le with a maximum at pH 
6.5–6.6 is changed into one where, as for unconcentrated milk, heat coagu-
lation time increases with increasing pH (O’Sullivan et al., 2001). Heat 
stability is improved at pH > ~6.6 but reduced at lower pH. It is likely that, 
as for unconcentrated milk, the reduced dissociation of κ-casein and the 
reduced stability of the cross-linked micelles to acid-induced coagulation 
are responsible for the effects observed, although further study may be 
required to confi rm this. Overall, TGase-induced changes in the heat stabil-
ity of milk offer relatively few commercial opportunities, since the improve-
ments in heat stability that are observed occur at pH values far above the 
natural pH of such milk systems.

15.6 Emulsifi cation properties of cross-linked milk proteins

Hinz et al. (2007) studied the emulsifi cation properties of milk proteins 
cross-linked by TGase-treatment in raw whole milk, and by preparing 
recombined milk from skim milk treated with transglutaminase. In both 
systems, pre-treatment of the milk proteins by TGase prior to homogeniza-
tion impaired the emulsifi cation properties of the milk proteins, as evi-
denced by the formation of clusters of fat globules, particularly at high 
homogenization pressures. This is caused by the fact that the cross-linked 
casein micelles are not able to spread over the oil–water interface like 
native casein micelles. As a result, the cross-linked casein micelles are not 
able to cover the full fat globule surface in homogenized milk and homog-
enization clusters are formed (Hinz et al., 2007). These results indicate that 
care should be taken in the use of cross-linked casein micelles as an emulsi-
fi er as they are able to cover a far smaller fat globule surface than their 
native counterparts. However, there may be some advantages as well, as 
the use of cross-linked casein micelles on the droplet surface is likely to 
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increase protein-surface load considerably, and hence potentially increase 
stability of the droplet and make them less susceptible to creaming.

In addition, TGase-induced cross-linking of the proteins of the milk fat 
globule membrane also occurs and, when performed in cream, such treat-
ment stabilizes the fat globules against coalescence (Hinz et al., 2007). 
Although further study of these phenomena is required, the fi ndings may 
be exploited for improving the stability of cream against rebodying or plas-
ticization which occurs on temperature cycling of the cream.

The infl uence of cross-linking of caseinates, whey proteins and individual 
whey proteins on their emulsifying properties was studied by Faergemand 
and co-workers. Treatment of emulsions stabilized by sodium caseinate, 
β-casein or αs1-casein with TGase resulted in a rapid increase in the surface 
shear viscosity, the extent of the rate of increase being >5-fold higher for 
the fi rst two emulsions than for the last (Faergemand et al., 1997b, 1999b). 
Such increases in surface shear viscosity indicate that TGase treatment can 
be used to improve the stability of casein-stabilized emulsion droplets, 
which was indeed observed by Faergemand et al. (1998). Treatment of 
caseinate-stabilized emulsions with TGase was shown to improve the stabil-
ity of the emulsion towards creaming, Ostwald ripening and ethanol-
induced fl occulation (Faergemand et al., 1998). Surface shear viscosity of 
β-lactoglobulin-stabilized emulsion droplet, which is naturally higher than 
that of casein-stabilized emulsion droplets, also increased as a result of 
cross-linking, but to a far lesser extent (Faergemenad et al., 1997b). In addi-
tion, the stability of β-lactoglobulin-stabilized emulsion droplets to Ostwald-
ripening, creaming and ethanol-induced fl occulation was also improved by 
treatment with TGase (Faergemand et al., 1998).

15.7 Conclusions

The enzymatic cross-linking of milk proteins alters milk’s properties con-
siderably, as a result of which major changes in functionality are observed. 
One of the most obvious positive examples is the improved acid-induced 
gelation properties of milk treated with TGase or tyrosinase; the former is 
now commercially applied. Other applications are arguably a few steps 
further away from commercial application but are nonetheless equally 
promising. In particular, fi ndings on the ability of TGase to improve the 
stability of emulsions are worthy of further exploration. Likewise, although 
TGase treatment impairs rennet coagulation of milk, it may be applicable 
in products where enzymatic coagulation is actually an undesirable phe-
nomenon, e.g. UHT-treated milk products. The fi eld of utilization of TGase 
or other cross-linkers in modifying the functionality of milk protein ingre-
dients is also still an area that shows considerable promise. Finally, further 
study on the use of cross-linking enzymes other than TGase should high-
light whether these can be utilized to achieve desirable effects not readily 
achievable with TGase.
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Improving technological and functional 
properties of milk by high-pressure 
processing
A. L. Kelly, K. I. Kothari, D. D. Voigt, University College Cork, Ireland; 
T. Huppertz, NIZO food research, The Netherlands

Abstract: High-pressure processing has become an established technology for 
treating meat, fruit and fruit juices, shellfi sh and ready meals over the last 15 
years. In the same period, the changes in milk constituents have been studied in 
detail, and found to be often unique: for example, changes in casein micelle 
properties and denaturation of whey protein affect the gel assembly process in 
cheese and yoghurt. Today, the understanding of the effects of high pressure on 
milk is quite advanced, and is reviewed in this chapter, along with current and 
possible commercial implications of these changes.

Key words: high-pressure processing; milk; cheese; yoghurt; ice cream.

16.1 Introduction to high-pressure processing 
in the food industry

The principal manner of extending the shelf-life and ensuring the safety of 
food products involves the application of heat treatment; the scientifi c basis 
for this principle was established by Louis Pasteur over 100 years ago. 
Interestingly, however, not long after Pasteur’s studies on the preservation 
of a range of foods by heating, an American agricultural chemist, Bert Hite, 
demonstrated that applying an entirely different physical force, pressure, 
could also achieve inactivation of undesirable micro-organisms. A number 
of subsequent studies in the early years of the 20th century showed that 
high-pressure (HP) treatment could also induce changes in food properties, 
such as coagulation of egg proteins. However, HP processing remained 
a curious footnote in the annals of food research for almost another eighty 
years, due to a lack of available equipment to extend this proven concept 
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to practical commercial processing. Only after engineering developments 
in materials science allowed the production of large-scale vessels capable 
of reaching and maintaining extremely high pressures did the fi rst HP-treated 
food products reach the market, with the launch of HP-treated jams, jellies 
and other products in Japan around 1990.

Today, HP processing has become established as a successful niche 
application in several countries, in all cases for products where the unique 
benefi ts of the technology outweigh the very signifi cant capital investment 
in equipment required for commercial application. Table 16.1 summarises 

Table 16.1 Some commercially available HP-processed food products. (Adapted 
from Hogan et al., 2005 and based on personal communication from Dr Carole 
Tonello, NC Hyperbaric, Burgos, Spain.)

Product Manufacturer Country

Guacamole, salsa dips, ready-
meals and fruit juices

Fressurized Foods USA

Hummus Hannah International USA
Processed poultry products Purdue Farms USA
Oysters Motivatit Seafoods USA

Goose Point Oysters USA
Joey Oysters USA

Lobsters Clearwater Canada
Ocean Choice Canada
Seafood 2000 Canada

Crab Phillip’s Seafoods USA
Desalted cod Ghezzi Italy
Fruit and vegetable juices Ultifruit France

Beskyd Frycovice Czech Republic
Danny Boy Australia
Ata Italy
Leahy Orchards Canada
Frubaca Portugal

Tomato sauces SimplyFresco USA
Avocado products San Lorenzo Mexico

Calavo USA
Soya products Toby’s USA
Sliced ham and tapas Espuña Spain
Sliced, cured and marinated meat Campofrio Spain
RTE sliced meats Hormel USA

Kraft Foods USA
Cured smoked ham Abraham Germany
Preservative-free chicken strips Purdue Farms USA
Sliced and diced poultry products Tyson Foods USA
RTE meals and salads Maple Leaf Canada
Sliced harm and cured meats Santa Maria Foods Canada
Chicken sausages Lou famous USA
Cheese sandwich fi lling Rodilla Spain
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the key current areas of commercial application of HP processing. The 
relative under-representation of dairy products within the commodities 
listed is noteworthy, and this chapter will outline some of the reasons for 
this, and explore potential future applications for HP processing in the 
dairy area, particularly for functional products.

16.2 Effects of high-pressure treatment on constituents and 
properties of milk

16.2.1 Effect of high pressure on physico-chemical equilibria
The physicochemical properties of milk under any given conditions are 
determined by a myriad of equilibria. For instance, the intra- and intermo-
lecular associations of proteins are dependent on a balance between asso-
ciation of parts of the protein and their solvation by water. Cooperative 
attraction may result from van der Waals attractions, hydrogen bonding, 
hydrophobic interactions and electrostatic interactions, whereas repulsion 
will be predominantly electrostatic in nature. Hydration of proteins (either 
favourable or unfavourable) is determined by the physicochemical proper-
ties of both the solvent and the protein.

In milk, the stability of casein micelles is also largely dependent on a 
further equilibrium, viz. the solubility of calcium phosphate in the serum 
phase of the product. When considering the effects of HP on the constitu-
ents and properties of milk, it is therefore critical to establish how the 
aforementioned equilibria are affected by pressure.

When milk, or any other system at equilibrium, is placed under pressure, 
the system reacts according to Le Chatelier’s principle, which states that, 
when a stress is applied to a system at equilibrium, the system will react 
in such a way to counteract the applied stress. When pressure is applied to 
a system, the overall volume of the system is reduced, and thus reactions 
that reduce the volume of the system are promoted, whereas those that 
involve an increase in the volume of the system are suppressed (Atkins, 
1995). For aqueous systems, such as milk, it is important to consider that 
the volume of its main constituent, water, has by far the largest infl uence 
on the overall volume of the system, and that the specifi c promotion or 
suppression of certain reactions under HP are primarily related to the 
degree to which they affect the spatial arrangement of water molecules. 
This importance of the spatial arrangement of water is exemplifi ed by the 
infl uence of HP on the ionisation of salts. Because of the electrostrictive 
effect, i.e. the fact that the arrangement of water around charged ions is 
more compact than that around uncharged salts, ionisation of salts is pro-
moted under pressure. As a result, the solubility of salts such as calcium 
phosphate, also increases under pressure.

The effects of high pressure on proteins are more complex and less 
unambiguous. As previously suggested by Hvidt (1975), HP-induced 
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changes in protein structure and interactions are predominantly related to 
their effect on the spatial arrangement of the solvent. It is, however, diffi -
cult, if not impossible, to attribute such changes to particular types of 
bonding involved in protein structure or interaction, e.g. hydrogen bonding, 
hydrophobic interactions or electrostatic interactions, particularly consid-
ering that the exact nature of hydrophobic bonding is still unclear and that 
hydrophobic bonding appears to exist only by virtue of the existence of 
hydrogen bonds. Furthermore, it appears important to distinguish between 
intra- and intermolecular interactions.

In terms of milk proteins, the globular whey proteins unfold under pres-
sure, indicating that solvation of the amino acid residues is favoured under 
pressure. In contrast, the rheomorphic caseins, with little globular folding, 
show association behaviour; in the case of β-casein, micellisation is sup-
pressed with increasing pressure up to ~150 MPa, but is strongly promoted 
at higher pressures, thus indicating that solvation of particular regions of 
the protein becomes unfavourable (Payens and Heremans, 1969).

16.2.2 Effect of high pressure on milk salts
Because milk contains far more calcium phosphate than is soluble under 
physiological conditions, approximately two thirds of all calcium and half 
of all inorganic phosphate is ‘deposited’ in the casein micelles in the form 
of nanometer-sized clusters and referred to as micellar calcium phosphate 
(MCP) nanoclusters. MCP also contains magnesium and citrate and smaller 
amounts of other elements (Walstra et al., 2006). When pressure is increased, 
mineral solubility increases because of the aforementioned electrostrictive 
effect. As a result, MCP is solubilised, as is highlighted by in-situ NMR 
(Hubbard et al., 2002) and light-scattering measurements (Huppertz and 
De Kruif, 2007a). Solubilisation of MCP proceeds in a near-linear fashion 
with increasing pressure up to ~400 MPa, at which pressure all MCP is solu-
bilised (Huppertz and De Kruif, 2007a). On release of pressure, solubiliza-
tion of MCP is rapidly and fully reversible (Hubbard et al., 2002). 
Reversibility of HP-induced solubilisation of MCP is also indicated by the 
fact that the concentration of calcium in ultrafi ltration permeate of 
HP-treated milk is comparable to that of untreated milk (Regnault et al.,
2006). HP-induced increases in the concentrations of calcium and inorganic 
phosphate in the ultracentrifugal supernatant of milk have been observed 
(Schrader and Buchheim, 1998; Lopez-Fandino et al., 1998) but, in the 
context of the aforementioned fi ndings, these should probably be inter-
preted as HP-induced reductions in the level of sedimentable protein-
bound calcium and phosphorus, rather than increases in the level of serum 
calcium and phosphate in HP-treated milk. Small HP-induced increases in 
the concentration of ionic calcium have also been observed (Lopez-Fandino 
et al., 1998; Zobrist et al., 2005), but these reverse rapidly on storage at 
temperatures at or above ambient (Zobrist et al., 2005).
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16.2.3 Effect of high pressure on caseins and casein micelles
When skim milk, or a suspension of casein micelles, is placed under pres-
sure, its ability to scatter light is reduced, as shown by decreases in turbidity 
and increases in light transmission, which have been observed using in-situ
measurements (Kromkamp et al., 1996; Gebhart et al., 2005; Huppertz et
al., 2006a, b; Huppertz and De Kruif, 2006, 2007b; Orlien et al., 2006; 
Huppertz and Smiddy, 2008). Since casein micelles are the predominant 
particles which scatter light in skim milk, HP-induced reductions in turbidity 
indicate disruption of the casein micelles. Micellar disruption under pres-
sure increases with increasing pressure, up to ~400 MPa (Kromkamp et al.,
1996; Huppertz et al., 2006b; Orlien et al., 2006), where full micellar disrup-
tion is achieved and the turbidity of the system is comparable to that of the 
serum phase of milk (Huppertz et al., 2006b). Micellar disruption under HP 
is a time-dependent process, which proceeds considerably faster at higher 
pressures (Kromkamp et al., 1996; Huppertz et al., 2006b; Orlien et al., 2006). 
In addition, reducing temperature (Orlien et al., 2006) or pH (Huppertz 
and De Kruif, 2006) also increase the extent of micellar disruption, whereas 
increasing the aforementioned parameters has the opposite effect.

All these observations appear to be related to HP-induced solubilisation 
of MCP, which has been suggested as the main factor causing micellar 
disruption under HP (Huppertz and De Kruif, 2006). Solubility of MCP 
increases under HP, and reaches completion in unconcentrated milk at 
natural pH at ~400 MPa (Huppertz and De Kruif, 2007a). A suspension of 
casein micelles at 400 MPa or higher is likely to resemble a sodium casein-
ate suspension, since all MCP is solubilised but protein–protein interactions 
are favoured. The presence of whey proteins does not affect the HP-induced 
disruption of casein micelles (Huppertz and De Kruif, 2007b).

When casein micelles are held at ‘intermediate’ pressures, e.g. 
200–300 MPa, for prolonged times, the initial disruption of casein micelles 
is followed by a reformation process, during which casein particles of col-
loidal dimensions are formed (Huppertz et al., 2006b, c; Orlien et al., 2006; 
Huppertz and De Kruif, 2006, 2007b; Huppertz and Smiddy, 2008). This 
reformation process does not occur when micellar disruption is complete 
(Huppertz et al., 2006b; Orlien et al., 2006), and is probably related to the 
association of micellar fragments. Reformation is more extensive at higher 
temperatures (Orlien et al., 2006) and higher pH values (Huppertz and De 
Kruif, 2006), but is not infl uenced by the presence of whey proteins 
(Huppertz and De Kruif, 2007b). Reformation of casein particles is further 
promoted on release of pressure, as highlighted by increases in turbidity 
and reductions in light transmission (Kromkamp et al., 1996; Huppertz 
et al., 2006b). Such reformation is probably mediated by calcium phosphate, 
because solubility of calcium phosphate rapidly decreases on reducing pres-
sure (Hubbard et al., 2002).

As a result of the aforementioned changes in casein micelles during HP 
treatment and subsequent decompression, the casein micelles in HP-treated 
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milk differ considerably from those in untreated milk. Such differences are 
highlighted by extensive changes in a number of physicochemical param-
eters, most notably average casein micelle size, sedimentation behaviour of 
the caseins, and the turbidity or lightness of the milk. Casein micelle size 
is affected little by treatment at pressures <200 MPa, but treatment at 
250–300 MPa for >15 min can result in considerable increases in micelle 
size (Gaucheron et al., 1997; Needs et al., 2000; Huppertz et al., 2004a,b; 
Regnault et al., 2004; Anema et al., 2005a, 2008). When unconcentrated 
milk at natural pH is treated at 250 MPa for 30 min at ambient temperature, 
micelle size is increased by up to 30% (Huppertz et al., 2004a,b; Regnault 
et al., 2004), but this increase in micelle size is far greater when treatment 
temperature is increased (Gaucheron et al., 1997; Huppertz et al., 2004a; 
Anema et al., 2005a) or milk pH is increased prior to HP treatment 
(Huppertz et al., 2004a). Likewise, reducing treatment temperature or pH 
has the opposite effects, and may even result in reductions in micelle size 
on treatment at 250 MPa (Huppertz et al., 2004a; Regnault et al., 2004). 
HP-induced increases in casein micelle size are, at least partially, reversible 
on subsequent storage of the milk (Huppertz et al., 2004a).

Treatment of milk at 300–800 MPa generally results in considerable 
reductions in casein micelle size, to approximately half of that in untreated 
milk (Gaucheron et al., 1997; Needs et al., 2000; Huppertz et al., 2004a,b; 
Regnault et al., 2004; Anema et al., 2005a, 2008). However, when treatment 
at 300–400 MPa is performed at high temperature, e.g. >40°C, micelle size 
is considerably higher (Huppertz et al., 2004a; Anema et al., 2005a; Garcia-
Risco et al., 2000). HP-induced reductions in casein micelle size are gener-
ally irreversible on subsequent storage (Huppertz et al., 2004a).

HP-induced changes in casein micelle size are also accompanied by 
changes in the turbidity or lightness of skim milk. These optical parameters 
are affected little by treatment at 100–200 MPa but decrease strongly on 
treatment at 200–400 MPa; at higher pressures, little further effect is 
observed (Needs et al., 2000; Huppertz et al., 2004b; Reganult et al., 2004). 
While decreases in lightness or turbidity of skim milk are invariably associ-
ated with changes in micelle size, the decrease therein observed at 250 MPa, 
despite aforementioned increases in micelle size at this pressure, may at 
fi rst seem contradictory. However, it should be noted that turbidity and 
lightness are dependent on both micelle size as well as the number of 
micelles. Hence, the decrease in turbidity or lightness observed in milk 
treated at 250 MPa, despite increases in micelle size, probably suggests the 
presence of a very large number of particles in such milk which are too 
small to scatter light extensively, and that the fraction of large micelles 
resulting in the increased micelle size is relatively small. HP-induced 
decreases in turbidity and lightness are generally, at least partially, revers-
ible on subsequent storage, particularly at temperatures at or above ambient 
(Huppertz et al., 2004b).
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16.2.4 Effect of high pressure on whey proteins
Treatment of milk at up to 100 MPa does not denature β-lactoglobulin
(β-lg), but treatment at higher pressures results in considerable denatura-
tion of this protein, up to ~90% of total β-lg in milk treated at 400 MPa 
(Lopez-Fandino et al., 1996; Gaucheron et al., 1997; Scollard et al., 2000; 
Huppertz et al., 2004a,c). Denaturation of α-lactalbumin (α-la) only occurs 
at >400 MPa, and reaches ~70% after treatment at 800 MPa (Huppertz et
al., 2004a,c). The higher barostability of α-la than β-lg may be due to the 
higher number of intra-molecular disulphide bonds (Hinrichs et al., 1996; 
Gaucheron et al., 1997) and the absence of a free sulphydryl group (Lopez-
Fandino et al., 1996) in α-la. The extent of HP-induced denaturation of α-la
and β-lg increases with treatment time (Scollard et al., 2000; Hinrichs and 
Rademacher, 2004; Huppertz et al., 2004a), treatment temperature 
(Gaucheron et al., 1997; Lopez-Fandino and Olano, 1998; Garcia-Risco 
et al., 2000; Huppertz et al., 2004a), milk pH (Arias et al., 2000; Huppertz 
et al., 2004a) and the level of micellar calcium phosphate in the milk 
(Huppertz et al., 2004c). HP-induced denaturation of whey proteins is 
largely prevented by adding a sulphydryl-blocking agent to milk prior to 
HP treatment (Huppertz et al., 2004c).

Denatured β-lg in HP-treated milk is found in various forms; in a manner 
analogous to heat treatment, HP-denatured β-lg associates with the casein 
micelles, as shown by transmission electron microscopy coupled with immu-
nogold labelling (Scollard et al., 2000), as well as by a reduced proportion 
of total β-lg in the ultracentrifugal supernatant from HP-treated milk 
(Gaucheron et al., 1997; Garcia-Risco et al., 2003). Quantitative studies 
have shown that the majority of denatured β-lg in HP-treated skim milk is 
associated with the casein micelles, with a small proportion remaining non-
sedimentable, either in the form of whey protein aggregates or in associa-
tion with casein particles too small to be sedimented (Gaucheron et al.,
1997; Huppertz et al., 2004a; Zobrist et al., 2005). However, recent studies 
by Anema (2008) showed that most whey protein remains in the serum 
phase of concentrated HP-treated milk. In HP-treated whole milk, dena-
tured α-la and β-lg are also found associated with the milk fat globule 
membrane (Ye et al., 2004).

Huppertz et al. (2004c) suggested the following mechanism for 
HP-induced denaturation of α-la and β-lg in milk and whey: under HP, β-lg
unfolds (Kuwata et al., 2001), which results in the exposure of its free sul-
phydryl group (Tanaka et al., 1996; Moller et al., 1998; Stapelfeldt et al.,
1999); this free sulphydryl group can interact with κ-casein, α-la or β-lg, 
and possibly αs2-casein, through sulphydryl-disulphide interchange reac-
tions. On release of pressure, unfolded α-la and β-lg molecules that have 
not interacted with another protein may refold to a state closely related to 
that of native β-lg, as no difference in 1H nuclear magnetic resonance 
(NMR) profi le are observed between untreated and HP-treated β-lg
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(Ikeuchi et al., 2001; Beloque et al., 2000); the close structural similarity 
between monomeric untreated and HP-treated β-lg strongly suggests that 
the sulphydryl–disulphide interchange reactions, which result in association 
of whey proteins, occur during HP treatment and not post-HP treatment, 
since the free sulphydryl group of β-lg is not available for interaction 
post-HP treatment. Calcium may facilitate close approach of unfolded 
whey proteins to other proteins through charge shielding. Thus, the lower 
extent of HP-induced denaturation of α-la and β-lg in rennet whey than in 
milk appears to be a result of the absence of κ-casein from, and a consider-
ably lower calcium concentration in, the former (Huppertz et al., 2004c).

Compared to α-la and β-lg, HP-induced denaturation of other whey 
proteins has received little attention to date. Lopez-Fandino et al. (1996) 
reported that no denaturation of bovine serum albumin (BSA) occurred in 
bovine milk at 100–400 MPa; the high barostability of BSA is probably 
related to the fact that this molecule, through its 17 intra-molecular disul-
phide bonds, has an extremely rigid molecular structure which remains 
largely unaffected under HP (Lopez-Fandino et al., 1996). The immu-
noglobulins are also relatively stable to HP processing, with ~90% of colos-
tral IgG surviving treatment at 500 MPa for 5 minutes (Indyk et al., 2008).

16.2.5 Effects of high pressure on milk fat
Compared to milk proteins, very few studies have considered HP-induced 
changes in milk fat. HP treatment of bovine milk at up to 600 MPa does 
not affect fat globule size signifi cantly (Huppertz et al., 2003; Ye et al., 2004). 
Similarly, HP treatment (500 MPa) of ewes’ milk had no effect on the fat 
globule size, although an increase in the number of small milk fat globules 
(1–2 µm) was observed following HP treatment at 200 MPa at 25°C (Gervilla 
et al., 2001).

However, HP treatment of cream (30% fat) at 800 MPa for 10 min sig-
nifi cantly increased fat globule size (Kanno et al., 1998), with treatment at 
lower pressures (100–600 MPa at <40°C) not affecting the fat globule size 
(Dumay et al., 1996; Kanno et al., 1998). HP treatment of bovine milk also 
results in the association of β-lg (>100 MPa), α-la (≥700 MPa), and κ-CN
(500 MPa) with the milk fat globule membrane (MFGM) (Ye et al., 2004).

Creaming of fat globules on cold storage is greater in milk treated at 
100–250 MPa than in untreated milk, whereas treatment at 400 or 600 MPa 
signifi cantly reduces creaming (Huppertz et al., 2003). Improved whipping 
properties of cream, with reduced whipping time and loss of serum, was 
observed following HP treatment (500–600 MPa for 1–2 min) of cream 
(26–29% fat), probably due to enhanced crystallisation of milk fat (Eberhard 
et al., 1999). Furthermore, crystallisation of milk fat in HP-treated cream 
occurs at a temperature higher than in cream retained at atmospheric pres-
sure, which may have potential applications in ageing of ice cream mix and 
physical ripening of cream for butter making (Buchheim and Abou El-Nour, 
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1992; Dumay et al., 1996; Frede and Buchheim, 2000). HP treatment at up 
to 800 MPa does not rupture the MFGM; however, aggregation of MFGM 
is observed following HP treatment (Kanno et al., 1998).

No increase in the level of free fatty acids or lipolysis is observed follow-
ing HP treatment of ewes’ milk. Kanno et al. (1998) suggested that HP 
treatment of cream could even repair a ruptured or damaged MFGM, 
through aggregation of protein in the MFGM. It has also been reported 
that HP treatment (400 MPa for 4 h at 45°C) of the hard (high-melting) 
fraction of milk fat, commonly used in baking and confectionary applica-
tions, signifi cantly suppressed thermal deterioration (Abe et al., 1999).

16.3 Applications of high-pressure treatment in processing 
liquid milk

Probably one of the most studied and successful food processing operations 
in the world is the commercial pasteurisation of milk for consumption, 
typically achieved by heating milk to 72–74°C for 15–30 s; such treatment 
renders milk safe for consumption by killing all vegetative pathogens, and 
reducing levels of spoilage micro-organisms to a level such that the shelf-life 
of milk at refrigeration temperatures is signifi cantly extended relative to 
that of raw milk, and with minimal alterations in nutritional or sensory 
properties.

To be an interesting alternative to such an effi cient process, HP treatment 
must offer a signifi cant added-value element, such as a signifi cant extension 
of shelf-life; however, studies undertaken for such applications have gener-
ally concluded that extensions of shelf-life are relatively minimal and 
unlikely to be commercially applicable. Huppertz et al. (2006c) reviewed 
the studies published to date on inactivation of spoilage and pathogenic 
bacteria in milk, and concluded that treatment at very high pressures 
(>600 MPa) is required to induce signifi cant levels of inactivation, and that 
considerable strain-to-strain variation in bacterial resistance may present 
an additional complication. Interestingly, many bacteria are more barotol-
erant in milk than in simpler systems such as buffers, which has been 
mechanistically linked to the protective role of MCP solubilised by HP 
(Black et al., 2007). While extension of the shelf-life of milk by HP treatment 
has been demonstrated (Garcia-Risco et al., 1998), such a benefi t must be 
weighed against the capital equipment costs, particularly compared to other 
technological solutions such as microfi ltration. In addition, while psycho-
tropic bacteria are very sensitive to pressure, their extracellular proteases 
are very pressure-resistant and may subsequently negatively infl uence dairy 
product quality, while the extreme pressure-resistance of spore-forming 
bacteria presents a signifi cant challenge for neutral-pH food products such 
as milk. Nonetheless, there has been some recent commercial success in HP 
treatment of colostrum, as will be discussed later in this chapter.
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Of course, any consideration for use of HP for processing of milk must 
also consider effects such as colour changes for skim milk and altered 
creaming of whole milk, as discussed earlier, which may represent either 
advantages or disadvantages for certain product applications.

16.4 High-pressure treatment of milk for the manufacture 
of acid-coagulated milk products

Due to consumer preference for thick and viscous yoghurt (Tamime and 
Robinson, 1999; Sodini et al., 2004), pre-heat treatment of milk (85–90°C 
for 5–30 min) is commercially practiced in yoghurt production, as it mark-
edly improves the texture of yoghurt, mainly through denaturation of whey 
proteins and their subsequent structural role in the gel (Dannenberg and 
Kessler, 1988; Mulvihill and Grufferty, 1995; Lucey et al., 1997, 1998; Anema 
et al., 2004). However, with increasing interest in alternatives to conven-
tional heat treatment and growing demand for natural food products, the 
application of HP processing to yoghurt milk has received considerable 
attention. As HP treatment of milk alters casein micelles and denatures 
whey proteins, this may potentially yield different acid-milk gel structures 
from those obtained using heated milk.

Two different approaches involving HP processing for the production of 
acidifi ed/cultured milks have been studied:

(i) HP treatment of milk or similar base material prior to acidifi cation 
and gel formation, to enhance the textural properties of yoghurt;

(ii) HP treatment of the fi nal yoghurt to extend shelf-life by microbial 
inactivation, which will not be discussed further here.

HP treatment of milk or similar base material at 100–700 MPa for up to 
30 min has been generally studied either as an alternative to conventional 
heat treatment or in sequential combination with heat treatment in order 
to produce set or stirred yoghurt with improved textural and water-holding 
properties.

16.4.1 Impact of high-pressure treatment on yoghurt microstructure 
and texture

Casein micelles aggregate as milk pH decreases towards the isoelectric 
point of casein (4.6) and form a three-dimensional matrix of micellar chains 
and clusters, with the fat globules, if present, becoming part of the gel 
network, particularly when homogenisation has been applied. Several 
studies have compared the microstructure of yoghurt prepared from 
HP-treated milk to that made from heat-treated milk. As expected from 
studies on milk, smaller casein micelles were present in set yoghurt made 
from HP-treated milk than those made from heat-treated milk (Needs 
et al., 2000; Harte et al., 2002; Penna et al., 2007a). Also, casein micelles in 
yoghurt from HP-treated milk appeared as smooth-surfaced particles with 
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bound denatured whey protein, while denatured whey protein was also 
found in amorphous clumps; the gel consisted of densely packed strands, 
and micelles did not appear to be fused (Needs et al., 2000). However, in 
yoghurt from heat-treated milk, the micelles were bridged by dense fi la-
mentous projections, probably of denatured whey protein, at their surfaces, 
and formed a denser and more continuous network than in the HP yoghurt 
(Needs et al., 2000). Harte et al. (2002) reported that HP treatment of milk 
at 200 MPa resulted in gels having large aggregates of fused micelles, similar 
to those observed in yoghurt from raw milk. Combined heat and HP treat-
ment of milk led to compact yoghurt gels with increasingly larger casein 
micelle clusters interspaced by void spaces, and exhibiting a high degree of 
cross-linking (Penna et al., 2007a).

Knudsen et al. (2006) reported that any difference in the gel network 
structure arising from heat or HP treatment of the milk before acidifi cation 
disappeared in stirred acid-gels; HP-induced dissociation of casein micelles 
in milk was thus of minor importance for the rheological properties of 
subsequently stirred acidifi ed gels.

A small number of studies have reported effects of HP treatment of milk 
on yoghurt texture or rheological properties. Desobry-Banon et al. (1994) 
and Needs et al. (2000) reported that yoghurt made from HP-treated milk 
exhibited higher elastic modulus than yoghurt made from heat-treated 
milk, suggesting that many close micelle–micelle bonds or interactions were 
established in the former yoghurt. HP treatment of full-fat milk (676 MPa 
for 30 min) resulted in yoghurt gels with equivalent rheological properties 
to those obtained from heat-treated milk (85°C for 35 min) (Harte et al.,
2002). Yoghurt made from ultrafi ltrated skim milk (4.85% protein) 
HP-treated at 600 MPa for 15 min had higher gel fi rmness, fracture stress 
and fracture strain values than yoghurt made from heat-treated (85°C for 
20 min) concentrated skim-milk (Capellas and Needs, 2003). The fi rmness 
of ewes’ milk yoghurt was also signifi cantly higher when made from 
HP-treated milk (350 or 500 MPa for 15 min at 10–55°C) compared to 
yoghurt made from heat-treated milk (Ferragut et al., 2000). When yoghurt 
made from HP-treated milk was compared with conventional heat-treated 
milk yoghurt in a consumer test, lower fracture stress values in HP yoghurt 
were correlated with a higher score for creaminess, and a mixture of 90% 
heat-treated and 10% HP-treated milk gave a creamy product that had a 
similar taste to conventional yoghurt (Capellas et al., 2002).

In contrast, Walsh-O’Grady et al. (2001) reported that heat treatment of 
milk was more effi cient than HP treatment at inducing casein/whey protein 
interactions that were favourable for the formation of acid gels; HP-induced 
denaturation of whey proteins did not result in the same degree of interac-
tion between the casein and whey protein as that caused by heat treatment. 
Also, Knudsen et al. (2006) reported that rheological properties of stirred 
acid-gels made from milk either subjected to heat treatment or HP treat-
ment were similar.
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Combining heat and HP treatment of milk may offer a promising route 
for achieving desirable rheological and textural properties in yoghurt 
without addition of stabilisers (Harte et al., 2003; Penna et al., 2007a). Also, 
it has been reported that combining treatment of milk with HP and cross-
linking by transglutaminase (TG) prior to acidifi cation markedly reduced 
the gelation time, increased the gelation pH, and resulted in gels with 
higher elastic modulus than gels that were made from either TG or 
HP-treated milk alone, indicating possible synergistic effects of HP and 
enzymatic cross-linking (Anema et al., 2005b).

16.4.2 Impact of HP treatment on syneresis of yoghurt
Separation of the liquid phase from acid-milk gels, i.e. syneresis or whey 
separation, occurs when the protein network is unable to fi rmly hold water. 
In general, the more open the gel structure, the lower the water-holding 
capacity. Some studies have reported that yoghurt made from HP-treated 
milk showed increased resistance to syneresis and better water-retention 
capacity than yoghurt produced from high-heat-treated milk (Johnston 
et al., 1993; Capellas and Needs, 2003). The improved water-binding char-
acteristics of the protein gels from HP-treated milk may refl ect HP-induced 
changes in protein association, and interactions, and subsequent micro-
structural alterations to the gel. Some studies have reported that HP treat-
ment of milk increased milk-protein hydration (Gaucheron et al., 1997; 
Huppertz et al., 2004f). HP treatment of ewes’ milk improved water reten-
tion in yoghurt (Ferragut et al., 2000). Harte et al. (2003) reported that 
yoghurt made from HP-treated milk exhibited the highest whey retention 
properties when determined by centrifugation; however, when whey reten-
tion was evaluated as whey separated from yoghurt on a fi lter paper, 
yoghurts made from milk subjected to heat treatment and then HP-treated 
at >400 MPa exhibited higher whey retention. Penna et al. (2007b) observed 
no difference in water-holding capacity between yoghurts prepared from 
either heat-treated milk or milk subjected to heat treatment followed by 
HP treatment.

16.5 High-pressure treatment of milk for 
cheese manufacture

Cheese is probably one of the most complex dairy systems; its manufacture 
involves a combination of enzymes and microorganisms interacting with 
each other in a fi nely tuned manner to concentrate and metabolise proteins 
and fat from milk and then yield the desired aroma, fl avour and texture of 
cheese. In addition, cheeses are ripened for periods from ten days (e.g. 
Camembert) to over two years (e.g. Parmesan) and continuously change 
during this time; only acid-coagulated fresh cheeses are produced for direct 
consumption.
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The effects of HP processing on milk constituents, rates of enzymatic 
reactions, and, most importantly, inactivation of spoilage and pathogenic 
bacteria have made its application to cheese or its manufacture a subject 
of much research interest (O’Reilly et al.,  2001; Rastogi et al., 2007) (Table 
16.2). Studies have addressed the options of either HP-treating milk and 
making cheese therefrom, or making cheese from normal milk (raw or 
pasteurised) and subsequently HP-treating the cheese itself; only the former 
case will be considered here.

In the context of safety concerns associated with cheese, Listeria mono-
cytogenes, sometimes associated with soft cheese, still has a high rate of 
mortality (Makino et al., 2005; Gianfranchesi et al., 2006); a key challenge 
to deal with is the ability of the pathogen to proliferate at refrigeration 
temperatures (Vasseur et al., 1999). Other pathogenic bacteria in cheese, 
such as Salmonella enteritis (Keene, 1999; Ratnam, 1999), E.coli O157:H7
(Espié et al., 2006) and Clostridium botulinum (Townes, 1996) can cause 
gastoenteritis, kidney damage, or even death. It has been proposed that HP 
may offer a good alternative for pre-treatment of milk for cheese manufac-
ture, since pathogens can be destroyed but fl avours should be preserved 
(San Martin Gonzales et al., 2006; Trujillo et al., 2002b; Guamis 2000).

To date, fi ve different cheese types have been made from milk treated 
at HP under different conditions (Table 16.3). Buffa et al. (2001a,b,c) pro-
duced cheese from goat milk treated at 500 MPa (15 min, 20°C) and Sandra 
et al. (2004) produced Queso-fresco from milk treated at 400 MPa (20 min, 
20°C), and both found an overall reduction in the total bacterial microfl ora 
of the manufactured cheese. In later studies, when milk was spiked with 
two or four log cycles of L.monocytogenes and HP-treated at 500 MPa 
(10 min, room temperature), L. monocytogenes was not detectable in 
Camembert cheese produced from this milk and ripened for three weeks 
(Linton et al., 2008).

Table 16.2 Inactivation of food-borne pathogens in cheese

Pathogen HP conditions Log
reduction References

L. monocytogenes 
NCTC 11994 and 
Scott A

500 MPa, 10 min, 
5–20°C

5 Lopez-Pedemonte 
et al. (2007)

Salmonella enteritis 600 MPa,10 min, 21.5°C 7 Chen (2007)
E.coli K-12 500 MPa, 20 min, 20°C 6 O’Reilly et al.

(2000)
E. coli 0157:H7 600 MPa,10 min, 21.5°C 5.5 Chen et al. (2007)
S. aureus ATCC 6538 600 MPa, 20 min, 20°C 4 O’Reilly et al.

(2000)
S. aureus ATCC 12600 600 MPa, 10 min, 21°C 7 Guan et al. (2006)
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Table 16.3 Cheese types manufactured from HP-treated milk

Cheese type HP treatment conditions References

Camembert 500 MPa, 10 min, 20°C Linton et al. (2008)
Cheddar 483, 676 MPa, 5 min, 

10–40°C
San Martin-Gonzales 

et al. (2007)
300,400 MPa 32–90 min Pandey et al. (2003)
345, 586 MPa, 1-min 

cycles, 15 min
Drake et al. (1997)

Goat milk cheese 500 MPa, 15 min, 20°C Buffa et al. (2005, 2004, 
2003, 2001a,b,c, 2000)

Trujillo et al. (2002a, 2000, 
1999)

Queso fresco 400 MPa, 20 min, 20°C Sandra et al. (2004)
Reduced-fat cheese 400 MPa, 15 min, 22°C Molina et al. (2000)

As well as changes in microbiology, HP-induced changes in milk proteins 
can lead to changes in cheese manufacture and ripening. In the manufactur-
ing process of most types of cheese, fermentation of lactose by the lactic 
acid bacteria plays a major role and determines the fi nal pH. HP treatment 
at 300–400 MPa delays the pH changes during Cheddar cheese manufacture 
(Pandey et al., 2003), possibly due to changed buffering capacity after HP 
treatment (Sala n et al., 2005). In contrast, an increased rate of acidifi cation 
by lactic acid bacteria after HP treatment at 600 MPa for 30 min was 
reported by Huppertz et al. (2004d) and was attributed to increased avail-
ability of proteinaceous material for bacterial growth.

The fi rst key step in cheese manufacture is the coagulation of milk, which 
occurs in two steps; fi rstly, chymosin or another suitable enzyme cleaves 
the Phe105-Met106 bond of κ-CN, which separates the stabilising layer of the 
casein micelle into two parts: para-κ-CN (f1–105), which remains associated 
with the casein micelle, and caseinomacropeptide (CMP); in the second 
step, the para-CN micelles aggregate into a gel. From a number of studies 
of the effect of HP-treatment of milk on rennet coagulation, it seems that 
HP treatment at ≤ 300 MPa reduces rennet coagulation time (RCT) but, 
above this pressure, RCT increases (Desobry-Banon et al., 1994; López-
Fandiño et al., 1997; Drake et al., 1997). It has been proposed that the 
binding of denatured β-lactoglobulin to the surface of the casein micelle 
cause delays in rennet coagulation, reduces syneresis, in turn, increases 
moisture content and yield of the fi nal cheese (Zobrist et al., 2005). Yield 
increases of up to 24% were found in model curd after applying a pressure 
of 600 MPa on the milk, which was largely due to increased moisture 
content and incorporation of whey proteins into the curd (Huppertz et al.,
2004e). In pilot trials, Cheddar cheese manufactured from milk HP-treated 
at 483 MPa showed an 11.54% increase in yield in comparison to cheese 
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from pasteurised milk and 11.6% higher moisture content (San Martin-
Gonzales et al., 2007; Table 16.4). This increase in moisture content was 
also observed in goat milk cheese (Truijillo et al., 2002a) and Queso-fresco 
cheese (Sandra et al., 2004).

The texture of cheese depends mainly on its moisture content, and 
higher moisture results in a softer cheese texture. Cheddar cheese manu-
factured from HP-treated milk showed a pasty and weak texture (Drake et
al., 1997), and rheological analysis of Cheddar cheese manufactured from 
milk treated at 483 MPa at 10°C showed a more solid-like behaviour, which 
was related to the higher moisture and protein content of the cheeses com-
pared to cheese manufactured from raw or pasteurised milk (San Martin-
Gonzales et al., 2007). Low-fat cheese made from milk HP-treated at 
400 MPa (22°C, 15 min) and ripened for 60 days had much higher texture 
scores than cheese manufactured from pasteurised milk (Molina et al.,
2000).

During ripening of cheese, a number of biochemical events take place, 
namely, proteolysis, lipolysis and glycolysis, which are all responsible for 
the aroma, texture and fl avour of the fi nal cheese. When caprine milk 
cheese was manufactured from HP-treated milk (500 MPa, 15 min, 20°C), 
the resulting cheese had higher levels of β-lactoglobulin, faster proteolysis 
of αS1-CN and β-CN, and higher levels of arginine during ripening, in com-
parison with pasteurised milk cheese that was produced with a similar level 
of moisture in non-fat substances. Nevertheless, indicators for secondary 
proteolysis, such as levels of water-soluble or trichloroacetic-acid-soluble 
nitrogen, showed no signifi cant differences between control and HP-milk 
cheese, although levels of hydrophobic peptides increased in the HP-milk 
cheeses after 30 days of ripening (Buffa et al., 2005). Studies of lipolysis 

Table 16.4 Effect of HP on yield and moisture increases of model curd and 
cheese

Cheese type HP conditions Increase
in yield

Increase
in
moisture*

References

Cheddar 483 MPa, 5 min, 30°C 11.54% 11.6% San Martin-
Gonzales
et al. (2007)

586 MPa, 1-min cycles 11.3% 5.4% Drake et al. (1997)
Model curd 400 MPa, 30 min, 20°C 10% 2.4% Huppertz 

et al. (2004e)600 MPa, 30 min, 20°C 24% 4.5%
Reduced-fat 400 MPa, 15 min, 22°C 15.6% 8.9% Molina et al.

(2000)

* Moisture increase in comparison to pasteurised milk cheese.
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showed higher levels of short-chain free fatty acids (C4–C8) and an overall 
development of total free fatty acids similar to that in raw milk cheese.

Sensory evaluation showed higher scores for the overall aroma and taste 
of cheese manufactured from HP-treated milk; nevertheless, differences 
were not signifi cant (Buffa et al., 2001c). Sensory analysis carried out on 
Cheddar cheese made from HP-treated milk (Drake et al., 1997) showed a 
bitter, high acid, whey taint and weak fl avour; however, control cheeses, 
made from pasteurised milk, also showed bitter fl avours and high acid 
defects.

16.6 High-pressure treatment of milk for ice- 
cream manufacture

Compared to the widely examined potential applications of HP in the 
manufacture of cheese or yoghurt as discussed above, applications in other 
product categories have received far less attention. However, HP treatment 
of ice cream mix may have some interesting applications with respect to 
the properties of the fi nal product, and has been subject to a patent applica-
tion (Keenan et al., 2000). The mechanism behind this application is that 
HP treatment of mixtures of micellar casein and sugar induces gelation 
(Keenan et al., 2001), as a result of which desirable rheological properties 
of the mix can be obtained at far lower content of sugar, protein and/or fat, 
and possibly also in the absence of stabilisers (Huppertz et al., unpublished 
data). Ice cream prepared from HP-treated mix has been shown to melt 
considerably slower than ice cream prepared from a comparable untreated 
mix (Keenan et al., 2000).

16.7 Commercial prospects for high-pressure 
processing in the dairy industry

The discussions above clearly indicate that the effects of HP on milk and 
dairy products are complex, frequently unique, and, in some cases, demand-
ing of closer study before use in commercial processes. The slowness of 
adoption of HP by the dairy sector may be interpreted as a sign of lack of 
potential commercial usefulness, but we argue that this is not the case, but 
rather that lack of commercialisation instead stems from two attributes of 
HP processing as it relates to dairy products, as follows:

(i) Complexity: The effects of pressure on the milk system are clearly 
more complex than those for most food products that have reached 
commercialisation stage, and arguably the need for a solid base of 
under-pinning scientifi c research has delayed the evaluation of pos-
sible applications. The number of papers appearing in the scientifi c 
literature regarding studies of milk is substantially higher than that 
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for any other product type, confi rming the enormous research effort 
in the dairy fi eld and the number of scientifi c fi ndings of suffi cient 
novelty to warrant publication in peer-reviewed journals. It seems 
likely, however, that the exploratory research phase for HP and milk 
has reached a peak, and that the exploitation phase should, in theory, 
follow accordingly

(ii) Scale/cost: The scale of manufacture of many dairy products in devel-
oped countries is very large, and the ensuing cost of incorporating HP 
treatment into production lines is a major consideration and probable 
barrier to commercial application. The ratio of cost (investment, oper-
ation and maintenance) to benefi ts must be suffi cient to make a strong 
business case for the use of HP equipment. In other words, the unique 
benefi ts of HP treatment, relative to cheaper available technologies, 
must be clear enough (either to manufacturers, or consumers, or both) 
to convince companies that HP is a realistic and viable processing 
option.

The issues relating to commercialisation of HP processing for dairy prod-
ucts have been considered in detail by Patel et al. (2008). There are a large 
number of international patents held by big dairy companies relating to 
applications of HP to dairy products, demonstrating both that companies 
have investigated this possibility, and that results have indicated outcomes 
worth legal protection (Table 16.5).

The recently proposed commercialisation of applications for fermented 
dairy products and colostrum (by Fonterra in New Zealand) and cheese for 
convenience food products (in Spain) have marked a tipping point where 
HP has broken out of the laboratory into the dairy processing plant for the 
fi rst time, and it can only be postulated that future developments are likely 
at an accelerated pace.

In the case of colostrum, the key interest relates to the fact that the 
biofunctional properties of immunoglobulins are readily destroyed by the 
heat treatment which must inevitably be applied to ensure a commercially-
useful shelf-life for distribution. The Fonterra process involves production 
of an acidifi ed colostrum-based drink in which these goals are achieved by 
application of high-pressure treatment under conditions which are micro-
biologically effi cacious but retain a very high percentage of the biological 
activity of the key immunoglobulins (Indyk et al., 2008). In the case of 
yoghurt, to achieve a longer shelf-life of cultured milk products without 
compromising their quality, Fonterra has patented the use of HP treatment 
to extend the shelf-life of yoghurt for up to 90 days when stored at refrig-
eration temperature (Carroll et al., 2004). This patent claims that the 
product obtained following HP treatment (~300–400 MPa at <20°C) is 
almost free from spoilage by yeast and mould during its shelf-life and still 
has at least 107 cfu/ml of benefi cial live bacteria in it; however, careful selec-
tion of selective baro-resistant bacterial strains is of foremost importance.
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Table 16.5 A selection of patents relating to high-pressure processing and dairy 
products

Year Patent number Title Patent holder

1992 JP4262749 Preparation of milk protein Snow Brand Milk 
Product Co Ltd

1992 EP0469857 Method for accelerating 
cheese ripening

Fuji Oil Co Ltd

1994 JP6046754 Method for controlling ageing 
of semisoft cheese

Yotsuba Nyugyo KK

1994 DE4226255 High-pressure treatment of fat 
mixes, e.g. milk products, 
ice cream, to alter crystal 
size, crystal shape, and/or 
crystalline arrangement in 
inner phase of emulsion

APV Gaulin GMBH

1998 WO9818350 Method for the preparation of 
a foodstuff

Unilever PLC

2002 WO0245528 Method for high-pressure 
preservation

Unilever PLC

2003 WO03007724 Yogurt manufacture using 
high hydrostatic pressure 
and thermal treatment

University of 
Washington

2003 WO03003845 Process for pasteurising 
cheese products, and cheese 
products formed thereby

SPA Egidio Galbani

2004 WO2004/045295 Dairy product and process New Zealand Dairy 
Board

2004 WO2004/032655 Pressure treating foods to 
reduce spoilage

Fonterra Co-operative 
Group

2004 WO2004/091309 Enhancing clarity and/or 
stability properties of 
protein-containing liquids 
and gels

New Zealand Dairy 
Board

2006 WO2006/096074 High-pressure processing of 
bioactive compositions

Fonterra Co-operative 
Group

2006 UA14335U Method of high-pressure milk 
processing

Tuhan Baranovsky 
Donetsk State 
University

2008 WO2006/096074 High-pressure processing of 
metal ion lactoferrin

Fonterra Co-operative 
Group

16.8 Conclusion

Subjecting a complex and physicochemically fragile system such as milk to 
the extreme stresses encountered at very high hydrostatic pressures, perhaps 
not surprisingly, has very signifi cant implications for its constituents and 
properties at both microscopic and macroscopic levels. Signifi cant research 
has addressed these effects over the last 15 years or so, and much is now 
known about pressure-induced changes in milk characteristics. The next 
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phase, whereby companies exploit these changes in commercial product 
and process applications, is probably just in its infancy, and it remains to 
be seen for which niches high-pressure processing will ultimately become 
the technology of preference.
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Impact of dairy ingredients on the fl avor 
profi les of foods
M. A. Drake, J. Wright, M. Whitson and M. Lloyd, North Carolina State 
University, USA

Abstract: Dairy ingredients encompass a wide range of highly functional and 
nutritious ingredients. Flavor of these products can have a signifi cant impact on 
the quality and shelf-life of ingredient applications. The fl avor variability and 
shelf stability of these products and the infl uence of processing steps and storage 
are the topics of this chapter.

Key words: fl avor, dairy ingredients, whole milk powder, skim milk powder, whey 
protein.

17.1 Defi ning fl avor of dried ingredients

Dairy foods have traditionally enjoyed a positive fl avor image from con-
sumers. A consistent, desirable and long-lasting (shelf-life) fl avor is a key 
aspect of quality (Drake, 2004). While basic capitalism was likely the initial 
source of fl avor quality criteria (the best product demanded the best price), 
the dairy industry recognized the role of fl avor quality and fl avor consist-
ency nearly 100 years ago, when commodity grading and judging evolved 
(Singh et al., 2003; Drake et al., 2009a). The concept of product grades and 
judging were to establish basic uniform criteria for fl avor and, where appli-
cable, texture of specifi c dairy commodities. The goal was to ensure a 
minimal level of product consistency. Lists of common product defects were 
developed and point or quality deductions for the presence of these defects 
established. Many of these grades are still in use today (www.usda.ams.gov) 
and dairy products judging remains a popular activity for college students 
(Bodyfelt et al., 2008). Grades and dairy products judging represent the fi rst 
documented attempt to defi ne fl avor of dairy products. The pros and cons 
of these approaches have been compared elsewhere (Singh et al., 2003; 
Delahunty and Drake, 2004; Drake, 2007; Bodyfelt et al., 2008).
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Grades and product judging criteria remain a useful tool to establish 
minimal quality criteria and to train students, but were not designed to 
specifi cally document fl avor (or texture) properties. Instead, modern 
sensory analysis techniques have evolved to address these needs (Drake 
and Civille, 2003; Drake, 2007, 2009). A defi ned sensory language or lexicon 
is simply a language to document specifi c sensory attributes of a product 
(Drake and Civille, 2003). The development of defi ned sensory languages 
for dairy commodities and foods has dramatically changed and improved 
the application of sensory analysis as a scientifi c tool to document product 
fl avors. These languages have defi nitions and food and/or chemical refer-
ences for each attribute. As such, the language can be widely applied to 
train sensory panels at multiple locations (Drake et al., 2002). A trained 
sensory panel requires a signifi cant and long-term time and fi nancial invest-
ment (Drake, 2007); however, the potential benefi ts are numerous. These 
languages can also serve as platforms to relate instrumental and consumer 
perception to defi ned trained panel attributes from the language.

An established language for whey and dried dairy ingredients is listed in 
Table 17.1. The dried dairy ingredient language has been adapted for use 
with liquid whey, dried whey proteins, caseins, fl uid milk, skim and whole 
milk powders and dairy ingredient applications (Carunchia Whestine et al.,
2003, 2005; Karagul Yuceer et al., 2003a; Beucler et al., 2005; Russell et al.,
2006; Wright et al., 2006; Drake, 2006; Drake et al., 2006; Croissant 
et al., 2007; Childs et al., 2007; Lloyd et al., 2009a,b). The impact of process-
ing parameters, starter culture rotation, pasture feeding, between-facility 
variability, and storage have been specifi cally documented and, in many 
cases, related to volatile component measurements or consumer percep-
tion. Such information is invaluable to effectively and strategically market 
dairy ingredients in today’s competitive and global environment.

17.2 Sources of fl avors in dried dairy ingredients

In order to provide dried ingredients with a consistent minimal fl avor, we 
must fi rst identify and characterize fl avors that are present in these prod-
ucts. The development of the dried dairy ingredient sensory language 
(Table 17.1) provides the tool to accomplish this goal. The next step is to 
identify sources of these fl avors. For all dried dairy ingredients, the raw 
product stream, processing, and storage infl uence fl avor, fl avor variability 
and storage stability. In the case of whey proteins, the infl uence of the 
cheesemake procedure (e.g. starter culture) also has a direct infl uence on 
fi nal product fl avor. All of these factors will infl uence the fl avor of the fi nal 
product, which also will subsequently infl uence the impact it has on a fi nal 
ingredient application.

Before the milk arrives at the processing plant, many variables can affect 
its fl avor quality, including the diet of the herd, season of the year, and 
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Table 17.1 Sensory language for whey and dried whey ingredients

Term Defi nition References

Overall aroma 
intensity

The overall orthonasal aroma 
impact of the rehydrated 
sample

Flavors (evaluated 
in the mouth)

Sweet aromatic The sweet aromatics associated 
with dairy products (diacetyl 
is one example)

Diacetyl (2,3-butanedione), 
mild Cheddar or Colby-
jack shreds

Sour aromatic Sour aromatic associated with 
fermented dairy products

Aroma of plain yogurt and 
sour cream (not diacetyl)

Cardboard Aromatics associated with wet 
cardboard

Pentanal, cardboard in 
water

Brothy Aromatics associated with 
vegetable stock and boiled 
potatoes

Methional, broth from 
canned potatoes

Fatty Stale aromatics associated with 
old frier oil

2, 4-Decadienal

Serumy/metallic Aromatics associated with raw 
steak and hamburger

Raw steak juice

Soapy Aromatics associated with 
medium chain fatty acids and 
soaps

Decanoic acid, unscented 
plain bar soap in water

Cabbage Sulfurous aromatic associated 
with cooked cruciferous 
vegetables

Dimethyl trisulfi de, boiled 
fresh cut cabbage

Cereal/oatmeal A sweet aromatic reminiscent 
of cooked cereal grains such 
as oatmeal

Freshly cooked oat fl akes

Animal Aromatic associated with 
animals and animal hair

Knox unfl avored gelatin, 
dissolve one bag of 
gelatin (28 g) in two cups 
of distilled water

Cucumber/green Sweet aromatic associated with 
freshly cut cucumber

2, 6-Nonadienal, 20 ppm on 
fi lter paper in sniff jar

Raisin Sweet aromatic reminiscent of 
cooked raisins

Boil 3 tsp raisins in 1 cup 
water, use water as aroma 
and fl avor reference

Musty/earthy Aromatic reminiscent of damp 
basements and/or damp soil

Potting soil

Barny/phenolic Aromatics reminiscent of 
ruminant sweat and urine

p-Cresol

Grassy Aromatics reminiscent of cut 
grasses and hay

Hexanal

Bitter Fundamental taste sensation 
elicited by caffeine, quinine

Caffeine (0.08% in water)

Sweet taste Fundamental taste sensation 
elicited by sugars

Sucrose (3% in water)

Astringent Drying sensation on the tongue 
and oral cavity surfaces

Black tea, alum

Adapted from Drake et al., 2003; Russell et al., 2006; Wright et al., 2006, 2009.
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microbiological quality. The diet that a cow eats will affect the fl avor of the 
milk it produces (Al-Mabruk et al., 2004; Bendall, 2001; Coulon and Priolo, 
2002; Croissant et al., 2007; Fearon et al., 1998; Mounchili et al., 2004; 
Palmquist et al., 1993; Randby et al., 1999; Toso et al., 2002; Urbach, 1990). 
Croissant et al. (2007) recently demonstrated that pasteurized fl uid milk 
from cows fed on pasture was distinct in fl avor profi le from cows fed a total 
mixed ration (Fig. 17.1). Several researchers have found that the season of 
the year affects whole milk powder (WMP) quality and stability (Baldwin 
and Ackland, 1991; Baldwin et al., 1991; Biolatto et al., 2007; Negri et al.,
2004; Steen, 1977; Van Mil and Jans, 1991). Steen (1977) collected WMP 
from two manufacturing facilities in Denmark over a year period to observe 
the effect of season on a number of quality attributes, including physical 
properties, fl avor, and storage stability up to 24 months. The thiobarbituric 
acid (TBA) value, a measure of lipid oxidation, was higher in the summer, 
which was consistent with Biolatto and others (2007) who found that 
straight chain aldehydes were higher in WMP produced during the spring 
and summer compared to fall and winter. They explained that the variation 
was likely due to the feed of the cows, consistent with Toso and others 
(2002), who reported higher levels of straight chain aldehydes in raw milk 
from cows fed grass silage, compared to hay or maize silage. Van Mil and 
Jans (1991) also found that WMP produced in the spring was less stable 
and decreased in fl avor score more rapidly than WMP produced in other 
seasons. The microbiological profi le of raw milk can also affect the quality 
of WMP made from it (Celestino et al., 1997; de Oliveira et al., 2000). Ipsen 
and Hansen (1988) found that high coliform counts in raw milk were 
detrimental for the fl avor of WMP stored for a year. Grassy fl avors have 
been documented in fl uid milk, butter, and whole milk powder from cows 
that were pasture-fed (Carunchia Whetstine and Drake, 2007; Croissant 

Salty

Astringency

Feed/Malty

Sweet aromatic Cowy/Barny

Grassy

Milkfat 

Cooked/milky
Sweet taste 

PC1 (91%)

Aroma intensity 

TMR Jersey

TMR Holstein 

Pasture Jersey

Pasture Holstein

PC2 (7%)

Fig. 17.1 Principal component biplot of sensory profi les of pasteurized whole 
milk from cows fed a total mixed ration (TMR) or pasture-based (pasture) diet.
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et al., 2007; Krause et al., 2007; Lloyd et al., 2009b), and pasture-feeding has 
been attributed to international differences in Cheddar cheese fl avor 
(Drake et al., 2005). Such differences would also be expected in skim milk 
powders and dried whey ingredients.

Protein content will also infl uence fl avor profi le. Drake et al. (2009b) 
recently documented that fl avor profi le of milk protein concentrates 
changed as protein content increased. Lower protein content products dis-
played sweet aromatic and cooked fl avors, similar to rehydrated skim milk 
powder, while higher protein content products (>70%) displayed tortilla 
and animal fl avors (Drake et al., 2009b). Carunchia Whestine et al. (2005) 
and Russell et al. (2006) noted similar fl avor and volatile compound differ-
ences between WPC80 (80% protein) and WPI (at least 90% protein). Such 
differences in fl avor refl ect the different sources for fl avor in those prod-
ucts. Products with less protein have more available lactose to generate 
volatile compounds responsible for sweet, milky fl avors (caramelization, 
Maillard products) while proteins and amino acids would be the major 
reservoir for volatile compound generation in higher protein content 
products.

Volatile compound sources of fl avor for skim and whole milk powders 
include an array of heat-generated compounds (caramelization, Maillard 
products, lactones) as well as lipid oxidation products and free fatty acids 
(Karagul Yuceer et al., 2001, 2002, 2003a; Carunchia Whetstine and Drake, 
2007). Both heat-generated and lipid oxidation products increase in con-
centration and variety as the fl uid product progresses through concentra-
tion and spray drying (Drake et al., 2006). Heat treatment during processing, 
which designates whether the fi nished spray dried powder is low, medium, 
or high heat based on undenatured whey protein nitrogen (WPN), (≥6, 
1.51–5.99, and ≤1.5 mg undenatured whey protein/g powder, respectively, 
USDEC, 2005) will also infl uence fl avor profi le and volatile compounds. 
Medium and high heat milk powders are characterized by more intense 
cooked/sulfurous fl avors and lower intensities of sweet aromatic fl avors. 
High and medium heat skim milk powders (SMP) may even have a distinct 
burnt or scorched-like fl avor. Volatile sulfur compounds are more preva-
lent in these milk powders (Drake et al., 2006). The spray drying process 
itself contributes fl avors. Drake et al. (2006) documented fl avor develop-
ment in medium heat SMP across processing and across a 40 h production 
run. Higher concentrations and a wider variety of Maillard and carameliza-
tion compounds were formed as the product progressed through process-
ing, and these compounds increased with production time. That is, spray 
dried product collected after continuous processing for 40 h had more 
compounds and higher concentrations of compounds than spray dried 
product collected from the beginning of a processing run. However, sensory 
changes were not documented, and the role that these volatile compound 
differences played in physical properties or shelf stability was not 
investigated.
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Some factors that infl uence shelf-life of WMP include initial milk quality, 
processing variables, moisture content, packaging, oxygen exposure, expo-
sure to light, and storage temperature (Hough et al., 2002; Lloyd et al., 2004; 
Nielsen et al., 1997; Ruckold et al., 2003). The shelf-life of WMP is closely 
tied to the development of off-fl avors, especially those attributed to lipid 
oxidation. The shelf-life of US WMP is reported to be six to nine months 
when stored at temperatures less than 27°C and relative humidity less than 
65% (USDEC, 2005), while international WMP claims a shelf-life of one 
year (S. Hess, Hershey Foods, personal communication, 2008). Values in 
the literature for shelf-life of WMP range from three to four months 
(Carunchia Whetstine and Drake, 2007; Lloyd et al., 2009) to three years 
(Van Mil and Jans, 1991) (Table 17.2). Baldwin et al. (1991) detected oxi-
dized fl avor in WMP stored in air at 35°C after nine to twelve months. Van 
Mil and Jans (1991) reported that WMP processed and stored under optimal 
conditions could be kept for three years without quality loss. Optimal con-
ditions included: (i) moderate heat treatment, (ii) moisture content at least 
2.8%, (iii) storage temperature of 20°C or less, and (iv) air and moisture 
proof oxygen reduced packaging. Since WMP has a high fat content, it is 
very susceptible to lipid oxidation. Common storage-related off-fl avors 
include grassy and painty/fatty fl avors. Grassy fl avor may also be associated 
with milk from pasture-fed animals and, in that case, is not a storage-related 
fl avor. However, the fl avor when detected in milk from total mixed ration 
(TMR)-fed animals, generally signifi es the initiation of loss of product 
quality (Carunchia Whetstine and Drake, 2007). Painty/fatty fl avors are 
defi nitive indicators of lipid oxidation and a sign that the product is beyond 
shelf-life (Carunchia Whetstine and Drake, 2007; Lloyd et al., 2009a,b). The 

Table 17.2 Published values for shelf-life of whole milk powder

Shelf-life Conditions Source

3–4 months 21°C and 50% relative humidity Carunchia Whetstine and 
Drake, 2007; Lloyd et al.,
2009a,b

6–9 months <27°C and <65% relative humidity USDEC, 2005
9–12 months 35°C in air, moderate heat treat 

(>95°C, 20 s)
Baldwin et al., 1991

3 years Optimal conditions: Van Mil and Jans, 1991
(i) moderate heat treatment 

(>95°C, 2 min)
(ii) moisture content at least 2.8%

(iii) storage temperature of 20°C 
or less

(iv) air and moisture proof 
reduced O2 packaging
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shelf-life of WMP can be extended by oxygen-free packaging, cool and dry 
storage conditions, or the use of antioxidants (Lloyd et al., 2009a).

Numerous storage studies have shown that WMP and cream powder 
fl avor is better preserved under low oxygen conditions (Andersson and 
Lingnert, 1998; Hall and Andersson, 1985; Steen, 1977; Van Mil and Jans, 
1991). Van Mil and Jans (1991) concluded that WMP should be made with 
a moderate heat treatment and a moisture content of 2.8–5%, then stored 
at less than 20°C with lowered oxygen levels. Some research has shown 
slight benefi ts from added antioxidants in WMP (Abbot and Waite, 1962, 
1965; Hall and Andersson, 1985), but this is not a common commercial 
practice (Dan Meyer, American Dairy Products Institute, personal com-
munication, 2008). Lloyd et al. (2009a) recently demonstrated that applica-
tion of nitrogen fl ushing prevented development of painty off fl avors in 
WMP for up to one year at 21°C storage compared to three months for 
WMP packaged with no nitrogen fl ushing.

As with WMP, the same parameters infl uence fi nal fl avor profi le and 
shelf stability of skim milk powder (SMP), but in a different manner since 
the composition of SMP is distinct from WMP; namely, a lot less fat is 
present. SMP contains not more than 1.25% (Grade A and USDA/ADPI 
standards) or 1.5% fat (Codex standard 1999) compared to 26 to 28% fat 
for WMP. As such, the shelf-life for SMP under ambient temperature 
storage is considerably longer than shelf-life of WMP. Similarly to WMP, 
a wide projected range of shelf-life has been reported for SMP with esti-
mates as high as fi ve years. Carunchia Whetstine and Drake (2007) docu-
mented changes in the sensory profi le of rehydrated skim milk powders 
within twelve months storage at 21°C, 50% relative humidity, but con-
cluded that the quality of ingredient applications would likely not be 
impacted until a later storage date. Changes in fl avor with storage were 
characterized fi rst by a decrease in fresh fl avor intensities (cooked, sweet 
aromatic) and then the evolution of storage fl avors (cardboard, fatty) which 
were associated with lipid oxidation. They concluded, in conjunction with 
previous studies (Karagul-Yuceer et al., 2001, 2002) that lipid oxidation was 
the primary source of loss of fresh fl avor in SMP stored under ambient 
storage conditions. These results were confi rmed in a subsequent larger 
study with SMP manufactured at multiple facilities, collected within one 
month of manufacture, and then stored under identical conditions for 24 
months (Drake et al., 2006). However, variability in fl avor stability was 
observed among SMP from different facilities and was not related to mois-
ture content or transition mineral content. Differences were attributed to 
differences specifi c to processing facilities (e.g. different equipment, minor 
differences in process steps). A conservative shelf-life for low heat SMP 
stored at 21°C was 18 to 24 months.

Flavor stability and shelf-life of SMP were distinct at different storage 
temperatures. Figure 17.2 demonstrates the differences in fl avor develop-
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ment in skim milk powder with different storage temperatures. In contrast 
to cardboard and fatty fl avors, which were indicative of loss of freshness at 
21°C storage, products stored at higher temperature developed distinct off 
fl avors of burnt feathers, brothy, and tortilla, most likely due to a difference 
in type of reactions predominating. Lipid oxidation is the primary source 
of volatile compound changes in SMP stored at 21°C (Karagul Yuceer 
et al., 2002; Drake et al., 2006). Maillard reactions play a smaller role. It is 
likely that Maillard reactions play a larger role at higher storage tempera-
ture and thus infl uence the prevalence and type of volatile compounds 
produced and the sensory fl avors. These differences also demonstrate that 
caution should be taken when evaluating products under accelerated 
storage conditions and relating those changes to traditional storage time 
and temperature. The shelf-life for SMP stored at 35°C was deemed to be 
12–15 months (versus 18 to 24 months at 21°C).

In the case of whey proteins, the infl uence of the cheesemake procedure 
(e.g. starter culture) also has a direct infl uence on fi nal product fl avor. Whey 
fl avor is directly affected by the type of cheese produced as well as the 
quality of milk and the method of whey handling after draining, including 
the time elapsed (Bodyfelt et al., 1988; Tomaino et al., 2004; Gallardo 
Escamilla et al., 2005; Rankin, 2009). Fresh liquid whey is expected to 
possess a delicate and bland fl avor that should relate into powdered whey 
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Fig. 17.2 Principal component biplot of sensory profi les of rehydrated skim milk 
powder stored for various times at 21 or 35°C.
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when reconstituted (Drake et al., 2003; Drake, 2006). Bodyfelt et al. (1988) 
described liquid whey as exhibiting a slightly dirty-sweet/acidic taste and 
odor by qualitative dairy judging/grading criteria. More recent modern 
descriptive sensory analysis has documented a host of specifi c fl avors in 
liquid and dried whey ingredients (Karagul-Yuceer et al., 2003b; Drake 
et al., 2003, 2009b; Carunchia Whetstine et al., 2003, 2005; Tomaino et al.,
2004; Gallardo-Escamilla et al., 2005; Russell et al., 2006; Wright et al., 2006, 
2009; Drake, 2006; Table 17.1). Fresh liquid Cheddar whey has a distinct 
sweet aromatic and cooked/milky fl avor that rapidly diminishes with cold 
storage to cardboard and metallic/serumy fl avors which were likely what 
Bodyfelt et al. (1988) sought to describe (Carunchia Whetstine et al., 2003; 
Tomaino et al., 2004). These fl avors, as well as additional fl avors not docu-
mented in liquid whey, have been reported in dried whey ingredients (Table 
17.1). Volatile compound analysis has also been conducted to pinpoint 
specifi c compounds responsible for liquid and dried whey protein fl avors. 
Table 17.3 outlines volatile compounds that have been identifi ed in the 
literature as being present in liquid whey, WPC80 and/or WPI (Karagul-
Yuceer et al., 2003b; Drake et al., 2003, 2009b; Carunchia Whetstine et al.,
2003, 2005; Mahajan et al., 2004; Tomaino et al., 2004; Gallardo-Escamilla 
et al., 2005; Russell et al., 2006; Wright et al., 2006, 2009; Drake, 2006; 
Javidipour and Qian, 2008).

Processing will also infl uence fl avor of dried whey ingredients. As with 
milk powders, the spray drying process has an effect, but whey protein 
powders are also subjected to membrane fractionation procedures, prima-
rily UF (ultrafi ltration) and NF (nanofi ltration) and MF (microfi ltration) 
to a lesser degree. Residual detergents from recently cleaned membranes 
or fl avor-contributing compounds from fouled membranes can all contrib-
ute to fl avor and fl avor variability. Processing parameters also vary widely 
between facilities and within a facility. Ultimately, identical whey ingredi-
ents from different suppliers will have distinctive fl avors (Drake et al.,
2009b). Figures 17.3 and 17.4 demonstrate basic processing steps for a com-
mercial WPC80 and WPI manufacturer, respectively. The fl avor of the 
whey changes as it progresses through processing from liquid whey to spray 
dried WPC80 or WPI (Tables 17.4 and 17.5). Sweet and sour aromatics and 
cooked/milky fl avors (hallmarks of fresh whey fl avor) and basic tastes 
diminish as the whey is processed and concentrated. Concurrently, volatile 
compound changes can also be observed (Tables 17.6 and 17.7). These dif-
ferences refl ect the changing composition of the whey as well as the unit 
operations to which it is subjected. For example, diacetyl (2, 3 butandione) 
decreases as the liquid product is concentrated and then increases after 
spray drying. It is possible that this compound is destroyed or breaks down 
during processing but then is formed again during the spray drying step 
(Table 17.6). Lactones, present initially in the fresh whey prior to fat 
removal, probably partition into fat and are removed during processing 
(Table 17.7). In contrast, dimethyl trisulfi de has been documented as an 
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Table 17.3 Volatile compounds identifi ed in liquid whey and dried whey 
products

Volatile Whey typeab

(E)-2-hexenal WPC80, agglom. WPC80, WPI, agglom. 
WPI

(E)-2-nonenal liquid, SWP, WPC80, WPI
(E)-2-octenal SWP, WPC80
(E,E)-2,4-decadienal liquid, SWP, WPC80, WPI
(E,E)-2,4-nonadienal SWP, WPI
(E,E)-2,4-octadienal SWP
(E,Z)-2,4-decadienal SWP
(E,Z)-2,4-nonadienal SWP
(E-Z)-2,6-nonadienal liquid, SWP, WPC80, WPI
(Z)-2-nonenal liquid, SWP, WPI
(Z)-4-heptanal WPC80
(Z)-4-heptenal SWP
1,2-propadiene; alkenyl liquid
1,5-octadienone WPI
1-dodecane liquid
1-octen-3-ol WPC80, agglom. WPC80, WPI, agglom. 

WPI
1-octen-3-one liquid, SWP, WPC80, inst. WPC80, WPI
1-propanol liquid
2,3 methyl butanol liquid
2,3,5-trimethyl pyrazine SWP
2,3-dimethyl pyrazine SWP
2,3-methylbutanoic acid liquid
2,5-dimethyl pyrazine SWP
2,5-dimethyl-4-hydroxy-3-(2H)

furanone (Furaneol)
SWP, WPC80, WPI

2,6-dimethyl pyrazine SWP
2-acetyl-1-pyrroline liquid, SWP, WPC80, WPI
2-acetylpyrrole SWP
2-acetylthiazole SWP
2-butanol liquid
2-butanone liquid
2-ethyl pyrazine liquid, SWP
2-ethyl-1-hexanol WPC80, agglom. WPC80, WPI, agglom. 

WPI
2-furfural liquid
2-heptanol WPC80,inst.WPC80
2-heptanone liquid, WPC80, agglom. WPC80, WPI, 

agglom. WPI
2-isobutyl-3-methoxypyrazine liquid, WPC80, WPI
2-methoxy phenol (guiacol) WPC80
2-methoxy-3-isopropylpyrazine liquid
2-methyl propanoic acid SWP
2-methyl-3-furanthiol liquid, WPI
2-nonanol WPC80,inst.WPC80
2-nonanone liquid, WPC80, agglom. WPC80, WPI, 

agglom. WPI
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Volatile Whey typeab

2-octanone WPC80,inst.WPC80
2-pentyl furan WPC80, agglom. WPC80, WPI, agglom. 

WPI
2-phenethanol WPC80, WPI
2-propanol liquid
2-propionyl-1-pyrroline SWP
2-undecanone WPC80, agglom. WPC80, WPI, agglom. 

WPI
3-hydroxy-4,5-dimethyl-2-(5H)-

furanone (Sotolon)
liquid, SWP, WPC80, WPI

3-methoxy-4-hydroxy benzaldehyde 
(vanillin)

WPC80

3-methyl butanoic acid SWP
3-methyl furan liquid
4-methyl octanoic acid WPC80, WPI
9-decanoic acid SWP
acetaldehyde liquid
acetic acid liquid, SWP, WPC80, WPI
acetoin liquid
acetone liquid
benzaldehyde WPC80, agglom. WPC80, WPI, agglom. 

WPI
butadiene liquid, WPC80, WPI
butanoic acid liquid, SWP, WPC80, WPI
butanol liquid
decanal WPC80, WPI
decanoic acid SWP, WPC, WPI
delta-decalactone liquid, SWP, WPC80, WPI
delta-dodecalactone SWP, WPC80, WPI
delta-octalactone SWP
delta-undecalactone SWP
diacetyl liquid, SWP, WPC80, agglom. WPC80, 

WPI, agglom. WPI
dimethyl disulfi de SWP, WPC80, inst.WPC80, agglom. 

WPC80, WPI, agglom. WPI
dimethyl sulfi de liquid, WPC80, WPI
dimethyl trisulfi de liquid, SWP, WPC80, agglom. WCP80, 

WPI, agglom. WPI
dimethylamine allyl liquid
dodecanoic acid SWP
ethanol liquid
ethyl acetate liquid
formic acid SWP
furfuryl alcohol SWP
gamma-decalactone SWP, WPC80
gamma-dodecalactone SWP
gamma-hexalactone SWP
gamma-nonalactone WPC80
heptanal liquid, SWP, WPC80, inst. WPC80, 

agglom. WPC80, WPI, agglom. WPI

Table 17.3 Cont’d
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Volatile Whey typeab

heptanoic acid SWP, WPC80, WPI
heptanone liquid
hexanal liquid, SWP, WPC80, inst. WPC80, 

agglom. WPC80, WPI, agglom. WPI
hexanoic acid liquid, SWP, WPC80, WPI
hydrocarboxyl liquid
isobutyric acid liquid
maltol liquid, SWP
methional liquid, SWP, WPC80, WPI
methyl propanoic acid liquid
nonanal liquid, SWP, WPC80, agglom. WPC80, 

WPI, agglom. WPI
nonanoic acid WPC80, WPI
nonanol WPC80,inst.WPC80
nonanone liquid
o-aminoacetophenone WPC80, WPI
octanal liquid, WPC80, agglom. WPC80, WPI, 

agglom. WPI
octanoic acid liquid, SWP, WPC80, WPI
octanol WPC80,inst.WPC80
p-Cresol SWP
pentanal liquid
pentanoic acid liquid, SWP, WPC80, WPI
phenol liquid
phenyl ethyl acetate WPC80
phenylacetaldehyde SWP, WPI
propan-1-ol; alkyl liquid
propanoic acid liquid, SWP
skatol SWP
toluene WPC80, agglom. WPC80, WPI, agglom. 

WPI
fatty acids
caproic liquid
caprylic liquid
capric liquid
lauric liquid
myristic liquid
palmitic liquid
palmitoleic liquid
stearic liquid
oleic liquid
linoleic liquid

a SWP – Sweet Whey Powder; WPC80 – Whey Protein Concentrate 80% protein; inst. WPC80 
– instantized WPC80; agglom. WPC80 – agglomerated WPC80; WPI – Whey Protein Isolate 
>90% protein; agglom. WPI – agglomerated WPI.
b Cheese source: liquid – Cheddar, Gouda, Mozzeralla, Paneer, Quarg, rennet casein, acid 
casien, lactic acid casein; SWP – Cheddar; WPC80 – Cheddar, Mozzerella, Monterey Jack; 
inst. WPC80 – Cheddar, Monterey Jack; agglom. WPC80 – Cheddar, Mozzerella; WPI – 
Cheddar; agglom. WPI – Cheddar.
Karagul-Yuceer et al., 2003b; Drake et al., 2003, 2009b; Mahajan et al., 2004; Tomaino et al.,
2004; Carunchia Whetstine et al., 2003, 2005; Gallardo-Escamilla et al., 2005; Russell et al.,
2006; Drake, 2006; Wright et al., 2006, 2009; Javidipour and Qian, 2008.

Table 17.3 Cont’d
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Fig. 17.4 General WPI processing fl ow chart with sampling points (Cheddar).
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Table 17.4 Descriptive sensory profi les (mean +/− standard deviation) of commercial 
WPC80 throughout production

Sample A B C D E F

Aroma
intensity

2.4 +/− 0.3a 1.0 +/− 0.2c 1.6 +/− 0.2b 2.0 +/− 0.1b 1.5 +/− 0.4bc 1.0 +/− 0.2c

Cooked/
milky

1.8 +/− 0.2a 1.8 +/− 0.2a 1.4 +/− 0.6a 1.0 +/− 0.5b ND 1.5 +/− 0.6a

Sweet
aromatic/
diacetyl

1.6 +/− 0.2a 1.4 +/− 0.5a 0.8 +/− 0.3a 1.2 +/− 0.2a 0.9 +/− 0.2a 1.3 +/− 0.3a

Cardboard ND ND 0.8 +/− 0.2b 1.2 +/− 0.2b 1.9 +/− 0.3a 0.9 +/− 0.2b

Salty taste 1.6 +/− 0.2a 0.5 +/− 0.1b 0.6 +/− 0.1b 0.8 +/− 0.1b ND NDb

Sweet taste 1.6 +/− 0.1b 3.0 +/− 0.2a 2.4 +/− 0.1a 2.8 +/− 0.2a ND NDc

Sour taste 1.3 +/− 0.2a 1.5 +/− 0.2a 1.3 +/− 0.3a 1.4 +/− 0.3a ND ND

Astringency 1.2 +/− 0.2b 1.5 +/− 0.2b 1.7 +/− 0.2b 1.5 +/− 0.3b 2.7 +/− 0.3a 2.6 +/− 0.2a

a–c Means in a row followed by different letters are different (P < 0.05).
All sensory analyses conducted at 10% solids (w/w) except for raw whey (6.5%).
Attributes were scored on a 0 to 15-point universal intensity scale (Meilgaard et al., 1999) where most dairy fl avors 
fall between 1 and 7 (Drake, 2004).
Capital letters refer to samples (Fig. 17.3).

off fl avor source in WPI (Wright et al., 2006) and appears to form 
during processing, likely as a by-product of sulfur-containing amino acid 
breakdown (Tables 17.5 and 17.7). Removal of many whey fl avor com-
pounds occurs during the processing of liquid whey into whey protein, 
especially during fi ltration steps. However, fl avor precursors are still present 
and new fl avors are formed or increase to detectable levels during the 
spray-drying step.

A detailed analysis of whey protein processing suggests that fat removal, 
heating, membrane fi ltration and spray drying all infl uence fl avor and fl avor 
formation. Current and ongoing work with serum protein processing 
(removal of whey proteins directly from fl uid milk prior to the cheesemak-
ing procedure) may also provide additional clarifi cation of the role of these 
individual process steps (Nelson and Barbano, 2005a,b; Drake et al., 2009b). 
Serum protein processing is similar to whey protein processing without 
the infl uence of starter culture fermentation and the addition of annatto. 
Production of serum proteins allows a direct comparison of the infl uence 
of the cheesemaking procedure on whey proteins. Few studies to date have 
directly compared the two products, but preliminary work suggests that 
signifi cant fl avor and functional differences exist between them (Drake 
et al., 2009b).

In addition to the role of specifi c unit operation processes, time to 
process whey from fl uid product to spray dried product also may infl uence 



Table 17.5 Descriptive sensory profi les (mean +/− standard deviation) of commercial WPI throughout production

Sample A B C D E F G H

Aroma intensity 2.0 +/− 0.2b ND ND 3.0 +/− 0.2a 1.7 +/− 0.2b 1.5 +/− 0.2c 1.0 +/− 0.3c 1.5 +/− 0.2c

Cooked/milky 1.1 +/− 0.2b 1.7 +/− 0.2a 1.5 +/− 0.2ab 1.4 +/− 0.3ab ND ND ND ND
Sweet aromatic/diacetyl 2.0 +/− 0.2a 1.5 +/− 0.3b 1.4 +/− 0.2b 1.3 +/− 0.2b 0.5 +/− 0.1c 0.5 +/− 0.2c ND ND
Metallic/meat serum ND 1.5 +/− 0.1a 1.1 +/− 0.2a ND ND ND ND ND
Cardboard ND 1.5 +/− 0.1b 1.0 +/− 0.2c 1.5 +/− 0.2b 1.3 +/− 0.2bc 0.6 +/− 0.1d ND 2.0 +/− 0.2a

Sour aromatic 1.0 +/− 0.1a ND ND ND ND ND ND ND
Cabbage/brothy ND ND ND ND ND ND ND 2.2 +/− 0.2
Salty taste 1.7 +/− 0.4b 2.9 +/− 0.2a 1.7 +/− 0.3b 1.4 +/− 0.2b ND ND ND ND
Sweet taste 1.6 +/− 0.4b 3.0 +/− 0.2a 3.1 +/− 0.1a 2.0 +/− 0.3b ND ND ND ND
Sour taste 1.4 +/− 0.3a 1.2 +/− 0.2ab 1.0 +/− 0.2b 0.5 +/− 0.1c ND ND ND ND
Astringency 1.1 +/− 0.4a 1.5 +/− 0.3a 1.6 +/− 0.5a 1.5 +/− 0.3a 1.7 +/− 0.4a 1.1 +/− 0.2a 1.2 +/− 0.2a 1.6 +/− 0.6a

a–e Means in a row followed by different letters are different (P < 0.05).
All sensory analyses conducted at 10% solids (w/w) except for raw whey (6.5%).
Attributes were scored on a 0 to 15-point universal intensity scale (Meilgaard et al., 1999) where most dairy fl avors fall between 1 and 7 (Drake, 2004).
Capital letters refer to samples (Fig. 17.4).
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Table 17.6 Flavor dilution factors of selected aroma-active volatile compounds identifi ed throughout the WPC 80 production process

Compound FR1

Log3FD2 factors
RI
DB-5

RI
DB-Wax ID3

Fresh 
whey

After RO & 
pasteurize

After pasteurize 
& UF

Finished 
WPC 80

1-octen-3-ol NB 4 4 3 2 984 1280 odor, RI, MS
2-acetyl-1-pyrroline NB 3 5 3 4 923 1320 odor, RI
2-isobutyl-3-methoxypyrazine NB ND4 ND <1 <1 1186 1510 odor, RI
2-phenethanol NB 3 5 1 2 1162 odor, RI
2,3 butanedione NB 3 1 2 5 681 890 odor, RI
2,6-nonadienal NB 1 4 2 2 1171 1596 odor, RI
acetic acid AC 3 1 <1 4 656 1394 odor, RI, MS
butyric acid AC 6 4 3 4 850 odor, RI, MS
hexanoic acid AC ND ND ND 3 1050 1757 odor, RI, MS
delta-decalactone NB 4 <1 ND <1 1500 2013 odor, RI
dimethyl trisulfi de NB 1 4 3 <1 978 1360 odor, RI, MS
hexanal NB 2 1 1 2 792 1066 odor, RI, MS
methional NB 5 <1 2 2 922 1428 odor, RI
nonanal NB 1 <1 3 2 1108 odor, RI, MS
nonanoic acid NB 3 6 4 4 1256 odor, RI, MS
octanal NB 2 1 1 2 1010 odor, RI, MS

1 Fraction (NB = neutral/basic, AC = acid).
2 Flavor dilution factors were determined on a DB-5 column for NB compounds, and on a DB-Wax column for AC compounds.
3 Method of identifi cation. (RI = retention index, MS = mass spectra)
4 Not detected.

WPKN041109



Table 17.7 Flavor dilution factors of selected aroma-active volatile compounds identifi ed throughout the WPI production process

Compound FR1
RI DB-5 Log3FD2 factors

RI DB-5 RI DB-Wax ID3

After RO/Ship After MF, UF, DF Finished WPI

1-octen-3-ol NB 4 2 4 984 1280 odor, RI, MS
2-acetyl-1-pyrroline NB 2 1 3 923 1320 odor, RI
2-isobutyl-3-methoxypyrazine NB 2 2 1 1186 1510 odor, RI
2-phenethanol NB 3 4 3 1162 odor, RI
2,3 butanedione NB 2 <1 <1 681 890 odor, RI
2,6-nonadienal NB 4 <1 2 1171 1596 odor, RI
acetic acid AC 3 2 2 656 1394 odor, RI, MS
acetophenoneee NB 3 <1 ND4 1094 odor, RI, MS
butyric acid AC 2 ND 2 850 odor, RI, MS
hexanoic acid AC <1 <1 <1 1050 1757 odor, RI, MS
delta-decalactone NB 1 <1 <1 1500 2013 odor, RI
dimethyl disulfi de NB ND ND <1 773 odor, RI
dimethyl trisulfi de NB <1 2 7 978 1360 odor, RI, MS
hexanal NB 2 <1 1 792 1066 odor, RI, MS
maltol AC 1 ND 4 1141 odor, RI, MS
methional NB 5 3 3 922 1428 odor, RI
nonanal NB 6 3 3 1108 odor, RI, MS
nonanoic acid NB 3 1 3 1256 odor, RI, MS
octanal NB 3 1 1 1010 odor, RI, MS

1 Fraction (NB = neutral/basic, AC = acid).
2 Flavor dilution factors were determined on a DB-5 column for NB compounds, and on a DB-Wax column for AC compounds.
3 Method of identifi cation (RI = retention index, MS = mass spectra).
4 Not detected.

WPKN041109
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fl avor. The time to process liquid whey to a fi nished spray dried whey 
protein concentrate (WPC) may vary from 6 h to as much as 48 h depending 
on the volume of whey incoming to the processing facility. When volumes 
are low, liquid pasteurized whey or liquid pasteurized concentrated whey 
may be held at a low temperature for 6 to 36 h prior to subsequent process-
ing. Tomaino et al. (2004) fi rst documented that refrigerated storage of 
liquid pasteurized whey resulted in increases in lipid oxidation compounds. 
More recent work also confi rms this observation; in Fig. 17.5, fresh Cheddar 
cheese whey was pasteurized, the fat removed, and then the whey was 
stored at 4°C for 96 h. Increases in lipid oxidation compounds occurred 
with cold storage and descriptive sensory analysis likewise revealed evolu-
tion of cardboard fl avors and decreases in fresh cooked/milky and sweet 
aromatic fl avors, characteristic of fresh whey. Examples with spray dried 
WPC80 also suggest that increases in process time (e.g. storage of liquid 
product at any step during processing) negatively impact upon fi nal spray 
dried product fl avor. Figure 17.6 demonstrates the sensory profi les of 
Mozzarella WPC80 spray dried following increasing storage time at 3°C of 
liquid protein retentate.

Bleaching is another step that occurs in some whey protein processing 
facilities that may infl uence fl avor. A consistent cream colored powder that, 
when rehydrated, has little to no visible color is the desirable end product 
for the dried whey protein powders. Many cheeses (namely Cheddar) have 
annatto extract added to provide an orange color in the fi nal fi nished 
cheese. Approximately 10 to 20% of the added annatto carries over into 
the fl uid whey where it imparts an undesirable color to the fi nished spray 
dried whey protein. The whey is bleached to minimize color and produce 
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Fig. 17.5 Hexanal increases in liquid pasteurized Cheddar cheese whey with 
(C2) and without (C1) fat removal across 144 hours storage at 5°C. Hexanal was 

extracted and quantifi ed by SPME GC-MS. Changes in hexanal concentration are 
signifi cant (p < 0.05) between treatments at each timepoint.
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a consistent colored product for ingredients applications. Hydrogen perox-
ide and benzoyl peroxide are the only legally permitted bleaching agents 
for whey in the United States, with several restrictions to their use. Hydrogen 
peroxide decomposes to oxygen and water during bleaching (Smith, 2004). 
The residual hydrogen peroxide is removed from the whey by either heat 
and/or catalase. As a GRAS (Generally Recognized as Safe) substance, the 
maximum treatment level for bleaching whey using hydrogen peroxide is 
0.05% (<500 ppm) (21CFR184.1366). Along with hydrogen peroxide, 
benzoyl peroxide is also a GRAS substance, and is used in food with no 
limitation other than current good manufacturing practices (21CFR184.1157). 
Benzoyl peroxide is typically used at a rate no more than 0.002%. The most 
effective conditions are 60°C for 15 minutes at pH 6 to 7. Longer holding 
times are required if lower temperatures are used. Benzoyl peroxide is 
effective at lower usage levels than hydrogen peroxide, is less corrosive on 
stainless steel and does not require catalase addition. However, application 
of benzoyl peroxide results in elevated levels of benzoic acid in dried WPC. 
Benzoic acid is not a desirable component to many Asian export markets 
and this represents a signifi cant barrier to benzoyl peroxide usage.
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Fig. 17.6 Sensory changes in spray-dried Mozzarella WPC80 following 3°C 
storage of concentrated retentate for various timepoints. T0 – no storage prior to 
spray drying, T6 – 6 h storage prior to spray drying, T12 – 12 h storage prior to 

spray drying, T24 – 24 h storage prior to spray drying, T48 – 48 h storage prior to 
spray drying.
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Published quantitative studies on the impact of bleaching on whey 
protein functionality and fl avor are sparse and dated. The functionality of 
whey protein may change due to bleaching with hydrogen peroxide (Cooney 
and Morr, 1972; Munyua, 1975; Chang et al., 1977). Bleaching can impart 
oxidized tallowy fl avors to milk and to whey (Munyua, 1975; Washam 
et al., 1974). Oxidized fl avors in whey that were apparent right after bleach-
ing purportedly disappeared after evaporation and drying (McDonough 
et al., 1968). A more complete and up-to-date scientifi c understanding of 
the impact of bleaching on whey protein fl avor and functionality is needed. 
Figure 17.7 demonstrates recent studies on the differences in unbleached 
Cheddar whey compared with whey from the same cheese vat treated with 
different concentrations of benzoyl or hydrogen peroxide. The bleaching 
agent concentrations represent the range of concentrations that might be 
expected in current industrial practices, as does the time/temperature treat-
ment. Clearly, fl avor and volatile compound profi les are impacted upon 
by bleaching and by different bleaching agents (Figs 17.7 and 17.8). As 
might be expected, higher concentrations of lipid oxidation products are 
present in the bleached wheys compared to unbleached wheys. What 
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Fig. 17.7 Principal component biplot of the sensory profi les of fresh fl uid 
colored Cheddar cheese whey with and without hydrogen peroxide (H2O2)

or benzoyl peroxide (BPO) bleaching. Unbleached – colored whey with heating 
but no bleach; BPO10 – 10 ppm; BPO20 – 20 ppm; H2O2 250 – 250 ppm; H2O2

500 – 500 ppm.
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heating but no bleach; BPO10 – 10 ppm; BPO20 – 20 ppm; H2O2 250 – 250 ppm; 

H2O2 500 – 500 ppm.

remains to be seen is if these differences carry-through to fi nished spray 
dried products.

Finally, agglomeration and storage time can also impact dried ingredient 
fl avor and fl avor stability. Agglomeration is the process of producing 
agglomerates, small clumps of several particles. Agglomeration increases 
dispersability and decreases dispersion time because of the increase in the 
particle size and porosity of the powder (Turchiuli et al., 2005; Peitsch, 2005).
This process is often applied to SMP, WMP and WPC80 and WPI for bev-
erage applications, as the product will mix and rehydrate more readily when 
agglomerated. Industrially, the most common way to produce agglomerated 
powders is by spray drying, followed by the rewetting and agglomeration 
of powders in fl uidized beds (Pietsch, 2005). The product may have been 
spray dried at an earlier time, hence the name re-wet agglomeration is 
applied to this process. A solvent, called a binder, is sprayed onto the 
powder from above or inside of the bed (Turchiuli et al., 2005). The binder 
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can be water/steam or usually lecithin solution. Lecithin is used in this 
process to further increase dispersion properties (wettability) of the powder. 
The term ‘instantized’ generally refer to products agglomerated with leci-
thin, whereas the term ‘agglomerated’ may or may not imply that lecithin 
has been added. More recently, agglomeration has been conducted as a 
continuous process as the milk or whey protein is spray-dried, eliminating 
the need for the re-wet agglomeration process. This newer process is called 
single pass agglomeration (Henning et al., 2006).

If lecithin is applied, careful attention should be paid to the source and 
age of the lecithin used. Lecithin is generally sourced from soy and has a 
distinct fl avor. The product is itself prone to oxidation. A recent study 
demonstrated that the application of lecithin decreased the storage stability 
of WPC80 compared to product that had been agglomerated without leci-
thin or not agglomerated (Wright et al., 2009). As with skim milk powder 
(SMP) and whole milk powder (WMP), whey proteins develop storage 
associated fl avors (Drake et al., 2009b; Wright et al., 2009). Storage-
associated fl avors documented across 18 months’ storage under ambient 
temperature included cardboard, raisin/brothy, cucumber and fatty. These 
fl avors increased more rapidly in instantized or agglomerated WPC80 or 
WPI compared to non-agglomerated products (Wright et al., 2009). 
Although WPC80 has a higher fat content that WPI, the same types of 
fl avor changes were observed. Volatile compound analysis confi rmed that 
volatile lipid oxidation products increased with storage time concurrently 
with fl avor changes. Previous studies, focused solely on instrumental 
changes, have likewise confi rmed the prevalence of lipid oxidation products 
in storage of WPC80 (Javidipour and Qian, 2008). Wright et al. (2009) sug-
gested that the optimum shelf-life for non-agglomerated WPC80 and WPI 
stored at 21°C was 12–15 months, and 8–12 months for steam agglomerated 
or lecithin agglomerated WPC80 and WPI. Since lipid degradation plays a 
large role with WPC80 and WPI loss of shelf-life, nitrogen fl ushed packag-
ing, as with WMP, would likely improve shelf stability. Mortenson et al.
(2008) recently reported that processing effects (bleaching, agglomeration, 
cheese source) had few effects on sensory properties and volatile com-
pounds of WPC34 and WPI. However, they used liquid products from 
multiple facilities which were then processed under pilot scale conditions. 
Multiple sources of process variability and lack of extensive training by the 
sensory panel may have confounded their ability to document specifi c dif-
ferences. Certainly, the wealth of published and unpublished information 
suggests that their results were not representative.

17.3 Flavor carry-through with dried dairy ingredients

Dried dairy ingredients are highly versatile and value-added ingredients. In 
most cases, these products are not consumed directly. Instead they are used 
as ingredients in other products. For example, in the US, over 75% of the 
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WMP produced goes into confectionary products such as chocolate, with 
the remainder used in baked goods, dry sauce and soup mixes, dairy bever-
ages, ice cream, recombined milk, or other products (USDEC, 2005). A 
rich dairy fl avor is one of the reasons why this ingredient is used in confec-
tions and sauces. In other cases, such as most examples with whey proteins, 
the dairy ingredient is used specifi cally for its nutrition and/or functionality. 
Little or no fl avor is the desired sensory profi le in such cases and in either 
case, non-dairy or atypical fl avors are certainly unacceptable and undesir-
able. Painty fl avor in a dry soup mix from beyond-shelf life WMP, or potato 
fl avor in a fruit-fl avored whey protein beverage (from the whey protein), 
are extreme but realistic examples of fl avor carry-through. Regardless of 
the application, fl avor carry-through into ingredient applications is critical. 
Less attention has been paid to this issue in previous years when dried 
ingredients were treated as commodities, but with increased national and 
global competition, fl avor quality of dried ingredients and fl avor carry-
through are now critical issues.

Flavor carry-through is infl uenced by the nature of the fl avor or off-
fl avor in the ingredient and the specifi c ingredient application. The numer-
ous sources of whey protein and dried ingredient variability have been 
discussed in this chapter. As such, whey proteins and other dried dairy 
ingredients from different suppliers generally have different and distinct 
fl avor profi les (Drake et al., 2009b). Other atypical fl avors can also occur 
due to unexpected changes in raw product stream, processing and storage. 
Different products also have different tolerances for fl avor variability. 
Caudle et al. (2005) demonstrated that SMP with off-fl avors negatively 
impacted upon consumer acceptance of vanilla ice cream, yogurt, hot cocoa, 
and white chocolate to differing degrees. Some off-fl avors were masked in 
certain ingredient applications but not in others. An animal off-fl avor nega-
tively affected acceptance of vanilla ice cream, strawberry yogurt and white 
chocolate but not hot cocoa. In contrast, fatty off-fl avor negatively impacted 
on acceptance of vanilla ice cream and hot cocoa but not strawberry yogurt 
or white chocolate. Lloyd et al. (2009a) demonstrated similar effects with 
fresh and stored WMP in white and milk chocolate. White chocolate was 
more transparent to off-fl avor carry-through than milk chocolate.

Several studies have demonstrated that variability in whey protein fl avor 
(WPC80, WPI) impacts consumer acceptance of meal replacement bever-
ages, bars and protein beverages (Drake, 2006; Childs et al., 2007; Drake et
al., 2009b; Wright et al., 2009). The issue of optimum whey protein shelf-life 
is demonstrated with fl avor carry-through into 6% protein beverages and 
consumer acceptance of these beverages (Fig. 17.9). Commercial whey 
proteins (WPC80 and WPI, respectively) from the same facility were com-
pared to effectively evaluate shelf-life and fl avor stability rather than fl avor 
differences characteristic of different facilities (Drake et al., 2009b). Stored 
whey proteins developed distinct fl avor differences, readily apparent to 
trained panelists when the whey proteins were rehydrated at 10% solids 



 Impact of dairy ingredients on the fl avor profi les of foods 465

and evaluated as-is (a standard practice for trained panelists) (Wright et al.,
2009). When these proteins were incorporated into 6% fl avored protein 
beverages for consumers, distinct differences in consumer acceptance were 
observed between freshly manufactured product and stored products (Fig. 
17.9). These results clearly demonstrated that off-fl avors do carry-through 
into ingredient applications and can negatively affect consumer acceptance. 
These results also, in conjunction with previous studies, collectively suggest 
that trained panel profi les of dried dairy ingredients do correlate with con-
sumer acceptance and relationships can be established between trained 
panel profi les of ‘raw’ ingredients and the potential for carry-through into 
ingredient applications. The take-home message is to know and understand 
the characteristic fl avor profi le of ingredients and to know and understand 
the characteristic fl avor profi le of the application(s). Shelf stability of the 
application must also be accounted for in this situation and emphasizes 
the need to be conservative with shelf-life estimates of dried ingredients. 
The shelf-life of many ingredient applications is six months or longer. 
Clearly, the use of dried ingredients that are close to the end of an estab-
lished or recommended shelf-life, or that are already showing sensory signs 
of loss of quality, is not wise to achieve a high quality and competitive 
ingredient application.

17.4 Future trends

The demand for dried dairy ingredients continues to increase. However, 
competition from other ingredient sources is increasing concurrently. 
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Meeting the demand for a consistent product that has the desired target 
fl avor profi le and a long shelf-life requires a continued interest and invest-
ment in research. A full understanding of the impact of process steps on 
fl avor and fl avor stability will enable the industry to meet these demands.
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Production of dairy aromas and fl avors: 
New directions
M. Sibeijn, Dishman Netherlands B.V., The Netherlands and 
J. A. Wouters, NIZO food research, The Netherlands

Abstract: Dairy-derived aromas and fl avors are widely used in the food industry. 
Nowadays, the traditional milk-derived products, such as cheese and butter, are 
more and more replaced by novel ingredients that are obtained by fermentation 
or enzymic modifi cation. These ingredients offer more intense fl avors and lower 
costs. In the past, the emphasis has been on the development of enzymes, 
production strains and substrates for fl avor and aroma production. Downstream 
processing was usually limited to concentration of the fermented liquid, 
optionally followed by drying. New developments in distillation and membrane 
technology offer new opportunities for the production of highly concentrated 
dairy-derived fl avors and aromas.

Key words: dairy aroma, enzyme, fermentation, downstream processing, 
distillation, membrane.

18.1 Introduction

In the world of food ingredients, fl avors play an important role. Dairy-
derived fl avors are widely used in various food applications, such as snacks, 
cheese sauces, dressings, baking products, confectionary, and many others. 
The fl avors are usually divided into four main groups, according to the 
traditional products: milky, yoghurt, cheesy and creamy fl avors.

In the past, fl avoring of food ingredients with dairy aroma was done 
either by using the traditional dairy products as such or by using extracts 
or steam-distillates of these products. However, these fl avors were usually 
weak and had high production costs (Eaton, 1994). As dairy-derived fl avors 
are very complex and comprise a wide variety of components, it is diffi cult 
to mimic these fl avors by a synthetic mix of the pure components. Usually 
some ‘background’ fl avors are missing in synthetic mixtures. The develop-
ment of a high quality artifi cial dairy-fl avor would therefore be rather 
costly. In combination with the trend that consumers prefer natural 
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ingredients instead of artifi cial ones, there was little incentive for the devel-
opment of artifi cial dairy-fl avors (Eaton, 1994). Moreover, natural dairy-
derived fl avors offer the advantage that all fl avor components are already 
present and in the right concentrations. However, due to the increasing 
costs of dairy ingredients over the past years, the development of artifi cial 
fl avors becomes more attractive; for instance, Shirakawa (2007) recently 
fi led a patent on the preparation of a heat-stable, artifi cial milk fl avoring.

The demand for natural dairy aroma and fl avors is expected to increase. 
Major drivers are the increasing demand of healthier foods with reduced 
fat (and cholesterol) levels (Holland et al., 2006) and the desire to use clean 
label, natural ingredients. Fat reduction leads to a change in fl avor percep-
tion by the consumer, which is not always appreciated. Adding fl avors to 
the food product may help to improve the fi nal fl avor. Flavors produced 
from milk and milk-derived products are considered as natural, and are 
widely used (Eaton, 1994). Consequently, there is a strong incentive to 
develop better natural fl avors for applications in snack and other foods, 
especially for stronger and more characteristic cheese fl avors.

Another trend is the demand for more intense fl avors at a lower produc-
tion cost. This especially applies to cheese fl avors, because the production 
of natural cheese takes a relatively long time and is thus expensive.

So far, the downstream processing of fermented milk-derived fl avors has 
not obtained much attention, apart from solving issues in fl avor analysis. 
For analytical purposes, distillation and extraction procedures have been 
developed in order to be able to analyze the various components of the 
fermentation medium by chromatography.

The application of downstream processing techniques may open new 
opportunities for the production of novel type milk-derived fl avors. Since, 
from an economic point of view, it is unattractive to isolate all individual 
components, it would be possible to isolate fl avor blocks. The advantage of 
having different fl avor blocks is that fl avorists can combine these fl avor 
blocks to create new compositions. Krammer et al. (2002) claimed the syn-
thesis of a cheese fl avoring by combining up to 14 fl avor blocks of both 
volatile and non-volatile components.

18.2 Production methods for dairy aromas and fl avors

18.2.1 Fermentation
For a long time, fermentation has been used for the production of various 
dairy products, such as cheese and yoghurt. For fl avoring purposes, these 
products were applied as such, or extracts of steam-distillates of these 
products were used. Also, the starting material, milk, is an expensive raw 
material. Over the past years, milk prices have increased considerably, 
which makes the use of milk as a starting material for the production of a 
fl avor less attractive. A lot of research efforts have therefore been directed 
towards the selection and development of production strains and the 
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selection of alternative substrates for the production of dairy-like fl avors 
(Smit et al., 2005), and these are still going on. For instance, vegetable 
resources can be used as raw materials (Crow et al., 2003; Ortega-Luis 
et al., 2005; Pratt, 1987). It is therefore possible to select a cheap source for 
the production of dairy-like fl avors.

18.2.2 Enzymes
Another development in cost reduction in the production of cheese fl avors 
is the use of enzymes instead of fermentation. The application of enzymes 
leads to a signifi cant reduction in processing time compared to the tradi-
tional processes, while also an increase in fl avor concentration of 5 to 30 
times is achieved (Wilkinson and Kilcawley, 2002). It also offers an oppor-
tunity to use other raw materials. Not only milk-ingredients, but vegetable 
resources can be applied as starting material (Tomasini et al., 1995).

Especially for enzyme-modifi ed cheese fl avors (EMCs), a wide range of 
products is already available, including Cheddar, Mozzarella, Romano, 
Parmesan, Blue, Gouda, and many others. The fl avor profi le of these EMCs 
may be quite different from that of the natural cheese but, depending on 
the interaction with the applied base, the desired cheesy note may be 
obtained (Kilcawley et al., 1998).

In an EMC process, selected enzymes (both proteases and lipases) 
are added to a cheese curd that is typically slurried with water (Kilcawley 
et al., 2006). The applied enzymes amplify particular groups of fl avorful 
compounds, such as short chain fatty acids, and peptides of a particular 
molecular weight. As a consequence, the products of these EMC processes 
lack the balanced fl avor profi le of a cheese that has been ripened naturally. 
An improvement of the fl avor profi le can be obtained by addition of a 
culture to an EMC (Crow et al., 2003).

Enzymatic processes are also applied for the creation of enzyme modifi ed 
butter (EMB) fl avor, which uses lipase to produce free fatty acids. Volatile 
compounds are often lost, due to the processing conditions, leading to a lack 
of top notes in the produced fl avor. Sometimes the fl avors obtained by this 
type of process need an additional fl avoring, especially when volatile com-
ponents have a signifi cant impact on the fl avor. For example, a butter fl avor 
is made from a combination of a starter distillate and enzyme-treated 
butterfat. Starter distillates contain >89% of water and the remainder is a 
mixture of volatile, butter-like fl avor compounds, the so-called top notes. 
This starter distillate is prepared by (steam)distilling a fermentation medium 
prepared from milk ingredients in combination with a lipase (Rutloff, 1982).

18.3 Downstream processing of dairy aromas and fl avors

18.3.1 Traditional methods
Apart from applying the dairy products, such as milk, cream, cheese 
or yoghurt, directly or in a concentrated form, also their extracts or 
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steam-distillates were used as a fl avor. Both steam-distillation and extrac-
tion may lead to loss of fl avors that are not removed from the original dairy 
product, leading to an incomplete fl avor composition. As a result, a weak 
fl avor is obtained with relatively high production costs.

The use of enzymes for the production of EMC and EMB lead to a 
strong cost reduction for these types of fl avor. These fl avors are usually 
manufactured as a powder. A typical process for the production of an EMC 
fl avor is shown in Fig. 18.1. A slurry system of cheese or curd is incubated 
with enzymes under controlled conditions until the required level of fl avor 
is obtained. Subsequently, the slurry is concentrated and spray-dried. 
Instead of concentration and spray-drying, freeze-drying may be used, 
especially in cases when heat-sensitive components are required in the 
fl avor product.

Concentration and drying of fl avors may lead to a loss of volatile com-
pounds, and thus decrease the quality of the resulting fl avor. A method to 
retain volatile components in the fl avoring product is encapsulation. Whey 
powder is often used as the encapsulating agent. It is added, usually in 
combination with maltodextrin, prior to spray-drying (Anon., 1996; Bakal 
and Eisenstadt, 1988). Rapid cooling of the spray-dried material results in 
the formation of fat and sugar crystals in the matrix, which preserves the 
unique dairy fl avor profi les (Anon., 1996). The use of ultrasound during 
preparation of the emulsion prior to spray-drying has a positive effect on 
the aroma retention and fl avor quality (Mongenot et al., 2000).

18.3.2 Distillation techniques
Steam-distillation has been used for a long time to produce dairy aromas 
from dairy products. However, high temperatures may affect the composi-
tion of the aroma obtained, because of degradation of heat-sensitive fl avor 
components. Another disadvantage is that hydrophobic fl avor components 
may be retained by the matrix of the original product, leading to a different 

Enzyme reaction

Volatiles

EvaporatorHeat
treatment Drier

Flavor powder

Fig. 18.1 Typical process scheme for the production of milk-derived fl avors.
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composition of the aroma. As steam distillates contain a considerable 
amount of water (up to 90%), a weak fl avor is obtained.

A relatively novel distillation technology is the Spinning Cone Column 
(SCC), developed and owned by FT Technologies. This technology is based 
on traditional steam-distillation, but in an advanced way. The SCC com-
bines relatively mild process conditions in combination with a long path 
length and short residence time, which makes this equipment very suitable 
for processing heat-sensitive components. Moreover, this type of equip-
ment can handle very viscous slurries, and is therefore suitable for process-
ing fermentation media (Pyle, 1994). In the dairy industry in New Zealand, 
this technology is used for the removal of pasture-related fl avors from 
cream in order to maintain a constant product quality throughout the year 
[www.ft-tech.net]. It also allows specifi c fl avor profi les to develop, by adjust-
ment of the stripping rate, the operating temperature and the off-set tem-
perature. The technology is also used for aroma recovery in the (partly) 
de-alcoholization of wine, the recovery of coffee aromas, and the produc-
tion of fruit aromas. Up to now, the production of dairy aromas by using 
SCC has not been reported.

18.3.3 Membrane technologies
Micro-, ultra- and nanofi ltration (MF, UF or NF)
Membrane technologies are widely used to separate biomass from liquid. 
The membrane type (MF, UF, NF) is chosen depending on the desired 
permeate composition. In the case of NF, only small molecules will be 
present, whereas in the case of micro fi ltration, larger molecules, such as 
proteins, may also be present in the permeate. These types of fi ltrations are 
suitable for the preparation of aqueous solutions containing water-soluble 
aroma compounds.

Reversed osmosis (RO)
Reversed osmosis may be used as an alternative to concentration by evapo-
ration in fl avor production. Most of the fl avor components will be retained, 
but loss of volatiles may occur as small molecules will pass through the RO 
membrane. A drawback of concentration by RO is the relative low concen-
tration factor that can be obtained, due to the osmotic pressure of the 
concentrate. A new development in this respect is high pressure RO (up to 
150–200 bars), allowing higher osmotic pressures of the concentrate. 
Tubular RO membranes with a large diameter, of about 14 mm, allow for 
high solids contents. This is especially attractive for fermentation media 
containing volatile components, as most of these components will disappear 
during evaporation. A separate removal of these volatiles is not required 
when applying high pressure RO, because most of the volatiles will be 
retained in the concentrate. As this technology is still under development, 
there are no turn-key solutions for implementation. High pressure RO can 
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be carried out at ambient temperatures, which makes it very attractive for 
concentration of heat-sensitive materials.

Other osmotic techniques
Other concentration technologies based on osmotic principles are still 
under development. For direct osmosis, a semi-permeable, water-selective 
membrane is used. An aqueous solution with a higher osmotic pressure 
than the liquid feed is present on the other side of the membrane. The liquid 
feed is then concentrated by a difference in osmotic pressure as the driving 
force (Jariel et al., 1996; Herron et al., 1992).

Another development is osmotic evaporation. In this case, a macropo-
rous hydrophobic membrane is used. Moreover, an aqueous solution with 
a high osmotic pressure is present at the permeate side. The driving force 
for the removal of water from a liquid stream is the difference in water 
vapour pressure of the liquid feed and the aqueous solution. In this case, 
very high concentration can be obtained. For instance, a fruit juice has been 
concentrated up to 65 ° Brix, while retaining most of the volatile components 
(Jariel et al., 1996; Hogan et al., 1998). Membrane distillation is based on 
the same driving force as osmotic evaporation, but instead of an aqueous 
solution, a gas phase is applied on the other side. However, more losses of 
volatiles are observed for membrane distillation, and therefore this technol-
ogy will be less attractive for the concentration of fl avors (Jariel et al., 1996).

It should also be noted that the new technologies have been applied for 
the concentration of clarifi ed juices, and that no information is available on 
their suitability for processing fermentation media.

Pervaporation
Another method for the recovery of volatile components is pervaporation. 
Pervaporation is a membrane-assisted separation process, in which a liquid 
feed mixture is separated by partial vaporization through a non-porous 
perm-selective membrane. The process results in a vapor permeate and a 
liquid retentate. One or more components in a liquid mixture absorb on 
one side of a dense polymeric membrane, diffuse through the membrane 
thickness, and desorb and evaporate at the opposite membrane surface, 
with the driving force being a difference in vapor pressure in the concen-
trate and permeate stream. The fl ux through the membrane is therefore 
dependent on the processing temperature, the concentration of the compo-
nent and the applied vacuum at the permeate side. For removal of volatile 
organics from aqueous streams, hydrophobic membranes are used. 
Processing can be done at moderate temperatures, so this technology is also 
suitable for heat-sensitive materials.

Baudot and Marin (1996) described the recovery of methylthiobutanoate 
(hydrophobic molecule with cheese fragrance) and the recovery of diacetyl 
(hydrophilic, butter aroma) from aqueous model solutions using pervapo-
ration. The highest enrichment (factor 290) was obtained at the lowest 
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permeate pressure, as in this case the largest difference in vapor pressure 
is obtained. The optimal membrane is depending on the nature (hydropho-
bicity) of the volatile component. For the recovery of volatile components 
from an aqueous solution or medium, the use of a hydrophobic membrane 
is most suitable. Sibeijn et al. (2004) did not fi nd any differences in two 
types of hydrophobic membranes for sulphur containing volatiles (dimethyl 
sulphide and dimethyl disulfi de), whereas large differences were observed 
for aldehydes, ketones and esters.

Baudot and Marin (1996) assumed that the matrix of the feed may affect 
the vapor pressure of the aroma components and thus the fl ux of the aroma 
compounds over the membrane. For instance, lipid components present in 
the feed may specifi cally sorb hydrophobic components, which lowers the 
vapor pressure of these components in the feed. Also proteins, such as 
caseins, may interact with volatile compounds.

Sibeijn et al. (2004) showed that the feed matrix affects the recovery of 
volatile components by pervaporation. The composition of the permeate 
of an aqueous model solution containing key-components of a yoghurt 
fl avor such as acetaldehyde, diacetyl, 2-butanone, 3-methyl butanal, 
2-petanone, 2,3-pentadione and hexanal was compared with the permeate 
composition of a yoghurt fermentation. The enrichment factors of the 
various key-compounds in the permeate differed from each other, both in 
the model solution and in the yoghurt fermentation, which could only partly 
be ascribed to different concentrations in the feed. For 3-methyl butanal 
an enrichment factor of more than 1000 could be obtained, whereas for 
acetaldehyde an enrichment factor of 300 was found. Overington et al.
(2008) also determined enrichment factors for various fl avor compounds, 
such as esters, ketones and acids. In these experiments, different enrich-
ment factors were also obtained. Differences can be ascribed to differences 
in vapor pressure (concentration in the feed), hydrophobic nature and 
chain length of the molecules, but also to interactions with the feed matrix.

The use of pervaporation for the recovery of dairy aromas will not result 
in a concentrate with the same volatile composition as the feed, because of 
the different permeation rates of the various components. Pervaporation 
may be used for the preparation of concentrated fl avor blocks from (diluted) 
feeds, and can be used in combination with other fl avor blocks to prepare 
a semi-natural fl avor as described by Krammer et al. (2002).

18.4 Future trends

Up to now, milk-derived fl avor production consisted of fermentation or 
enzymatic treatment of milk raw materials, followed by a heat-treatment 
to inactivate the micro-organisms or enzymes and concentration of the 
medium, optionally followed by drying. Other downstream technologies, 
either available or under development, can now be used for the production 
of a novel generation of milk-derived fl avors.
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In Table 18.1, a summary is given for the various available technologies 
that may be used in the production of milk-derived fl avors. From this table 
it can be concluded that most direct concentration methods suitable for 
fermentation media containing volatiles or heat-sensitive materials, viz. 
high pressure RO, direct osmosis and osmotic evaporation, are still under 
development. High pressure RO is closest to realization on an industrial 
scale.

For the production of dairy fl avors by using mature technologies, a com-
bination of technologies will be required to produce highly concentrated 
fl avors; for instance, by fi rst removing the volatile or heat-sensitive compo-
nents, concentration of the remaining process stream and subsequently 
addition of the volatiles to the concentrated process stream, optionally fol-
lowed by drying. In Fig. 18.2 this principle is shown for the production of 
buttermilk powder. A buttermilk powder with a more intense fl avor can be 
obtained when the volatiles are isolated using SSC prior to evaporation and 
are added to the concentrate prior to spray-drying. The same technology 
can be applied to a fermentation broth in order to obtain a powder with a 
more intense fl avor. The processing will comprise removal of the volatile 
components; further concentration of the fermentation broth; addition of 
the isolated volatile components; and drying.

Alternatively, membrane fi ltration technologies may be used in the pro-
duction of concentrated fermented fl avors. For instance, the water-soluble, 
small fl avor components can be separated from the fermentation medium 
by ultrafi ltration or nanofi ltration, depending on the desired composition 
of the permeate. Further concentration can be carried out with high 
pressure reverse osmosis (up to 150–200 bars), allowing higher osmotic 
pressures of the concentrate. The demand for more concentrated fl avors 
can be met by applying a combination of technologies which separate the 
fl avor components from the other ingredients of the fermentation medium 
by membrane fi ltration, and then by further concentrating using a mild 
concentration technology that retains the volatile components.

The use of various fl avor blocks for composing a specifi c fl avor may be 
an attractive way to produce fl avors by fermentation of raw material con-
taining proteins and/or fats, because it is possible to compose, for example, 
different (cheese) fl avors by using a selection of the various fl avor blocks 
(Krammer et al., 2002). This offers an opportunity to produce naturally-
derived fl avors in a cost-effective way. The fl avor blocks can be produced 
by concentrating the volatiles produced during the fermentation. For 
instance, distillation (SCC) or pervaporation of a fermented medium will 
yield a concentrate of top-notes. The composition will be dependent on the 
concentrations of volatiles present in the fermentation broth.

To conclude, development of processing routes for the isolation of milk-
derived fl avors should be done in combination with a good strain selection 
for fermentation and the required application for the specifi c fl avoring, as 
it appears that the matrix in which the fl avoring is applied affects the fi nal 



Table 18.1 Overview of various technologies for the processing of milk-derived fl avors

Technology Driving
force Advantage Disadvantage Challenge Opportunity

Evaporation ∆ Vapor 
pressure

Mature technology
High concentration 

factors

Loss of volatiles
Degradation of 

heat-sensitive
compounds

High energy use

In combination with SCC 
or membrane fi ltrations 
in order to preserve 
volatiles or heat sensitive 
components

Spinning
Cone
Column

∆ Vapor 
pressure

Mature technology
Heat-sensitive

products
Viscous and/or 

solids-containing
feed

High concentration 
factors

Isolation of top notes 
only

Flavor composition 
different from source

Removal of volatiles prior 
to further processing and 
addition of volatiles to 
fi nal product.

Production of highly 
concentrated liquid 
fl avors

Pervaporation ∆ Vapor 
pressure

Heat sensitive 
materials

Selectivity
High concentration 

factors

Isolation of volatiles
Flavor composition 

different from source

Application in organic 
removal from 
aqueous streams

Development of more 
selective membranes

Further concentration of 
top-notes

Production of sulphur-
containing fl avor blocks

Membrane
fi ltration 
(MF/UF/
NF)

∆ Pressure Heat sensitive 
materials

Separation of solids 
and large molecules

Size selectivity

No concentration 
method

Flavor composition 
different from source

Production of concentrated 
liquid fl avors in 
combination with RO.

Separate processing of 
retentate and permeate, 
and recombination 
thereof



Technology Driving
force Advantage Disadvantage Challenge Opportunity

Reverse
osmosis

∆ Pressure Identical fl avor 
composition as 
source material

Heat-sensitive
materials

Relatively low 
concentration factor

High-pressure
equipment under 
development on 
industrial scale

High pressure RO to 
obtain higher 
concentration factors

Application of viscous 
and/or solids-
containing feed

Concentration of heat-
sensitive streams.

Production of concentrated 
fl avors with identical 
profi le as original source

Direct
osmosis

∆ Osmotic 
Pressure

Heat-sensitive
materials

High concentration 
factors

Viscous and solids-
containing feed

Novel technology, still 
under development

Low fl ux

Application to feeds 
other than fruit juices

Scale up

Concentration of heat-
sensitive streams.

Production of concentrated 
fl avors with identical 
fl avor profi les original 
source

Osmotic
evaporation

∆ Water 
vapor
pressure

Heat-sensitive
materials

Very high 
concentration
factors

Novel technology, still 
under development

Low fl ux

Application to feeds 
other than fruit juices

Scale up

Concentration of heat-
sensitive streams

Production of concentrated 
fl avors with identical 
profi le as original source

Membrane
distillation

∆ Osmotic 
pressure

High concentration 
factors

Degradation of heat 
sensitive components, 
loss of volatiles

Novel technology, still 
under development

Low fl ux

Application to feeds 
other than fruit juices

Scale up

Concentration of heat 
sensitive streams

Table 18.1 Cont’d
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fl avor. Therefore, a close cooperation of microbiologists, process develop-
ers and application specialists is required for the successful development of 
novel strategies for fl avor production.
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Dairy ingredients in non-dairy 
food systems
B. T. O’Kennedy, Moorepark Food Research Centre, Teagasc, Ireland

Abstract: This chapter includes a brief introduction to the dairy ingredients 
available for incorporation into a wide range of food products, their functionality 
in isolation and their resultant functionality in food systems.

Key words: dairy ingredients, processed meats, emulsions, chocolate, bakery.

19.1 Introduction to dairy ingredients and their potential 
use in other food systems

The manufacture of many dairy ingredients involves the fractionation of 
milk into its various components and subsequent dehydration. The dairy 
industry has the advantage of dealing with a food stream naturally in the 
liquid state, which makes large scale fractionation of the various com-
ponents more effi ciently realisable. This essentially uses the inate phy-
sicochemical properties of the milk components (solubility, enzymatic 
susceptibility, pH dependency, etc.) to separate, concentrate and usually 
dehydrate, to produce ingredients suitable for further exploitation. The use 
of dairy-based ingredients in other food systems is often driven by the same 
inate physicochemical properties that make separation possible. The ability 
of dairy ingredients to deal with water and other components present in 
food systems makes them invaluable as a tool for improving, stabilising or 
changing the structural, textural or organoleptic properties of a diverse 
range of food systems. This chapter will attempt to logically approach the 
introduction of dairy ingredients into such diverse food products as pro-
cessed meat, chocolate, edible emulsions and bakery products. The main 
dairy ingredients obviously centre around the composition of the milk itself 
(protein, fat and lactose), thus giving a vast range of ingredients, often 
tailored for specifi c purposes. While bovine milk is specifi cally designed for 
nutritional purposes, getting the greatest nutritional packet into the most 
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effi cient volume, while keeping the inate viscosity of this nutritional ‘soup’ 
within limits for biological excretion, these co-operative properties can be 
further utilised for functional expression in other food systems. This requires 
a major co-operation between heterogeneous proteins and mineral salts, 
while still maintaining a unique stability to overaggregation which would 
be biologically unacceptable.

Milk is a dynamic material and its properties are subject to much varia-
tion due to, among other things, cattle breed and age, diet, health, stage of 
lactation and the environment where the animal lives. Milk contains ~13% 
solids, which are mainly composed of fat, protein and the milk sugar, 
lactose. As a mixed colloidal dispersion, milk is extremely stable and can 
be heated, frozen and dried without any outward sign of destabilisation.

In its unprocessed state, milk contains fat globules in the range 1–10 µm 
in diameter, which, on standing, form a typical cream layer that may be 
dispersed by gentle stirring. The capacity to cream at low centrifugal force 
makes milk fat separation relatively easy. The fat globules are stabilised by 
the natural milk fat globule membrane, which is composed of a mixture of 
proteins, phospholipids, lipoproteins, cerebrocides and sterols, some of 
which may have biological activity. Phospholipids are the most surface 
active components (surfactants) and can therefore form a barrier between 
the fat, and the water in which the fat globules are suspended. Sterols are 
highly insoluble in water and associate with phospholipids, the most well 
known being cholesterol.

The main proteins in bovine milk are casein and whey proteins. Casein 
exists as discrete spherical particles of 200 nm diameter, generally referred 
to as casein micelles, constituting 2.5–2.8% (w/w) of the milk. The structure 
of these casein micelles is determined by the interaction between the 
protein and calcium phosphate. This group of milk proteins are insoluble 
at their point of net neutral charge (pH 4.6) and this property is of major 
importance to the structure of some foods.

Whey proteins constitute about 0.5% (w/w) of milk and are classifi ed as 
the proteins that remain in solution after coagulation of the casein through 
rennet action, or by acidifi cation. This group of proteins are heat labile and, 
in certain food applications, are intentionally heat-denatured to promote 
functionality development.

Lactose is the major sugar in milk (4.6%, w/w) and is in true solution. It 
is a reducing disaccharide composed of glucose and galactose, and forms a 
major source of nutrition for most of the micro-organisms that grow in milk, 
to either ferment it or cause spoilage by acidifi cation or gas production.

The main soluble salts comprise potassium, sodium, calcium, magne-
sium, chloride and phosphate. The organic anion, citrate, is also an integral 
part of this soluble salt solution. The importance of this soluble salt system 
in maintaining the integrity and stability of the complex colloidal dispersion 
cannot be over-emphasised. The general composition of milk is outlined in 
Table 19.1. It is important to note that these are average values and can 
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vary, hence affecting the functionality of the milk. However, it is more 
important to visualise the various components and their place or function 
in the complex colloidal dispersion we call milk, and the food ingredients 
that can be derived from it.

19.1.1 Whole and skimmed milk powder
A major family of products in the dairy ingredients portfolio is dried milk, 
either as whole milk powder (WMP) or skimmed milk powder (SMP). 
While WMP is generally standardised to 26% milk fat with separated 
cream, SMP is produced from milk which has had the cream removed. The 
skimmed milk/whole milk is concentrated by vacuum evaporation to >45% 
solids prior to spray drying. The physical properties of the powders (bulk 
density, particle size, fl ow properties) are determined both by the solids 
content of the feed to the dryer and subsequent agglomeration of the 
powder particles. A pre-heat treatment of the milk is central to the fi nal 
functionality of the rehydrated powders, which are generally available as 
low, medium and high heat powder. The preheat treatment can range from 
72°C for 15 sec to 120°C for 2 min. Note, that high-heat treatments are 
performed on the unconcentrated milk prior to evaporation and drying. 
The major effect of the preheating temperature and duration is to alter the 
level of native whey proteins as they are denatured under severe heating 
conditions. This results in the formation of a new colloidal particle which 
is now composed of casein, whey protein and calcium phosphate. While this 
family of dairy ingredients is the simplest, in that the ingredients require 
little separation prior to concentration and drying, they form a historical 
source of ‘milk’ which is utilised in vast quantities in both dairy-related and 
other food systems. These types of dairy products are key ingredients 

Table 19.1 Typical levels of the major colloidal and soluble components in 
bovine whole milk

Component Colloidal Soluble

Fat (%) 4.0–4.4
Casein (%) 2.5–2.8
Whey protein (%) 0.5–0.6
Lactose (%) 4.4–4.6
Calcium (mg/100 ml) 80 40
Magnesium (mg/100 ml) 3 8
Potassium (mg/100 ml) 150
Sodium (mg/100 ml) 50
Chloride (mg/100 ml) 100
Phosphorous (mg/100 ml) 45 45
Citrate (mg/100 ml) 15 170
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because of their functional, nutritional and organoleptic characteristics in 
food applications, as well as their storage and economic versatility.

19.1.2 Casein-based ingredients
Casein represents a heterogeneous group of proteins composed of varying 
levels of αs1, αs2, β and κ-caseins. The interactions of these proteins under 
the conditions present in milk give casein its distinctive properties. Due to 
the liquid nature of milk and the physico-chemical differences between the 
various components, the dairy industry actively fractionates these compo-
nents in a range of different forms. The solubility differences between 
casein and the whey proteins, and the inherent pH-dependent solubility 
characteristics of calcium phosphate, make the separation of casein and the 
production of a range of casein-based ingredients readily achievable.

Acid casein
The commercial manufacture of acid casein from skim milk has been 
reviewed by Mulvihill (1989). The production of this ingredient depends on 
the inate ability of casein to aggregate at a pH where the net charge on the 
protein tends towards zero (a property utilised in the production of fer-
mented milk products). It involves acidifi cation of pasteurised (72°C for 
15 s) skim milk at 30°C with suffi cient acid to change the pH to 4.4–4.7 (the 
isoelectric point of the casein). This can be achieved with mineral acids 
(HCl) or through fermentation of the lactose in skim milk, producing the 
more natural lactic acid. It is important that the initial temperature treat-
ment causes minimal denaturation of whey proteins (heat denatured whey 
proteins will coagulate at the acidic pH, either separate from or in associa-
tion with the casein). Casein, as it exists in fresh skim milk, is in micellar 
form (particles containing calcium phosphate with diameters in the range 
60–300 nm). At acid pH values, however, colloidal calcium solubilises and 
remains with the acid whey following separation from the casein. The sepa-
rated casein curd is washed to remove residual lactose, soluble salts and 
native whey proteins, before being dried. While dried acid casein itself is 
functionless (cannot be redispersed easily in water to its initial hydrated 
state prior to drying), it is used in the production of the highly functional 
caseinate family. These include sodium, potassium and calcium caseinate, 
depending on the alkali type used to increase the pH of the protein disper-
sion to a neutral pH (6.5–7.0). These are high protein ingredients (up to 
90% protein in dry matter), and have large applications in the food industry 
as emulsifi ers, whiteners, etc.

Rennet casein
Micellar casein as it exists in milk is susceptible to the action of the enzyme 
chymosin (often called rennet), resulting in the formation of a gel or curd. 
This enzyme cleaves a crucial fragment of κ-casein, which destabilises the 
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casein micelle, forming a curd. The curd is washed free of lactose, whey 
proteins and soluble salts, subsequently dried and is generally referred to 
as rennet casein. Both rennet and acid casein use the same basic separation 
technologies (separation of coagulated casein from the soluble serum 
phase, resulting in a high protein concentrate). The major differences 
between acid and rennet casein are (i) κ-casein intact in acid casein; 
(ii) high calcium phosphate content of rennet casein and (iii) acid casein 
can solubilise on pH adjustment. Rennet casein requires the use of emul-
sifying salts (citrates, polyphosphates) to initiate functionality, hence their 
usage in analogue cheese. Both acid and rennet casein are from a practical 
point of view ‘functionless’ (extremely diffi cult to rehydrate in water to a 
level which existed prior to separation, concentration and dehydration of 
the original acid or rennet-induced gel).

Phosphocasein
This is essentially micellar casein as it occurs in milk and is generally pro-
duced using membrane technology, therefore not requiring a precipitation 
step as seen with both acid and rennet casein production (Schuck et al.,
1994). Membrane technology utilises retention and permeation principles, 
the membrane pore size determining whether any particular entity in the 
milk remains in the retentate or is eliminated in the permeate. Microfi ltration 
results in the elimination of the native whey protein, lactose and soluble 
salt fractions, retaining the micellar casein with its associated colloidal 
calcium phosphate. Following microfi ltration, diafi ltration, evaporation and 
drying, a 75–80% protein powder is produced. Due to the inherent low 
ionic strength conditions prevailing in phosphocasein dispersions, stability 
to fl occulation at processing temperatures (60–80°C) at pH < 6.7, is limited 
(Le Ray et al., 1998). However, re-introduction of the soluble milk salts, in 
the form of milk ultrafi ltrate, can restore the inate heat stability of the 
micellar casein. Phosphocasein exhibits physico-chemical and micellar 
behaviour similar to milk in terms of particle size, rennet gelation (Pires 
et al., 1999) and acid gelation (Famelart et al., 1996).

19.1.3 Whey protein based ingredients
The whey proteins present in milk are mainly comprised of β-lactoglobulin, 
α-lactalbumin, bovine serum albumin and immunoglobulins, in order of 
concentration. These proteins are particularly heat-labile and care needs to 
be exercised during processing to preserve their native structure. Ironically 
their potential functionality is generally observed when these proteins are 
heat-denatured. When whey proteins are heated above a critical tempera-
ture (the denaturation temperature), they change their conformational 
state and are now susceptible to aggregation (the extent of which is depen-
dent on the environmental conditions, pH, ionic strength, etc.). In milk 
systems, this heat-induced aggregation of whey proteins can result in the 
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association of the aggregated whey proteins with the casein micelle 
(Vasbinder and de Kruif, 2003). Such heat treatment of milk can have a 
negative or positive functional effect, depending on what the milk is used 
for. For yoghurt production, it is a necessary pre-requisite, improving the 
water holding capacity and strength of the acid gel. Conversely, for cheese 
production, a negative effect on rennet gel formation and subsequent syn-
eresis is observed resulting in high moisture curd. Heat-induced denatur-
ation and subsequent aggregation of concentrated whey protein dispersions 
can result in the formation of functional water binding gels.

Sweet whey is the liquid by-product of chymosin-coagulated milk, either 
from cheese production or rennet casein manufacture. It is termed sweet 
because it has a typical pH in the region of 6.0–6.4. Acid whey is generally 
a by-product of cottage cheese or acid casein production and has a pH of 
about 4.6. Typical compositions of both sweet and acid whey are outlined 
in Table 19.2. The major compositional differences between the different 
whey streams are the mineral content, lactate concentration, and the pres-
ence of glycomacropeptide. Glycomacropeptide is the κ-casein fragment 
cleaved through the action of chymosin. Acid whey from casein manufac-
ture contains signifi cantly higher levels of calcium, phosphate and chloride 
(HCl addition). Cheese whey contains some lactate from the action of the 
starter cultures.

Non-hygroscopic whey powder can be produced through evaporation of 
the whey to >60% solids followed by lactose crystallisation, giving a powder 
protein concentration of ~12% (w/w). The whey protein content of the 
powders can be increased by using ultrafi ltration and diafi ltration, prior to 
evaporation and drying. These are termed whey protein concentrates 

Table 19.2 Typical composition of sweet and acid whey

Component Rennet casein 
whey

Mineral acid 
whey

Cheddar cheese 
whey

Solids (g/L) 66 63 67
pH 6.4 4.7 5.9
Protein (g/L) 6.2 5.8 6.2
Non-protein nitrogen (g/L) 0.37 0.3 0.27
Lactose (g/L) 52.3 46.9 52.4
Lactate (g/L) – – 2.0
Ash (g/L) 5.0 7.9 5.2
Fat (g/L) 0.2 0.3 0.2
Calcium (g/L) 0.5 1.2 0.47
Phosphorous (g/L) 0.46 0.63 0.46
Magnesium (g/L) 0.07 0.11 0.08
Sodium (g/L) 0.58 0.5 0.58
Potassium (g/L) 1.45 1.4 1.5
Chloride (g/L) 1.02 2.25 1.0
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(WPC) and can range in protein content from 35–80% (w/w). Demineralised 
whey powders can be made by ion-exchange and electrodialysis, and are 
often used in infant formulations. Whey protein isolates (WPI) are gener-
ally produced by ion-exchange and can be up to 92% protein (w/w). The 
application of these products in foods will depend on the functionality 
required. Whey powders are used as a source of lactose but where the more 
functional whey protein effect is required, the use of WPC may be the 
choice.

19.1.4 Milk protein concentrates/isolates
Milk protein concentrate (MPC) is usually produced using membrane tech-
nology and, as its name suggests, contains both casein and whey proteins 
in the ratio that exists in milk. MPC is available in a range of protein levels 
from 42 to 85%, the lactose level falling as the protein level increases. MPC 
is produced from skim milk by use of ultrafi ltration and/or diafi ltration, 
evaporation and drying technology. The proteins, along with the lactose 
and minerals that did not pass through the membrane (permeate), remain 
in the retentate. Diafi ltration or washing of the retentate is necessary to 
give protein concentrations higher than 65% in the fi nal powder. The casein 
fraction is in the native micellar form and therefore carries signifi cant 
quantities of calcium and phosphate. MPC can be used for its nutritional 
and functional properties. The high protein, low lactose ratio makes MPC 
suitable for protein-fortifi ed beverages and low-carbohydrate foods. The 
whey protein is usually still in the native form but can easily be denatured 
prior to processing if required. Milk protein isolate is defi ned as having at 
least 90% protein and is the top of the MPC range of ingredients. MPC can 
also be produced by precipitating the proteins out of milk or by dry-blend-
ing the milk proteins with other milk components. The selection of MPC 
ingredients available ranging from skim milk powder (35% protein), MPC 
42, MPC 70, MPC 75, MPC 80, MPC 85 and fi nally MPI 90, give a selection 
of compositional and functional attributes as a result of the changing 
mineral to protein ratio.

19.1.5 Lactose
Lactose is a disaccharide composed of D-glucose and D-galactose, and is 
signifi cantly less sweet than sucrose. It is a reducing sugar and is used to 
provide a Maillard reaction-linked browning in certain foods. It is also 
routinely added to soup and sauce formulations. It is the major carbohy-
drate substrate for Lactobacillus spp. during fermentation of milk. 
Industrially, it is produced from whey which has been concentrated to 
>60% solids. This forms a supersaturated lactose solution at temperatures 
>90°C. On cooling slowly, α-lactose monohydrate crystals are formed, 
which are separated using decanters, washed, and dried in fl uidised bed 
driers.
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19.1.6 Milk fat
Milk fat, in the form of butter or cream, is used as an ingredient in a number 
of food systems (confectionary, cream liqueur, etc.). Cream can have appli-
cation in food products such as soups, sauces and toppings, and can be 
produced at various fat contents, depending on the function required. 
Cream is an oil-in-water emulsion. The milkfat globules in unhomogenised 
cream have a mean diameter of 3–4 µm. They are stabilised by their natural 
membrane comprised of phospholipids, lipoproteins, cerebrocides and pro-
teins. The fat itself is composed of a range of triacylglycerols, the distinctive 
fl avour being conveyed by the relatively high concentration of butyric acid. 
Cream is separated from milk by centrifugal separators which are capable 
of producing variable cream products from 12–70% fat.

The shelf-life of these creams is limited by microbiological contamina-
tion and by the separation of the fat phase during chilled storage to form 
a cream layer. Homogenisation reduces separation during storage and also 
varies the viscosity of the product. Cream for whipping, in general should 
not be homogenised, even at low pressures, as this will affect the functional-
ity. The functionality (whipping ability) of whipping cream is dependent on 
fat concentration, temperature and the presence of the natural fat globule 
membrane. Whipping causes partial destabilisation of the cream emulsion. 
Gradually during whipping, networks of coalesced fat globules build up to 
surround the air bubbles and form a three-dimensional matrix which pro-
vides the foam’s rigidity.

The production of sweet-cream butter or salted butter utilises the phase 
inversion of the oil-in-water emulsion (cream) to a water-in-oil emulsion 
(butter). Cooling the cream prior to churning is an important pre-requisite 
in the production of butter. Generally, cream is cooled to 4°C to allow 
seeding of the fat crystals to occur, reheated to 18–20°C for two hours, when 
slow crystallisation of the higher melting fat components can occur, and 
fi nally slowly cooled to the churning temperature (16°C). Salt is incorpo-
rated into butter primarily to enhance fl avour, but also for microbiological 
stability.

19.2 Functionality of dairy ingredients

19.2.1 Effect of pH, ionic strength, ionic species, temperature
Varying ratios of proteins, fat, sugars, salts and water make up the compo-
sitional differences we observe as being different foods. The application of 
various processing conditions also affects the texture, structure and general 
organoleptic appreciation of foods in general. They may also contain per-
mitted additives, such as emulsifi ers, stabilisers, colours and fl avours. The 
structure, texture and stability of any food that contains milk proteins will 
be affected by pH, ionic strength, and temperature. This will also be appli-
cable to emulsions stabilised by milk proteins. To put this approach into 
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perspective, casein micelles are unstable to heat and pH reduction when 
the ionic strength of the aqueous phase is too low (Auty et al., 2005). This 
suggests that texture of foods from dairy sources or containing dairy protein 
ingredients is to a large extent dependant on the soluble salt content. Whey 
protein denaturation and subsequent aggregation is central to texture and 
structure development in dairy desserts, mousses and yoghurt. In these 
types of foods, heat-induced whey protein denaturation and aggregation 
may occur at neutral pH (6.7) prior to fermentation or acidifi cation to their 
fi nal pH values. In general, the structure of dairy products is determined 
by the pH and the ionic environment. It has been recognised for a long time 
that the presence of divalent cations (calcium) enhances the aggregation of 
casein at all temperatures and of whey proteins on heat-induced denatur-
ation. Heat-induced denaturation/aggregation of β-lactoglobulin is highly 
pH-dependant. At low ionic strength, maximal denaturation/aggregation is 
achieved on heating at pH 5.0, with minima occurring at pH < 3.5 and 6.0 
(O’Kennedy and Mounsey, 2008).

Protein hydration is generally considered to be the water that is more-
or-less immobilised by a protein (Damodaran, 1997). Creamer (1985) 
showed that casein micelle hydration was affected by pH, NaCl and rennet 
treatment. The addition of NaCl was shown to increase casein micelle 
hydration at all pH values above 4.5, either by displacing calcium or calcium 
phosphate from the protein matrix (with a concomitant increase in the 
number of ionic groups and a consequent increase in the volume of the 
matrix) or by affecting the ability of the matrix to aggregate. The water 
binding of whey proteins is highly infl uenced by the heat-induced unfolding 
and aggregation of the individual whey proteins. The effect of pH and 
specifi c ions on whey protein aggregation is an important area for consid-
eration when attempting to optimise the water holding ability (O’Kennedy 
and Mounsey, 2008).

19.2.2 Emulsifi cation
Foods can include emulsions with a variable fat content. They can be water 
continuous such as yoghurt, or oil-continuous such as table spreads. The 
strongly amphipathic nature of proteins, particularly dairy proteins, result-
ing from their mixture of polar and nonpolar side chains, causes them to 
be concentrated at interfaces. At fl uid/fl uid interfaces, it is well established 
that globular proteins (whey proteins) in general, lose their tertiary struc-
ture, existing in extended confi gurations with hydrophobic side chains ori-
entated towards the non-aqueous phase and hydrophilic side chains directed 
towards the aqueous phase. The effect of oil droplet size and emulsifi er 
type on the rheology of emulsion gels was studied by McClements et al.
(1993). The modulus increased as the oil droplet size decreased for droplets 
stabilised by protein, but decreased when the oil droplets were stabilised 
by low molecular weight surfactants (Tween). Oil droplets coated with 
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protein could be incorporated into the protein network, reinforcing the 
structure and so increasing the modulus, whereas droplets coated with 
Tween (ethoxylated sorbitan), which could not be incorporated into the 
protein network and therefore disrupted the three-dimensional structure 
of the gel, decreased the modulus. This is a simplistic but intuitive view of 
the inherent complexity of multicomponent composite food systems. A 
more elaborate view of the problem is provided by Gaygadzhiev et al.
(2009), where, using whey protein-stabilised fat globules in a dispersion of 
casein micelles, they highlight the importance of the fl occulation state of 
the emulsion droplets in affecting the structure formation of the gel formed 
on renneting. An earlier study (Sala et al., 2007) examined the modulus of 
emulsion-fi lled gels, which was varied by changing the interactions between 
oil droplets and the gel matrix. Where the oil droplets were bound to the 
gel matrix, the modulus increased, while unbound oil droplets decreased 
the modulus. However, they stressed that the degree of aggregation of oil 
droplets in the matrix affected the modulus to an extent related to the size 
and to the stiffness of the aggregates.

The source and conformation of the dairy-based protein emulsifi er used 
to stabilise emulsions in foods can have great effects on texture. As the 
casein-based emulsifi er changes from sodium caseinate to calcium caseinate 
to calcium phosphate caseinate, the properties of the resulting emulsions 
markedly change, due to the differing functionalities of the emulsifi ers 
themselves.

19.2.3 Gelation
The formation of three-dimensional matrices during the processing of food 
systems is closely related to the functional attribute that is termed ‘heat-
gelation’. Whey proteins are globular proteins and hence are heat denatu-
rable. They are widely used to enhance the nutritional value of formulated 
foods and are often cited as being highly functional through their ability to 
gel on heating (De Wit, 1989; Hermansson, 1975). Whey proteins denature 
when the temperature exceeds ~70°C and subsequently aggregate into 
complexes which, depending on the protein concentration, pH and general 
environmental conditions, may coagulate, precipitate, or gel. This is closely 
aligned with the water-holding capacity of the protein (see Section 19.2.1). 
Thermal induction of gelation is normally the functional property of inter-
est, where large quantities of water are immobilised. Characteristics of 
whey protein gels may vary from elastic to curd-like, depending on the 
preparation technique. Physical properties of thermally induced whey 
protein gels depend on the level and type of soluble salt present in solution. 
Maximum gel fi rmness for whey protein concentrate was observed at 11 mm
calcium or 200 mm sodium, with higher levels reducing the fi rmness of 
the gels (Mulvihill and Kinsella, 1988). As different WPC ingredients have 
different inate salt levels, WPC functionality can often be variable.
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19.2.4 Heat stability
Foods formulated from added dairy ingredients generally go through a 
heating step in their preparation or formulation. The heating may be a 
pasteurisation step or have the purpose of initiating functional develop-
ment. This can be viewed as a negative or a positive attribute, depending 
on whether a liquid or solid end result is required. The ability of complex 
colloidal mixtures of milk proteins, fat and minerals to be stable to high 
heating regimes is an important property of dairy-based ingredients. 
Generally, a complex sequence of events occurs prior to dehydration or 
post-reconstitution to achieve subsequent stability to heating at elevated 
temperatures (120 or 140°C). This may involve pre-heating to elevated 
temperatures (120°C × 2 min) prior to concentration of the milk and/or 
addition of phosphates/pH adjustment. The main milk components that 
make up these colloidal structures are casein, whey proteins, calcium and 
phosphorous. Since some or all of these components are markedly unstable 
to high heating regimes in isolation, the ability of the components to self-
protect one another is central to heat stability. At low concentrations of 
milk solids (10% solids) most milk samples are stable to high heating 
regimes, provided the pH is in the normal range (pH 6.55–6.8). However, 
when milk is concentrated (>20% solids), it has reduced heat stability 
across the pH range (6.2–7.2).

19.2.5 Ethanol stability
The ability of milk to withstand the addition of signifi cant quantities of 
ethanol without destabilisation has often been used as an indicator of milk 
quality. The relationship between milk constituents and ethanol stability 
was studied by Davies and White (1958) and the importance of pH and the 
composition of the milk aqueous phase was shown by Horne and Parker 
(1980, 1981a, 1981b). The main effects of increasing the ethanol concentra-
tion in aqueous ethanolic mixtures is a major shift in the dielectric constant, 
which decreases the solvent quality (makes it more hydrophobic), thus 
affecting the solubility of ionic species, and introduces the concept of appar-
ent pH.

A study by O’Connell et al. (2001) emphasised the importance of tem-
perature on the structure and behaviour of casein micelles in ethanolic 
solutions. They showed that the repulsive forces between caseins increase 
and solvent quality is enhanced with increasing temperature, which results 
in swelling of the micelle and eventual dissociation. They ascribed this 
behaviour of a dramatic decrease in cohesive interactions between casein 
molecules on heating in the presence of alcohols to be a consequence of a 
reduction in phosphoseryl-mediated cross-linking and an increase in protein 
hydrophilicity. They also concluded that the contribution of calcium phos-
phate to the cohesive interactions responsible for the micellarisation may 
be related to its effect on hydrophobic interactions.
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These parameters impinge in the study of cream liqueur systems and the 
remarkable ability of sodium caseinate to stabilise the emulsion in ethanolic 
solutions.

19.3 Dairy ingredients in food systems

19.3.1 Processed meat products
The chemistry and functional behaviour of meat as a raw material for 
further processing is derived from the properties of muscle. The major 
components of muscle are water, protein and fat. The protein is classifi ed 
into three major groups (i) myofi brillar, which are composed mainly of 
actin and myosin and are soluble in relatively high concentrations of salt 
(NaCl); (ii) sarcoplasmic, which are water soluble and (iii) connective tissue 
which is not soluble. Potential water-holding capacity is one of the major 
functional attributes of meat in the production of processed meat products. 
The ability of the myofi brillar meat proteins to go into solution in the pres-
ence of high salt concentrations, thus absorbing a lot of water, makes them 
very valuable in boneless and formed hams where subsequent heating gels 
these solubilised meat proteins, creating a solid matrix with good water-
binding ability.

The reasons for using non-meat proteins in processed meat products 
could be cost-reduction or yield enhancement, or to improve some func-
tional attribute of the product (reduction in shrink loss, cook yield, juici-
ness, fat mimetic or reduced packet purge). When using dairy-derived 
ingredients to replace meat or to improve the functionality of the processed 
meat product, it must be remembered that the functional expression of the 
dairy ingredient will be dictated by the same factors that control the func-
tionality of the meat proteins. A notional example of a formulation for the 
production of a processed meat product is outlined in Table 19.3. It can be 
observed that 2.2% NaCl and 0.3% sodium tripolyphosphate are an integral 

Table 19.3 Typical levels of the major ingredients in 
a Frankfurter-type formulation incorporating whey 
protein

Ingredient Amount (%)

Lean beef 11.5
Pork trim 52
Whey protein isolate 1.73
Salt 2.2
Sodium tripolyphosphate 0.3
Cure (Nitrite) 0.14
Ice 32.13
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part of the formulation together with a signifi cant quantity of water and a 
quantity of non-meat protein (which is subject to legal limits that may be 
variable, depending on the country of production). Both casein-based and 
whey protein-based dairy ingredients are used in processed meat products 
and the effects of elevated NaCl and polyphosphate concentrations are very 
different upon these. Casein-based ingredient (sodium caseinate) solubility 
and hydration behaviour is totally dependant on the pH and ionic strength. 
Sodium caseinate is only sparingly soluble at pH 6 or lower under low ionic 
strength conditions; however, high concentrations of sodium caseinate can 
be solubilised at lower pH values when NaCl and/or sodium tripolyphos-
phate is present in high concentrations. Whey proteins, whether as WPC 
or WPI, are generally soluble over a wide pH range and do not exhibit their 
potential functionality until they are denatured, usually heat-induced. 
However, the concentration of whey protein, the pH at the denaturation 
temperature, the high ionic strength and the presence of divalent cations 
determine the degree and type of subsequent aggregation of the denatured 
proteins. Myosin, the salt soluble protein from chicken breast, has been 
shown to have three endothermic peaks on heating, namely 48.5, 53 and 
58°C (Vittayanont et al., 2001) while β-lactoglobulin was shown to have one 
endothermic peak at 73–76°C. Endothermic peaks are associated with 
unfolding of the protein (denaturation). The same authors concluded that 
the additive effect of heating on the gel strength of myosin/β-lactoglobulin
mixtures could be achieved only if the temperature reached was greater 
than the gelling temperature of β-lactoglobulin (73–79°C). They were 
attempting to explain the variation observed in meat products that had 
added whey protein where the heating temperature did not exceed 71°C. 
A large number of additional studies have been carried out in related 
systems where meat proteins and whey proteins are mixed (Beuschel et al.,
1992; Hung and Smith, 1993; Smith and Rose, 1995; McCord et al., 1998).

The use of cold setting whey protein might be seen as a method of over-
coming this variation. Cold-setting whey protein dispersions are pre-dena-
tured using heating to temperatures above the denaturation temperature 
for periods of time where all the whey protein is denatured and aggregated 
into soluble aggregates with diameters in the range 30–50 nm (Ju and 
Kilara, 1998). These particles have a high concentration of free sulphydryl 
groups and are highly reactive, especially when the ionic strength is high. 
Gelation of such preparations can now occur at lower temperatures. Where 
previously the myosin/β-lactoglobulin composite system was seen as two 
separate gelation occurrences because they occurred at different tempera-
tures, it is now quite possible that an integrated gel system could be opera-
tive due to the effect of high ionic strength on both the myosin and the 
denatured whey protein, and the presence of effective concentrations of 
free sulphydryl groups.

It has already been noted (Section 19.2.2) that dairy protein ingredients 
are good emulsifi ers and can therefore be utilised in the formation of high 
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fat emulsions prior to addition to processed meat systems. Sodium casein-
ate and whey protein have been used for this purpose. Emulsion formation 
prior to introduction to the meat system not only introduces fat to the 
system but increases the effective concentration (as interfacial protein) of 
the dairy protein of interest which can be assimilated into the heated meat 
protein matrix on subsequent heating. It is most important that interactions 
between all available interfaces occur in processed meat products as adhe-
siveness is an important property of these types of food products. In this 
respect, the protein at the emulsion interface must adhere to the general 
meat protein matrix to achieve the required fi nal structure and avoid frac-
ture following processing. It must be realised that meat processing is often 
a very cost sensitive enterprise and high cost ingredients need to give a 
justifi able return.

19.3.2 Food emulsions
Food emulsions are generally of the oil-in-water or water-in-oil type but 
occasionally multiple emulsions are utilised. The oil-in-water emulsion 
would be typifi ed by cream liqueur, ice-cream or mayonnaise while the 
water-in-oil type, although less prevalent, would be represented by table 
spreads. A suitable emulsifi er is a prerequisite for effi cient emulsion forma-
tion and these can include proteins and low molecular weight surfactants. 
The most widely used proteinaceous emulsifi er for oil-in-water emulsions 
in the food industry is probably sodium caseinate. However, other casein-
based (calcium caseinate, skimmed milk powder) and whey protein based 
ingredients (whey protein concentrate, whey protein isolate) are also used 
for this purpose. The manufacture of oil-in-water food emulsions utilises a 
lot of energy in creating the oil surface which is stabilised by the adsorbed 
protein. This is generally performed using high pressure homogenisers 
(valve-type), although crude emulsions can be produced using mixers of 
various types and nano-emulsions can be produced using microfl uidisers.

Edible oil-in-water emulsions
In food systems, the chemical complexity of the oil phase can make emul-
sion behaviour or functionality hard to predict. Many food emulsions 
contain fat that is partially solid at ambient temperature, which can lead to 
crystalline inclusions which, in turn, may lead to instability due to coales-
cence (van Boekel and Walstra, 1981). Long-term stability of emulsions 
depends in part on the thickness and strength of the adsorbed fi lms at the 
oil–water interface (Dickinson and Stainsby, 1982). Dairy-based primary 
emulsifi ers (proteins) are available in a number of different states, which 
can have a dramatic effect on both the effi ciency of emulsifi cation and the 
subsequent functionality of the emulsion. These can range from the appar-
ently simple sodium caseinate, which is the most disaggregated of the 
casein-type emulsifi ers, to the more aggregated calcium and calcium phos-
phate caseinates, which can increase the protein load on the oil–water 
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interface. Whey proteins are also used for their emulsifi cation abilities and 
can be used in both the native or denatured state (provided the denatured 
whey protein aggregate is not too large). Heat denaturation of the whey 
proteins can improve emulsifying capacity, possibly by enhancing macro-
molecular fl exibility and surface hydrophobicity (Dickinson and Stainsby, 
1987). While this is a very general statement, it is probably based on a 
number of different sub-processes that can occur during the process of heat 
treatment and subsequent emulsifi cation with oil on cooling. (i) The process 
of heat-induced denaturation and subsequent aggregation is dependent on 
pH, ionic strength, temperature and time. If the aggregation step is rate 
limiting, the fi nal denaturation level will be low and any soluble aggregates 
will be small. Denatured whey protein therefore exists as aggregates of 
variable size. (ii) Emulsifi cation of oil in water requires the movement of 
the whey protein aggregates to the oil–water interface as new surfaces are 
created through energy input. It is possible that when denatured whey 
protein aggregates stabilise the newly created oil–water interface, the 
protein load on the interface is increased compared to emulsifi cation with 
native whey proteins, resulting in an emulsion with different properties. 
Whether this comprises an improvement or not depends on the application. 
It must be borne in mind that the properties of emulsions are largely 
dependent on the properties of the interfacial layer (the fat type will play 
a part), which are dependent on the environmental conditions pertaining 
in the aqueous phase. Ice-cream is a frozen, aerated, oil-in-water emulsion, 
where micellar casein and whey proteins can act as emulsifi ers; coffee-
whiteners are oil-in-water emulsions where caseinate may be the preferred 
emulsifi er. Acidic milk-based emulsions may rely on the emulsifi ed oil 
droplets being an integrated part of the gel structure through interaction 
of the interfacial layer with the bulk casein/whey protein complexes.

Polysaccharide-based biopolymers (e.g. guar gum, carrageenan, alginate, 
chitosan) are also incorporated into emulsion products for a variety of 
reasons. These might include viscosity control, water control or general 
stabilisation of the emulsion from creaming. It has been shown that interac-
tions between polysaccharides and dairy proteins can have detrimental or 
benefi cial effects on food product quality, depending on their nature and 
the required properties of the food in question (Tolstogusov, 2003). The 
use of hydrocolloids can positively infl uence emulsion creaming kinetics or 
a negative fl occulation/serum separation. Mixtures of biopolymers are 
often observed to separate into distinct phases, which can be the result 
of thermodynamic incompatabilty (polymers do not like one another), 
complex coacervation (positive charges like negative charges, opposites 
attract) or depletion fl occulation (localised concentration of polymer).

Edible water-in-oil emulsions
Variable-fat spreads, whether of the high, reduced or low fat type, are 
usually water-in-oil emulsions and appear as plastic solids. Butter and 
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margarine must, by law, contain a minimum of 80% fat, but spreads con-
ventionally contain either 72–80% fat (full fat), 55–60% fat (reduced fat), 
39–41% fat (low fat) or 20–30% fat (very low fat), but all are water-in-oil 
emulsions. The principle ingredients of fat spreads are fat (dairy or vege-
table), fat-based emulsifi er, milk protein, stabiliser, sodium chloride and 
water, and each of these will affect the emulsion, processing and consumer 
behaviour of the fi nal product. The level of sodium chloride in the aqueous 
phase can vary but is usually in the region of 1.5%, w/w. The water-in-oil 
pre-emulsions of fat spreads are always stabilised by high shear working of 
the emulsion at low temperatures to a plastic consistency. Before this solidi-
fi cation step, emulsions can become unstable due to either phase separation 
or phase inversion (Mulder and Walstra, 1974). It is intuitively evident that 
the likelihood of phase inversion increases as the fraction of added disperse 
phase is increased. The processing of low-fat spreads comprises two steps, 
namely preparation of an aqueous-phase-in-oil emulsion while stirring, fol-
lowed by pumping the emulsion through one or two scraped surface coolers 
in series at a defi ned agitation rate and at a defi ned refrigerant temperature 
(shear at low temperatures, as mentioned above). Patent literature has sug-
gested that the higher the aqueous phase viscosity, the greater the stability 
to inversion (Platt, 1988). Sodium caseinate is often the protein of choice 
to aid in the stabilisation of the water-in-oil emulsion. While the introduc-
tion of NaCl into the aqueous phase was initially for organoleptic reasons, 
the interaction between NaCl and caseinate also has a signifi cant effect on 
the stability of the emulsion prior to solidifi cation. The viscosity of a casein-
ate solution is an indicator of the degree of bound water absorbed by the 
hydrophilic groups, as well as the water trapped inside the aggregated 
molecules (Korolczuk, 1982). Sodium caseinate contributes to the stability 
of the water-in-oil emulsion through steric and water binding effects 
(Keogh, 1992). The same author concluded that NaCl made a signifi cant 
contribution to the aqueous phase viscosity. While fi nal emulsion stability 
and its stability to inversion (e.g. becoming an oil-in-water emulsion) may 
be related to the viscosity of the caseinate-based aqueous phase, the inter-
action between the level of fat-soluble emulsifi er and the aqueous caseinate 
may also be signifi cant (Barfod et al., 1989). Large reductions in the level 
of NaCl in the aqueous phase can lead to inversion problems during pro-
cessing, and alternative methods of increasing the aqueous phase viscosity 
may have to be approached, e.g. hydrocolloids, if low salt spreads are 
required.

Cream Liqueur
Large quantities of dairy ingredients are utilised in the production of a 
specialised oil-in-water emulsion, namely, cream liqueurs. These would 
include the cream itself and the primary emulsifi er of choice, sodium casein-
ate. As mentioned above, sodium caseinate is the sodium salt of acid casein 
and is a very effi cient emulsifi er. A typical composition of a cream liqueur 
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is shown in Table 19.4. Essentially it is a dairy-fat based emulsion with an 
aqueous ethanolic/sugar/caseinate continuous phase. The fat content can 
vary from 5–16% (w/w), depending on the market, and these emulsions can 
be stable to separation problems for up to two years. Most of the problems 
observed in commercial cream liqueurs revolve around the fat fraction. 
Creaming, cream plug formation, fl ecking and gelation are all manifesta-
tions of fat globule destabilisation. However, the fat globules are emulsifi ed 
by a surface layer of caseinate (Banks et al., 1981a) which confers the sought 
after stability in the fi rst place, so destabilisation may be a caseinate 
problem. Calcium-induced aggregation was considered to be the dominant 
factor controlling the shelf-life of cream liqueurs at high ambient tempera-
tures (Banks et al., 1981b), but other protein interactions might also be 
important when calcium chelators are present. The addition of trisodium 
citrate at levels normally present in milk (10 mm) reduced the incidence of 
instability due to increases in viscosity at high ambient temperature by 
reducing the ionic calcium level coming from the cream (Banks et al.,
1981b). While sodium caseinate is a relatively expensive ingredient, attempts 
to substitute it for a cheaper alternative have not had much success. This 
is mainly due to its high emulsifi cation potential and stabilising power in 
aqueous alcoholic solutions. However, sodium caseinates from different 
sources have been shown to have different alcohol stabilities, which were 
attributed to different production protocols and different levels of damage 
to the protein during processing (Muir and Dalgleish, 1987). Pierre (1989) 
advocated that the fi nal alcohol stability of both milk and sodium caseinate 
dispersions was determined by alcohol induced shifts in the pK values of 
the protein constituent amino acids, and on soluble calcium levels. While 
the alcohol stability of milk has limited practical applications, the stability 
of sodium caseinate to ethanol is an important requirement in cream liqueur 
production. Cream liqueurs (17% ethanol v/v, 40% solids, pH 6.8–7.0) 
contain up to 3% sodium caseinate to aid in the emulsifi cation of cream 
and provide body to the resultant emulsion. Stability of the liqueurs to time/

Table 19.4 Typical levels of the major ingredients in 
a cream liqueur formulation (12% fat)

Ingredient Amount (%)

Cream (40% fat) 30
Sugar 20
Sodium caseinate 2.5
Ethanol 14
Trisodium citrate 1.0–1.5
Colours and fl avours ~0.1
Water 31.9–32.4
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temperature dependent viscosity increases is a necessary requirement for 
long-term storage of the product.

Cream liqueurs can be manufactured in a number of different ways but 
generally they follow similar basic steps. Sodium caseinate, trisodium citrate 
and sugars dissolved in water, 40–48% fat cream mixed in to give the 
required fat level, potable alcohol added to give 17% (v/v), colours and 
fl avours as required, followed by homogenisation. A variation of this 
process would entail a two-step process whereby the emulsion is formed in 
the absence of ethanol, which is added later. As the presence of alcohol 
reduces the surface tension of the mixture during the homogenisation step, 
fat globule sizes after the one-step process are generally smaller than those 
using the two-step process.

Creaming can often be found in low fat liqueurs or in liqueurs made 
using a two-step production process, and is generally acceptable provided 
the cream layer disperses on shaking. It can be a problem where suffi cient 
fat rises to eventually to form a cream plug. Gel formation is where the 
caseinate and/or the caseinate stabilised fat globules aggregate to form a 
three-dimensional structure. Gel formation can often follow the initial 
observed viscosity increase. Slightly higher concentrations of most of the 
essential ingredients will aid in gel formation, i.e. fat (18–20%), caseinate 
(4%), alcohol (20–22%, v/v). This would suggest that at 16% fat, 3% casein-
ate and 17% alcohol, the cream liqueur is on the edge, with good body, 
good stability. The caseinate stabilised fat globule/bulk solution caseinate 
is constrained and has a periodic structure resulting in a stable emulsion.

It has been established that the presence of calcium ions or higher con-
centrations of sodium ions will predispose the cream liqueur system towards 
gelation. The presence of calcium is due to the skim milk component of the 
cream and the quality of the added water. The requirement for the addition 
of tri-sodium citrate to chelate the calcium originating from the cream may 
paradoxically induce gelation through its sodium counterions, especially at 
high citrate additions. Temperature of storage is most important for the 
stability of liqueurs. Cream liqueurs, and even the aqueous phase from 
liqueur systems, are subject to increased viscosity if the temperature of 
storage is high. The life-time of the system is inversely related to the tem-
perature at which it is stored or transported. If more than one of the above 
scenarios co-exist, the life span of the liqueur will be limited.

O’Kennedy et al. (2001) showed that pH, ionic strength and ethanol 
content play a signifi cant part in determining the stability of sodium casein-
ate to aggregation and eventual precipitation. They also concluded that 
about one-third of the casein protein was susceptible to ethanol-induced 
aggregation, the balance remaining in a non-aggregated state under the 
conditions of pH, ionic strength and ethanol concentration used (pH 7, 
25°C). It is well accepted that sodium caseinate is composed of a heteroge-
neous group of proteins, including the αs1, β, κ and αs2 casein fractions. 
The main proteins susceptible to ethanol induced aggregation were the 
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sulphydryl containing αs2 and κ casein fractions. The non-aggregated casein 
fraction showed no time-dependent increase in viscosity of cream liqueur 
analogues at 45°C over a 63-day period. An opportunity therefore exists 
for the development of a caseinate ingredient for the cream liqueur industry 
based on that fraction which does not aggregate in the presence of ethanol. 
Lynch and Mulvihill (1997) have shown that the apparent viscosity of cream 
liqueurs on storage at 45°C was dependant on the sodium caseinate source 
and the authors suggested that electrostatic and sulphydryl interactions 
were involved.

19.3.3 Chocolate and confectionary
Milk in its various forms (evaporated milk, sweetened condensed milk, milk 
powders and cream) is a valuable ingredient in many confectionary recipes, 
including chocolate, caramels, toffees and fudge. Butter or butteroil, whey 
powder, lactose and specialised milk powders can also be used for specifi c 
purposes. Milk components affect the consistency, colour, fl avour, storage 
stability and nutritional status of chocolate (Campbell and Pavlasek, 1987), 
and the role of milk fat as an anti-blooming agent in chocolate is well 
established (Versteeg et al., 1994).

Milk chocolate is an integral part of the confectionary area and utilises 
large quantities of dried dairy-based ingredients. These are mainly com-
posed of WMP and chocolate crumb, but SMP and whey powders are also 
used.

Visualising milk chocolate requires a mental shift as we are used to 
dealing with milk protein functionality or sugar behaviour in an aqueous 
environment. Chocolate is a fat continuous system containing very little 
water (0.1%), composed of cocoa butter (mainly) with a dispersed phase of 
solid particles. These include milk powder, and sugar and cocoa liquor par-
ticles which are refi ned to variable sizes, usually small enough to be unde-
tectable in the mouth. However, chocolate with a very small powder particle 
size distribution has a totally different mouthfeel than a chocolate with a 
larger size distribution. A typical composition of milk chocolate is outlined 
in Table 19.5. The ratio of these components in the initial mixture yields a 

Table 19.5 Typical levels of ingredients in milk 
chocolate

Ingredient Amount (%)

Cocoa butter 20
Whole milk powder 24.4
Sugar 43
Cocoa liquor 12.4
Lecithin 0.2
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composite which is ideal in texture for refi ning using multiple rollers. It is 
important that the fat in the full cream milk powder migrates to the continu-
ous cocoa butter phase during the initial mixing and refi ning stages, as this 
will increase the volume of oil available to disperse the insoluble powder 
particles. This is particularly important during the refi ning step as the 
surface area of the refi ned insoluble particles increases enormously. Full 
cream milk powders should ideally have a high free or readily extractable 
fat level, for incorporation into chocolate Whole milk powders with specifi c 
physical properties such as high free-fat content, large particle size and low 
vacuole volume have been shown to have benefi cial effects on the properties 
of chocolate (Verhey, 1986; Dewettinck et al., 1996; Twomey et al., 2002). 
For these reasons, chocolate manufacturers prefer roller-dried to spray-
dried powders, which typically do not have any of these attributes. The 
refi ners reduce the particle size of the sugar, yielding a fl ake-like confection. 
While the gross composition of this refi ned fl ake is not unlike the fi nished 
chocolate, the refi ned fl ake has no propensity to fl ow when heated above the 
melting point of the cocoa butter. Following the refi ning step for particle size 
reduction, the fl aked mixture is conched to remove a certain amount of 
residual water and a signifi cant amount of volatiles which affect the fl avour. 
As the particle size of chocolate decreases, the specifi c surface area increases 
and therefore the fat in the continuous phase is increasingly used to coat the 
dispersed surfaces. The conched mass becomes liquid when lecithin is added 
at temperatures above the melting point of the fat. This phenomenon is 
central to the rheology of milk chocolate, allowing the insoluble solid 
particles to fl ow over one another when dispersed in triglyceride oil.

Caramels, toffees and fudge
These confections owe their taste and appearance to the presence of milk 
proteins and butter when heated in the presence of an aqueous sugar solu-
tion. They develop a characteristic fl avour due to the Maillard reaction 
between proteins and reducing sugars. The butter also gives an attractive 
fl avour due to decomposition on heating, which cannot be duplicated using 
vegetable fats. Evaporated or concentrated milk can be used, but sweet-
ened condensed milk is ideal. Reconstitution of full cream and/or skimmed 
milk powders to high solids concentrations can also be employed as a sub-
stitute for sweetened condensed milk but the heat stability of the milk 
protein has to be adequate. Evaporated or sweetened condensed milk have 
been pre-heated to high temperatures prior to concentration, hence their 
stability to further heating in the concentrated form, either in the canning 
process (retort) and/or in the caramel production itself, is adequate. It 
should be noted that in the production of caramel, the fi nal boil tempera-
tures can reach between 118°C and 131°C, depending on the hardness 
required. Caramel is basically a fat emulsion in a vitreous syrup phase with 
the milk protein dispersed, while fudge has a solid sugar crystal phase dis-
persed with the fat and milk protein in a syrup phase.
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19.4 Bakery products

Other than wheat fl our, the major sources of protein found in baked prod-
ucts are eggs, milk and soy. Gluten is the main structure-forming protein 
in wheat fl our, and is responsible for the elastic properties of dough. Gluten 
removal from bakery fomulations results in major problems for bakers and 
currently many gluten-free products available on the market are of poor 
quality, showing poor mouthfeel and fl avour. Gluten contains the protein 
fractions glutenin and gliadin. The former is a rough rubbery mass when 
fully hydrated, while gliadin produces a viscous, fl uid mass on hydration. 
Gluten, therefore has both an elastic and a viscous component which 
together give gluten the important properties of extensibility, gas holding 
ability and resistance to stretch, which determine the properties of dough 
(Gallagher et al., 2004).

19.4.1 Bread
Dairy ingredients can be used in bread for nutritional benefi ts, including 
increasing calcium content and protein effi ciency ratio, and functional ben-
efi ts including fl avour, texture enhancement, and storage improvement. 
Dairy ingredients that enhance water absorption can also improve dough-
handling properties (Cocup and Sanderson, 1987).

The gluten proteins of fl our contain sulphydryl groups due to the pres-
ence of the amino acid cysteine in the primary structure. The sulfhydryl 
group in cysteine can react (oxidise) with another cysteine molecule to 
form a disulphide bond to make one molecule of cystine. When gluten 
molecules react with one another (become oxidised) during bread manu-
facture, dough strength increases, but extensibility decreases. Sulphydryl–
disulphide interchange reactions have been deemed to be responsible for 
the correct development of dough structure.

The native whey protein seemingly interferes with gluten development 
and therefore has negative effects in breadmaking (Zadow et al., 1983). 
Heat treatment of whey proteins changes their structure and this denatur-
ation step eliminates the negative effect previously observed (Harper and 
Zadow, 1984). This suggested that heat-induced denaturation and, more 
importantly, subsequent aggregation into defi ned particulate structures 
prevented the negative interaction with gluten (presumably by disulphide–
sulphydryl interchange reactions) which occurs when the native monomeric 
whey protein is heat-denatured in the presence of gluten.

Current research aims to completely substitute gluten with a functional 
casein-based ingredient (Stathopoulos and O’Kennedy, 2008). The princi-
ple behind this approach is that by increasing the calcium concentration to 
an optimum level in the casein/caseinate ingredient, it will be possible, 
under the correct pH and ionic strength conditions, to replace the highly 
functional (covalent) S–S bonds in a gluten-based dough with calcium–
induced casein–casein complexes.
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19.5 Future trends

Application of dairy-ingredients into food systems in the future will centre 
on their ability to not only have the ability to be functional during process-
ing but also to have a nutritional edge. Much emphasis in recent years has 
been to eliminate or reduce certain traditional inclusions in food systems 
(gluten, fat, sugar, sodium), thus causing problems for producers with a loss 
in perceived product quality. A lot of advances have been made in under-
standing the factors that govern dairy ingredient functional expressional 
and their ability to be processed into a structural or liquid food system. 
Whey protein ingredients, for instance, have been widely used in recent 
years for supplying good nutritional protein to athletes of various disci-
plines, as well as to the general population. There will be a need to move 
this type of ingredient usage back into the general types of food, both to 
upgrade the nutritional effect of the food and to still maintain the quality 
aspect required.

It is the basis of research and subsequent development of dairy ingredi-
ents, that given the existing knowledge, efforts to further improve the 
functionalities of milk proteins will be undertaken. This could include the 
use of transglutaminase to enzymatically produce a covalent bond between 
the ε-amino group of lysine and the γ-carboximide group of glutamine. 
Caseins are readily susceptible to transglutaminase-induced cross-linking 
(Huppertz and de Kruif, 2007), while the whey protein are only susceptible 
when in the denatured form. Sodium caseinate is also markedly susceptible 
to the enzyme, where inter-molecular bond formation leads to gelation 
(Lorenzen, 2000). The ability to create new structures or change existing 
ones may aid in the general development of the rapidly changing nutritional 
requirements from our food.

While dairy proteins are effi cient emulsifi ers, there is always room for 
improvement and one area where application is ongoing is the formation 
of carbohydrate–protein conjugates. Covalent attachment of polysaccha-
rides/sugars to a dairy protein by non-chemical means (Maillard reaction) 
can produce high molecular weight biopolymers (glycoconjugates). The 
Maillard reaction occurs when a protein and carbohydrate moity are pro-
cessed at high temperatures. Many of the positive benefi ts of producing 
Maillard generated conjugates include improvements in emulsifying activ-
ity, foaming properties, calcium complexing, solubility and heat stability 
(Oliver et al., 2006). Akhtar and Dickinson (2007) found that glycoconju-
gates made with maltodextrin showed enhanced emulsifying properties as 
the molecular weight of the polysaccharide was reduced. This could pos-
sibly prevent or control fl occulation and coalescence which might improve 
food quality.

While the future production of dairy ingredients may involve some appli-
cation of the above technologies, signifi cant advances in the understanding 
of the factors that control their functional expression through binding of 
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minerals, protein–protein interactions, protein–polysaccharide interac-
tions, and protein–lipid interactions need to be further exploited to produce 
nutritional functional ingredients for the food industry.
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The role of dairy ingredients in 
processed cheese products
T. P. Guinee, Moorepark Food Research Centre, Teagasc, Ireland

Abstract: The chapter reviews the manufacture of processed cheese products 
(PCPs) and how their rheological and cooking characteristics are affected by the 
addition of dairy ingredients, especially milk proteins. It discusses how casein 
and/or paracasein is the primary stabilisation agent in PCPs, and how the addition 
of emulsifying salts such as sodium phosphates/citrates mediate the 
demineralisation of the insoluble paracasein and its conversion to a functional 
protein that binds water and emulsifi es free fat released during processing. 
Finally, it considers how differences in initial solubility, pH and mineral 
composition of cheese and milk proteins affect the characteristics of the resultant 
PCPs.

Key words: processed cheese products (PCPs), manufacture, dairy ingredients, 
cheese, cheese base, milk proteins, caseins, whey proteins.

20.1 Introduction

Pasteurised process cheese products (PCPs) are cheese-based foods pre-
pared by comminuting, blending and melting one or more natural cheeses, 
water (usually), emulsifying salts (ES), and optional ingredients into a 
smooth homogeneous blend with the aid of heat and mechanical shear. 
Optional ingredients, which are determined by the type of PCP, include 
dairy ingredients (for example butter oil, casein, caseinates, whey proteins, 
whey powder), water, condiments or embellishments (for example pre-
served meat, fi sh, vegetable, salt, pepper preparations), fl avours, colours 
and preservatives (Table 20.1). Following processing, the hot molten product 
can be fi lled/moulded into a large variety of shapes and sizes of pack, 
common formats for use in the industrial and food service sectors including 
fi rm sliceable PCPs in the form of blocks, slabs or sausage (chub) wrapped 
in various types of plastic fi lm, and dips/sauces or pastes fi lled into drums 
or buckets. Retail PCPs are available in a multitude of formats including 
foil-covered portions (blocks, triangles), slices stacked or individually 



Table 20.1 Ingredients, other than cheese, used in pasteurised processed cheese 
productsab

Ingredient type Main function/effect Examples

Dairy ingredients
Milk fat Gives desired 

composition, texture 
and meltability 
characteristics

Cream, butter, anhydrous milk fat

Milk proteins Give desired 
compositional
specifi cation, texture 
and meltability 
characteristics; assist 
the production of a 
physico-chemically
stable product

Milk protein isolates and 
concentrates, micellar casein 
powder, skim milk powder, acid 
casein, rennet casein, casein, 
sodium or calcium caseinates, 
whey protein isolates and 
concentrates, milk protein 
hydrolysates, ultrafi ltered milk

Lactose Low cost fi ller; may 
affect texture (e.g. 
fl uidity) and taste 
(sweetness)

Whey powder, lactose powder, 
skim milk powder, evaporated 
milk, liquid whey

Stabilisers Assist in formation a 
physico-chemically
stable product; give 
desired texture and 
meltability
characteristics

Emulsifying salts: sodium 
phosphates and sodium citrates;

Hydrocolloids and gums: sodium 
alginate, κ-carrageenan, locus 
bean gum, guar gum, xanthan 
gum

Acid regulators/
pH controlling 
agents

Assist control of the 
pH of fi nal product

Food-grade organic acids, e.g. 
lactic, acetic, citric, phosphoric 
acid

Flavours Impart fl avour, 
especially where 
much young cheese 
is used

Enzyme modifi ed cheeses, 
hydrolysed butter oil, hydrolysed 
milk proteins, autolysed yeast 
extracts, paprika, starter culture 
distillate, smoke extracts

Flavour enhancers Accentuates fl avour Salt (NaCl), yeast extract
Sweetening agents Increase sweetness, 

especially in 
products targeted to 
young children

Sucrose, dextrose, corn syrup, 
hydrolysed lactose

Colours Impart desired colour Natural colours: Annatto extracts, 
β-carotene, paprika, curcumin 
(turmeric) Ribofl avin, 
chlorophyll preparations

Preservatives Retard mould growth; 
prolong shelf-life

Nisin, sodium- and/or potassium- 
salts of sorbic acid or propionic 
acid

Condiments/
embellishments

Impart variety to 
appearance, aroma 
and taste; product 
differentiation

Sterile preparations of meat, fi sh, 
vegetables, nuts and/or fruits

a Compiled using: state-of-the-art knowledge of commercial processed cheese operations, and 
information on processed cheese standards from Codex Alimentarius Commission and from 
Code of Federal Regulations (Federal government of the United States).
b The ingredients permitted are subject to the prevailing regulations in the region of 
manufacture.



 The role of dairy ingredients in processed cheese products 509

Table 20.2 Functional properties of unheated and heated processed cheese 
products (PCP)

Unheated PCP Heated/toasted/melted PCPa

Sliceability (e.g. to enable use in a 
variety of food service/domestic 
applications: sandwiches, cheese 
burgers, lunchbox)

Spreadability (e.g. for use on crackers)
Shreddability (e.g. to enable distribution 

in a range of applications such as 
sandwiches, lasagne)

Pliability/Mouldability (e.g. for use as an 
ingredient in combination with other 
foods)

Crumbliness (e.g. for use in tossed 
salads)

Convenience of use, as affected by 
shape, size, packaging (e.g. portion 
size suitable for lunchbox)

Softness-meltability (for most 
applications)

Flowability/Spreadability (melt) to a 
controlled level (for many 
applications such as pizza, toasted 
sandwiches, lasagne, gratins)

Ability to brown in colour (e.g. in 
sandwiches)

Surface sheen (limited oil-release)
(e.g. in pizza and most heated 
applications)

Flow-resistance (e.g. for applications 
where visible appearance of cheese 
piece following cooking is desired: 
ready prepared meals, cheese insets 
in burgers, deep-fried cheese sticks, 
savoury desserts)

a Melt refers to the ability of the cheese to soften on heating, even though the cheese may or 
may not fl ow. However, melt or melt properties are frequently used in a general way to 
describe the all the characteristics of heated cheese, and in particular the degree of fl ow.

wrapped in plastic fi lm, sausage-shapes (chubs), fi ngers, tubes and tubs. 
Following packing, PCPs are stored, typically at temperatures <8°C.

Global production of PCPs is estimated to be ~1.6 million tonnes per 
annum, (Sørensen and Pedersen, 2005). Production in the EU 20 was ~0.56 
million tonnes in 2004, with France, Germany, Ireland and Poland being 
the largest producers. Processed cheese production as a percentage of 
natural cheese is ~8.5%, and its volume exceeds that of the largest varieties 
of natural cheese, Cheddar (~1.3  M tonnes) and Mozzarella (~1.4  M 
tonnes). The continued growth and popularity of PCPs can be attributed 
primarily to their diverse range of fl avours, textures (as perceived by touch 
and mouthfeel during handling, eating: e.g. fi rm, soft, adhesive, chewiness, 
cohesiveness, succulence), and functional properties of the unheated and 
heated products (Table 20.2). These properties of PCPS ensure a wide 
variety of end-use applications and overall consumer appeal, made possible 
by differences in formulation and processing conditions, condiment addi-
tion, and packaging technology.

20.2 Processed cheese types and permitted ingredients

There are various types of PCPs, the category/standard of which depend 
on national legislation. Examples include the code of Federal Regulations 
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in the USA, which defi nes three standards based on permitted ingredients 
and composition: pasteurised process cheese, pasteurised process cheese 
food and pasteurised process cheese spread. International standards for 
processed cheese are defi ned by the Codex Alimentarius Commission 
(FAO/WHO, 2008); these standards, summarised in Table 20.3, include:

• Named variety of process(ed) cheese and spreadable process(ed) cheese: 
(Codex-Stan A-8(a)-1978);

• Process(ed) cheese and spreadable process(ed) cheese: (Codex-Stan 
A-8(b)-1978); and

• Process(ed) cheese preparations process(ed) cheese food and process(ed) 
cheese spread: (Codex-Stan A-8(c)-1978).

According to these standards (Table 20.3), the minimum content of natural 
cheese must be such that it contributes greater than or equal to 51% of the 

Table 20.3 Ingredient specifi cations for processed cheese products as defi ned by 
Codex Alimentariusab

Product category Permitted ingredients

Named variety 
processed cheese 
and spreadable 
processed cheese

One or more varieties of cheese, with added cheese 
accounting for ≥51% (w/w) of the fi nal product; milk 
fat [cream, butter oil] for standardisation of milk fat 
in fi nal product; water; salt, vinegar, spices, 
seasonings, fl avouring condiments at dry matter 
levels ≤16.7% (w/w) of dry matter of fi nished 
processed cheese, starter culture bacteria, and 
enzymes, emulsifying salts [sodium, potassium, 
calcium salts of citric and phosphoric acid at levels 
≤0.4% (w/w)] ; pH regulators [food grade organic 
acids], colours at ≤0.06% (w/w); mould inhibitors 
[sorbic acid, potassium/sodium sorbate, and/or 
sodium propionates at levels ≤0.3% (w/w) or nisin at 
≤0.001% (w/w)].

Processed cheese and 
spreadable
processed cheese

As for Named variety processed cheese and spreadable 
processed cheese, except that there are prescribed 
levels for any one cheese variety in the cheese blend.

Processed cheese 
preparations
– processed cheese 
foods and spreads

As for processed cheese and spreadable processed 
cheese, but with the following extra optional 
ingredients:

Other dairy ingredients (milk, skim milk, buttermilk, 
cheese whey, whey proteins, caseins – in wet or 
dehydrated forms); Selected hydrocolloids and gums

Taste intensifi ers – sodium glutamate

a Summarised from Codex Alimentarius Standards, CODEX-STAN A-8(a), A-8(b) and 
A-8(c) (FAO/WHO, 2008).
b The composition of the various product categories are detailed in these standards, and relate 
to minimum contents of dry matter and fat-in-dry matter.
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dry matter of the fi nal PCP in the case of process cheese foods and spreads, 
and about 82%–96% of the dry matter in process cheese or spreadable 
process cheese, depending on the blend of the cheeses, the amount of milk 
fat required to standardise to the minimum fat-in-dry matter content, and 
the levels of added emulsifying and product fl avourings.

20.3 Manufacture of processed cheese products

20.3.1 Overview of manufacture
The manufacturing protocol of processed cheese products has been exten-
sively reviewed (Zehren and Nusbaum, 1992; Carić and Kaláb, 1993; Guinee 
et al., 2004; Kapoor and Metzger, 2008), and is summarised below. It 
involves the following steps:

• Formulation, selecting the different types and levels of ingredients to 
give the desired end product characteristics;

• Size reduction of added cheese by shredding, grating or mincing to maxi-
mise the surface area of the cheese and facilitate heat transfer to the 
blend during subsequent processing;

• Blending of formulation ingredients to ensure homogeneity of all materi-
als and uniform end product quality;

• Processing of the blend, heating by direct or indirect steam injection 
typically to ~75–85°C for 1–5  min, while constantly agitating/shearing, 
the functions being:
° to kill any potential pathogenic and spoilage micro-organisms, and 

thereby extend the shelf-life of the fi nal processed cheese product;
° to induce the interaction between cheese and other ingredients (e.g. 

emulsifying salts);
° to facilitate the physico-chemical and microstructural changes which 

transform the blend to an end product with the desired characteris-
tics and physico-chemical stability;

• Homogenization of the hot molten product (typically at fi rst and second 
stage pressures of 15 and 5  MPa, respectively), an optional step to:
° assist further mixing, and size reduction of any coarse particles or 

undissolved particles (e.g. emulsifying salt, dry ingredient, cheese 
rind), and to

° promote a fi ner dispersion of fat droplets, which leads to a smoother 
and creamier hot blend and thicker and fi rmer consistency in the fi nal 
processed cheese;

• Cooling and storage of the hot molten processed cheese, to promote:
° fat crystallisation and regulate the type and degree of protein interac-

tions between the paracaseinate coated fat globules and the dis-
persed paracaseinate molecules,

° the desired degree of setting and formation of the end-product 
texture characteristics to a degree regulated by the cooling rate.
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20.3.2 Principles of manufacture
Natural cheese: Protein-mineral complex and structure
Protein in natural rennet-curd cheeses (e.g. Gouda, Cheddar) occurs as 
paracasein aggregates, rendered insoluble by inter-protein linkages medi-
ated by calcium (attached to acidic amino acid residues such as glutamate 
and aspartate), colloidal calcium-phosphate (attached to serine phosphate 
groups), and hydrophobic interactions between uncharged amino acid resi-
dues. The depressing effect of calcium phosphate on paracasein hydration 
has been corroborated by studies in model (dilute) casein systems (Sood 
et al., 1979; Green, 1982; Ruegg and Moor, 1984; Snoeren et al., 1984) and 
cheese (Guinee et al., 2000a). The calcium content of natural cheeses exhib-
its marked inter- (e.g. from ~15.2 mg·g−1 paracasein in Bavarian Blue cheese 
to 35.6 in Emmental) and intra- (e.g. 26.5 to 30 mg·g−1 paracasein in Cheddar 
cheese) variety difference. Noteworthy, is the fact that most (~50 to 60% 
of total at pH ~5.2) of calcium and phosphate in natural rennet-curd cheeses 
is insoluble, and this increases as the pH is increased between 5.0 and 6.0 
(Guinee et al., 2000a; Ge et al., 2002) but decreases on ageing (Hassan et
al., 2004).

In acid curd cheeses, (e.g. Quark, Cottage cheese), protein occurs in the 
form insoluble casein/casein-whey protein aggregates. In contrast to natural 
rennet curd cheeses, the levels of calcium and inorganic phosphate are 
comparatively quite low (e.g. ~100 mg ca · 100 g−1, ~5.8 mg·g−1 protein), due 
to the low pH of the gel prior to whey separation (~4.7 compared to >6.4 
for most rennet-curd varieties) and to the ensuing solubilisation of colloidal 
calcium phosphate. Moreover, most of the remaining calcium in the product 
is soluble. The integrity of the aggregates is maintained by hydrophobic, 
electrostatic and covalent disulphide bonds, where the cheesemilk has been 
subjected to high heat treatment.

In both cheese types, the aggregates are fused into a network (matrix) 
of entangled strands of aggregates. The matrix encloses moisture and fat. 
Fat in most rennet-curd cheeses and some acid-curd cheeses occurs as 
globules enclosed by the native fat globule membrane that prevents the 
leakage of free fat, ‘sweating’ and/or greasiness of the cheese. Depending 
on the milk treatment (e.g. homogenisation), cheese type, and fat-in-dry 
matter content, the fat globules may be clumped to varying degrees, or 
partly-coalesced in the form of pools between the paracasein strands 
(McMahon et al., 1993; Tunick et al., 1993; Kaláb, 1995; Auty et al., 2001). 
In some cheeses however, such as those made from recombined milk (skim 
milk powder, anhydrous butter oil and water) or acid-curd cheeses, with 
high fat-in-dry matter content (e.g. cream cheese), the milk is homogenised, 
typically at fi rst and second stage pressures of ~5–25 MPa and 3–5 MPa, 
respectively, to facilitate recombination and/or prevent creaming of native 
fat globules during subsequent fermentation or acidifi cation. The reformed 
fat globules become coated with a protein layer consisting of casein micelles, 
sub-micelles, and to a lesser extent whey protein, referred to as recombined 
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fat globule membrane. The membrane enables the fat globules to behave 
as fat-fi lled protein particles, which can become an integral part of the gel 
network during acid gelation. Their participation in the formation of a 
composite gel thereby leads to a more uniform, stiffer gel at the end of 
fermentation (van Vliet and Dentener-Kikkert, 1982; Ortega-Fleitas et al.,
2000). These reformed fat globules are very stable, even when the cheese 
is subsequently heated to temperatures of ~100°C during melting (Guinee 
et al., 2000b).

Processing natural cheese in the absence of emulsifying salt
Application of heat (70 to 90°C) and mechanical shear to natural cheese in 
the absence of stabilisers usually results in the formation of a heterogene-
ous, gummy, pudding-like, heavy mass that undergoes extensive oiling-off 
and moisture exudation during manufacture and on cooling. Such defects 
may be attributable to:

• the coalescence of non-globular fat due to the shearing of fat globule 
membranes, and

• partial dehydration/aggregation and shrinkage of the paracasein/casein 
matrix as affected by:
° increased hydrophobic interactions as induced by the relatively low 

pH of cheese (for most cheeses, ~4.6–5.6) and high temperature 
applied during processing;

° precipitation of soluble (serum) calcium and phosphate, leading 
to further calcium phosphate mediated interactions between the 
paracasein molecules (especially, in rennet-curd cheeses), and

° the consequential decline in pH and negative charge.

The above effects are also evident when cooking natural cheeses quies-
cently at temperatures ~90–100°C, where exudation of some free oil con-
tributes to desired fl ow, surface sheen and succulence of the hot molten 
product on dishes such as toasted sandwiches and pasta. However, exami-
nation after cooling shows the cheese to be congealed and greasy.

Yet, exceptions to the above may occur, especially when heating natural 
cheeses with a low level of intact casein (e.g. <70% of total), relatively low 
calcium phosphate content (e.g. <15 mg ca·g−1) and high pH (e.g. >5.7). 
Such cheeses provide the basis for manufacture of pasteurised blended 
cheese (Code of Federal Regulations, 2008). Analogously, heating and 
kneading of curds with a high intact casein level (e.g. Mozzarella, Cagliata; 
intact casein ~96–98% of total) during the plasticisation process is possible 
but at much lower temperatures (e.g. <65°C) and shear rates than those 
used in processing. The pH (~5.2–5.3) at which these curds are normally 
plasticised coincides with the pH where solubilisation of colloidal calcium 
phosphate is maximum and the protein has net negative charge. Plasticisation 
at lower pH (close to isoelectric pH) results in excessive protein aggrega-
tion, as manifested by a heterogeneous, rough-textured, grainy, curdy mass. 
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At higher pH values and typical calcium (~27 mg·g−1 casein) and phosphate 
(~21 mg·g−1 casein) levels, the curd is typically dull, lumpy and tough, indi-
cating a low degree of hydration. However, reducing the calcium phosphate 
level (e.g. calcium ~19 mg·g−1 casein), and hence, the degree of calcium 
phosphate mediated linkages between the paracasein molecules, enables 
the curd to be plasticised successfully at higher pH values (~5.8–5.9) 
(Guinee et al., 2002).

The role of protein and emulsifying salts during processing
The addition of the sodium (or potassium) salts of citric acid and/or phos-
phoric acid, at levels 1.0–3.0  g · 100  g−1 during processing, eliminates the 
defects discussed above and promotes the formation of smooth, homogene-
ous, stable processed cheese products. These salts, referred to as emulsify-
ing salts (e.g. citrates, orthophosphates, pyrophosphates, polyphosphates), 
generally consist of a monovalent cation (e.g. sodium) and a polyvalent 
anion (e.g. phosphate, citrate). While these salts are not emulsifi ers per se,
together with heat and shear, they essentially convert the insoluble cheese 
protein into a more hydrated, soluble sodium paracaseinate that binds free 
water and emulsifi es the free fat released from the natural cheese during 
processing. Hence, the re-solubilised cheese protein is the primary stabilis-
ing agent in the formation of pasteurised processed cheese products, even 
though other materials such as hydrocolloids and starches may have 
texture-modifying functionalities.

The emulsifying salts promote hydration and dispersion of the cheese 
protein by triggering a number of concurrent physico-chemical changes in 
the natural cheese. These changes include:

• upward adjustment of the pH and stabilisation (buffering);
• calcium sequestration;
• demineralisation and hydration/dispersal of the cheese protein;
• emulsifi cation of free fat; and
• structure formation.

The use of the correct blend of emulsifying salts usually shifts the pH of 
cheese upwards (typically from ~5.0–5.5 in the natural cheese to 5.6–5.9 in 
the PCP) and stabilises it by virtue of their high buffering capacity. This 
change contributes to an enhanced dissociation and calcium-sequestering 
ability of the emulsifying salts, and an increased negative charge on the 
paracaseinate.

At the typical pH of processed cheese (pH 6.0), the emulsifying salts are 
suffi ciently dissociated to sequester a large portion of the calcium attached 
to the casein. For example, typically cited pKa values for phosphoric acid 
are 2.15, 7.2 and 12.4, while those for citric acid are 3.1, 4.8 and 6.4 (http://
www.chembuddy.com; http://www.zirchrom.com/organic.htm). At this pH, 
the added sodium phosphates and citrates may compete successfully with 
the casein (carboxyl and phosphoserine groups), not only for caseinate-
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bound calcium but also the native colloidal calcium phosphate, initiating its 
transfer from the paracasein and/or casein and subsequent deposition as 
insoluble calcium phosphate and/or calcium citrate inclusions (Gaucher 
et al., 2007; Guinee and O’Kennedy, 2009). The demineralisation of casein 
at the elevated pH leads to a more open reactive paracaseinate/caseinate 
conformation with superior water-binding capacity compared to that in 
native cheeses, especially in rennet-curd cheeses where the pH is generally 
much lower and the level of casein bound calcium much higher. The protein 
matrix of the natural cheese is thereby transformed to a sodium caseinate 
or paracaseinate dispersion (sol) in acid-curd and rennet-curd cheeses, 
respectively (Nakajima et al., 1975; Fox et al., 1965; Lee et al., 1981, 1986; 
Marchesseau et al., 1997; Panouillé et al., 2004; Gaucher et al., 2007). The 
‘reactivated casein’ then binds the free water and emulsifi es free fat created 
during processing, and is thereby central to the formation of a stabilised 
processed cheese. These changes are confi rmed by: (i) the large increase in 
the level of water-soluble protein during processing (from ~5 to 20% in the 
natural cheese to ~60 to 80% in processed cheese) (Fig. 20.1a); (ii) the high 
levels of water-insoluble calcium (~60 to 80% of total, Fig. 20.1b) and 
phosphate in processed cheese products for a range of levels and type of 
emulsifying salts used; and (iii) the reduction in fat globule size during 
processing. The interactive effects of the type (degree of polymerisation, 
dissociation constants, molecular mass) and level of emulsifying salt, pH, 
and processing conditions (time, temperature, and shear) determine the 
degrees of casein demineralisation and hydration during processing. Hence, 
the type/level of emulsifying salts and processing conditions have a major 
infl uence on the textural and melting attributes of PCPs and ACPs (ana-
logue cheese product) (Rayan et al., 1980; Thomas et al., 1980; Lee et al.,
1981; Gupta et al., 1984; Cavalier-Salou and Cheftel, 1991; Marchesseau 
et al., 1997; Lu et al., 2008; Brickley et al., 2008).

On cooling, the homogeneous molten viscous mass sets to form a char-
acteristic body, which, depending on blend formulation, processing condi-
tions and cooling rate, may vary from fi rm and sliceable to soft and 
spreadable (Piska and Štětina, 2004). Micro-structural studies on PCPs 
indicate that the structure is an emulsion of discrete, rounded fat droplets 
of varying size in a continuous protein matrix (Kimura et al., 1979; 
Taneya et al., 1980; Rayan et al., 1980; Heertje et al., 1981; Lee et al., 1981; 
Tamime et al., 1990; Savello et al., 1989; Marchesseau and Cuq, 1995; 
Marchesseau et al., 1997). The matrix consists of strands that are fi ner than 
those of natural cheese, with the degree of fi neness increasing as the pH is 
raised from 5.2 to 6.1, an effect attributed to a change in the proportions 
of different types of protein interactions: hydrophobic, electrostatic, hydro-
gen bonds, and residual calcium crosslinks (Marchesseau et al., 1997). In 
contrast to natural cheese, the fat and paracasein are more uniformly dis-
tributed, the matrix is less compact and fused, there is less clumping/
coalescence of fat globules, and the mean fat globule size is generally 
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Fig. 20.1 Effect of emulsifying salt type and level on: a) levels of insoluble 
calcium (�) and phosphorous (�) and b) levels of water-soluble (�) and pH 4.6 
soluble protein (�) in experimental processed cheese. Emulsifying salt type: TSC, 
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CL (control) consisted of a blend of 1.29 g TSC · 100 g−1 and plus 0.71 g 
DSP · 100 g−1; presented data are the means of four replicate trials.

much smaller than that of natural cheese (but depends on formulation and 
processing conditions, e.g. emulsifying salts, milk protein additions, process-
ing time and extent of shear). The incorporation of emulsifi ed paracasein-
ate-coated fat globules, which can be considered as fat-fi lled protein 
particles, into the new structural matrix may be considered to increase the 
effective protein concentration (c.f. van Vliet and Dentener-Kikkert, 1982; 
Marchesseau et al., 1997). The positive correlations between the degree of 
emulsifi cation and fi rmness or elasticity, and the inverse relationship 
between the degree of emulsifi cation and fl owability of PCPs support this 
suggestion (Rayan et al., 1980; Caríc et al., 1985; Savello et al., 1989).
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20.4 Effects of different ingredients on properties of 
processed cheese products

These properties are controlled by formulation, types of ingredients, 
processing conditions, the gross composition of the fi nal processed cheese, 
and their manipulation by the state-of-the-art knowledge and know-how of 
manufacturers. They have been extensively investigated and several com-
prehensive reviews are available on this topic (Meyer, 1973; Zehren and 
Nusbaum, 1992; Carić and Kaláb, 1993; Guinee et al., 2004; Kapoor and 
Metzger, 2008). The following discussion focuses on the effects of different 
ingredients.

20.4.1 Effect of characteristics of natural cheese used in processing
Little published information is available on the effect of casein hydration 
or the concentration of intact paracasein in the unheated cheese on the 
rheological characteristics of the resultant processed cheese.

Cheese type and level of intact protein
Cheese is the major ingredient in all PCPs, with the use of many different 
varieties, differing with respect to composition (for example moisture, 
calcium level, pH) and degree of maturity. During maturation of rennet-
curd cheeses such as Cheddar or Gouda, the paracasein is increasingly 
hydrolysed into peptides and free amino acids by various enzymatic activi-
ties, including residual coagulant and the proteinase and/or peptidases 
systems of milk, starter culture lactic acid bacteria, non starter lactic acid 
bacteria, secondary cultures and/or exogenous enzyme preparations 
(Upadhyay et al., 2004). The level of intact protein, as measured by the level 
of nitrogen insoluble at pH 4.6 (casein isoelectric pH), decreases concomi-
tantly with paracasein hydrolysis. The level of intact protein (the fraction 
of non-degraded protein as a percentage total protein) in the natural cheese 
has a major effect on the properties of the unheated and heated processed 
cheese. As the level of intact casein in the cheese used for processing 
decreases, there is a signifi cant decrease in the fi rmness of the unheated 
processed cheese and increase in meltability of the heated processed cheese, 
as evidenced by increases in fl owability and loss tangent (on heating 
between 20 and 82°C) and a decrease in the elastic shear modulus, G′, at 
20°C (Olson et al., 1958; Brickley et al., 2007). In corollary, the fl owability 
of processed cheeses in which Cheddar cheese was partially replaced by an 
ultrafi ltred (UF) retentate/cream pre-cheese blend signifi cantly improved 
when casein hydrolysis in the blend was increased by treatment with fungal 
proteinases (from Aspergillus oryzae, Candida cylindracea) and rennet. 
Similarly, it has been observed that model processed cheese prepared from 
acidifi ed curd became excessively soft when a high concentration of pep-
tides of molecular mass <10 kDa was present following treatment of the 
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curd by a fungal proteinase (from A. oryzae) prior to processing (Mahoney 
et al., 1982).

The effects of the degree of cheese maturity, and hence intact protein, 
has long been recognised and refl ected in industrial practices. Thus, the 
use of cheese age as a major selection criterion for blend formulation at 
commercial level is common practice. Block processed cheeses with good 
sliceability and elasticity are generally formulated with a high proportion 
of young cheese (85–95% intact protein) in the blend; whereas predomi-
nantly medium ripe cheese (60–85% intact casein) is used for cheese 
spreads. It is also generally recognised in practice that interior, bacterial-
ripened hard and semi-hard cheese varieties, such as Cheddar, Gouda and 
Emmental, give fi rmer, longer-bodied processed products than surface 
ripened cheeses (e.g. mould-ripened: Camembert and Blue cheese. 
Bacterial-ripened: Ersom, Limburger). The latter cheeses generally have a 
higher pH and undergo more extensive proteolyis than the former during 
ripening (Reps, 1993; Brennan and Cogan, 2004; Spinnler and Gripon, 
2004), and therefore are likely to have a relatively low degree of intact 
casein. However, the level of intact casein in any variety will be infl uenced 
by a myriad of factors (e.g. age, ripening conditions, milk pre-treatments, 
composition, types of coagulant/cultures, addition of exogenous enzymes). 
Hence, the measurement of intact casein content (e.g. by level of protein 
insoluble in water at pH 4.6, gel electrophoresisis/densiometry, and/or 
reversed phase HPLC) is being used increasingly as a quality control tool 
in selection of, and determining the suitability of, natural cheese for specifi c 
processed cheese recipes. However, the response of process cheese func-
tionality to intact casein level is infl uenced by many other factors such as 
gross composition, calcium level, and pH (Marchesseau et al., 1997; Piska 
and Štětina, 2004), a fact worthy of consideration when formulating 
commercially.

Calcium content
In cheese, calcium and phosphorous exist mainly in the form of an insoluble 
colloidal calcium phosphate complex (associated with the paracasein
matrix) in equilibrium with soluble phosphate and calcium; typically, the 
ratio of the insoluble to soluble salts varies, e.g. from ~1.3 for Cheddar (pH 
~5.2) to ~3.34 for low moisture Mozzarella (pH ~5.6); and increases with 
pH (Guinee et al., 2000a). The ratio of total Ca to P is relatively constant 
(e.g. ~1.3–1.4) for most rennet cheeses at pH values ≈ ≥5.1. Hence, the 
effects of total calcium content of cheese on its properties or processability 
should be expressed more precisely as the effects of total calcium plus 
phosphorous, rather than of calcium per se. The levels of total calcium in 
natural cheeses exhibit marked inter- (e.g. from ~15.2 mg · g−1 protein in 
Bavarian Blue cheese to 35.6 in Emmental) and intra- (e.g. 26.5 to 30 mg · g−1

protein in Cheddar cheese) variety variation. It has a major impact on the 
degree of protein hydration and the physical properties of natural cheese 
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(Keller et al., 1974; Lawrence et al., 1984; Kindstedt et al., 2004; Kapoor and 
Metzger, 2008).

Yet, the calcium content has seldom been considered in the selection 
of natural cheese for processing or for its effects on the physical properties 
of the fi nal processed cheese products. Kapoor et al. (2007) and Biswas 
et al. (2008) compared the effects of increasing the calcium content of 
Cheddar cheese (21 and 27 mg·g−1 protein) on the physical properties of 
processed cheese food (15.0 and 18.5  mg Ca  ·  g−1 protein) formulated 
using cheese, non-fat dry milk powder and butter oil, and containing high 
or low levels of lactose (~1.52 and 0.3 g · 100 g−1 Cheddar) and salt-in-
moisture (S/M; ~6.4 and 5.0 g · 100 g−1 Cheddar). Reducing calcium level 
resulted in softer and more meltable processed cheeses, but only when the 
S/M levels of the cheddar cheeses used were high; however, the results were 
somewhat complicated by random variation in levels of intact casein (79 to 
89% of total), pH (5.7 to 6.2), and protein level in the two-month old 
Cheddar cheeses used. In a recent study, Guinee and O’Kennedy (2009) 
found that reducing the levels of calcium (from 29.8 through 24.4 to 
19.6 mg·g−1 casein) and phosphorous (from 20 to 16 mg·g−1 casein) in 
Cheddar cheese (intact casein level, 89% of total; protein, ~18 g · 100 g−1), 
had a marked impact on the functionality of the resultant pasteurised proc-
essed Cheddar cheese, leading to signifi cant reductions in fracture stress, 
fracture strain and fi rmness of the unheated product, and increases in the 
extent of fl ow (Fig. 20.2) and fl uidity (loss tangent) of the melted cheese. 
Regression analysis indicated that the functionality of the processed 
Cheddar cheese was strongly correlated with the high levels of water insolu-
ble calcium and phosphate (Guinee and O’Kennedy, 2009). A tentative 
suggestion for this relationship is that the high levels of water-insoluble 
calcium and phosphate may form an amorphous structure or gel (Relyveld, 
1977; Becker et al., 2003) that interferes with cheese functionality to an 
extent dependent on formulation, composition, type of emulsifying salt 
used, and processing conditions.

Cheese pH
pH has a major effect on the structure and functional properties of proc-
essed cheese products (Gupta et al., 1984; Cavalier-Salou and Cheftel, 1991; 
Marchesseau et al., 1997; Lee and Klostermeyer, 2001; Piska and Štětina, 
2004). Processed cheeses with low pH (4.8–5.2), as affected by the sole use 
of monosodium citrate, monosodium phosphate or sodium hexametaphos-
phate as emulsifying salt, are short, dry, crumbly and prone to oiling-off 
during formation, storage and subsequent heating, whereas products with 
high pH (>6.0) tend to be very soft and fl ow excessively on heating (Gupta 
et al., 1984).

Increasing pH in the region 5.7 to 6.2 is accompanied by decreases in 
hardness and storage modulus (G′), and by increases in the fl owability and 
fl uidity (loss tangent) of the melted processed cheese (Fig. 20.3; Marchesseau 
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Fig. 20.2 Effect of calcium level (expressed as mg · g−1 casein) in natural cheese 
on: a) fi rmness (�); b) fracture stress (�) and fracture strain (�); and 

c) fl owability as measured using modifi ed versions of Price-Olson (�) or 
Schreiber (�) methods. Presented data show the results of nine trials using 

different Cheddar cheeses varying in calcium level.

et al., 1997; Lee and Klostermeyer, 2001). These changes coincide with 
increases in casein hydration (Fig. 20.4), a lower degree of paracasein 
aggregation, a fi ner gel network and a more uniform structure. However, 
it is diffi cult to study the effect of pH per se because of indirect effects of 
the methods used to control pH (different emulsifying salts; pH adjustment 
before or after product formation using a given type of emulsifying salt) on 
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calcium sequestration during product formation and cooling. Adjusting pH 
before processing affects the calcium sequestering ability of different emul-
sifying salts to a degree depending on their dissociation constants, while pH 
adjustment on the completion of processing allows time for the emulsifying 
salt to sequester calcium during mixing (of acidulant) and cooling. A more 
precise measurement of the effect of pH may be obtained by the approach 
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of Gigante et al. (2006), whereby slices of the cooled product were exposed 
to vapours of ammonia or acetic acid (Almena-Aliste et al., 2006).

The author is not aware of any study that has systematically examined 
the effect of cheese pH on processed cheeses, presumably because of dif-
fi culties of changing pH without changing other parameters (e.g. calcium 
level, intact casein level) in the natural cheese, which otherwise cannot be 
standardised during the manufacture of the process cheese. Increasing the 
pH of Cheddar cheese from 5.05 to 5.35 increased the fi rmness and reduced 
the meltability (fl ow) of the resultant processed cheese food (Kapoor et al.,
2007); however, the levels of calcium and intact casein in the Cheddar 
cheese increased simultaneously with pH.

20.4.2 Milk proteins
Attempts to reduce formulation costs of PCP and improve end-product 
consistency have led to extensive investigation on the development of, and 
study of, the effects of ingredients that are more cost-effective than cheese 
(Mann, 1993, 1997). In this regard, it has been attempted to replace blend 
cheese by other dairy ingredients, including milk proteins, milk ultrafi ltrate 
(Sood and Kosikowski, 1979; Anis and Ernstrom, 1984) and cheese base 
(Ernstrom et al., 1980; Park et al., 1992; Simbuerger et al., 1997).

Milk proteins (e.g. casein, whey protein) and their derivatives (e.g. 
caseinates, co-precipitates) are used widely in processed cheese foods and 
spreads, where signifi cant quantities may be added (e.g. 10  g · 100  g−1), 
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depending on the fat-in-dry matter and dry matter levels of the fi nal product 
(FAO/WHO, 2008). Depending on their solubility, structure and chemistry, 
added proteins have a marked infl uence on the physico-chemical, rheologi-
cal, stability and usage appeal characteristics of pasteurised processed 
cheese products (PCPs) and analogue cheese products (ACPs) (Savello 
et al., 1989; Abou-El-Nour et al., 1996). The functional properties may be 
defi ned as those rheological, physico-chemical, micro-structural and orga-
noleptic (i.e. fl avour and texture) characteristics that affect the behaviour 
of the cheese in food systems during preparation, processing, storage, 
cooking and/or consumption. Hence, protein has a major infl uence on 
processed cheese quality and on its industrial applications.

Caseins and caseinates
In milk, casein which comprises ~80 g · 100 g−1 of the total protein and is 
the main structural protein in acid-induced milk gels, exists in the form of 
spherical-shaped colloid particles (~40–300 nm diameter), casein micelles 
(Fox and Brodkorb, 2008; McMahon and Oommen, 2008). The micelles on 
a dry weight basis consist of 7 g · 100 g−1 ash (mainly Ca and P), 92 g · 100 g−1

casein, and 1  g · 100  g−1 minor compounds . The casein is heterogeneous, 
comprising four main types:- αs1, αs2, β and κ, present at a ratio of ~4 : 1 : 4 : 1.2. 
Model studies in dilute dispersions indicate that the individual caseins vary 
in the content and distribution of phosphate, and consequently have differ-
ent calcium binding properties. Generally, αs1-, αs2-, β- caseins bind calcium 
strongly, and precipitate at relatively low calcium concentrations (e.g. 
~0.005–0.1 m CaCl2 solutions), inclusive of the calcium level in milk (30 mm); 
in contrast, κ-casein is not sensitive to these calcium concentrations and 
can, in fact, stabilise up to ten times its mass of the calcium-sensitive caseins. 
Owing to the differences in degree of phosphorylation, the arrangement of 
casein within the micelle is such that the core is occupied by the calcium-
sensitive caseins and κ-casein is principally located at the surface, with the 
hydrophilic c-terminal region (caseino macropeptide) oriented outwards 
toward the serum phase in the form of protruding negatively-charged hairs 
which confer stability to the micelle by electrostatic repulsion, Brownian 
movement and steric effect.

The production of casein powders, rennet casein and acid casein, from 
milk has been recently reviewed (Mulvihill and Ennis, 2003). They are 
formed by coagulation of the casein, as induced by selective hydrolysis of 
κ-casein using rennet (rennet casein) or pH adjustment to the isolectric 
point (acid casein). Following coagulation and whey separation, the insolu-
ble curds are washed, pasteurised and dried to moisture levels of 
~10 g · 100 g−1. In both cases, the casein is more aggregated and dehydrated 
compared to casein in rennet-curd or acid-curd cheeses owing to the 
relatively high temperatures during curd pasteurisation and drying, and 
the lower moisture levels (~0.12 g · g−1 protein compared ~1.25 to 6.25 g · g−1

protein in cheese, depending on the variety). While both caseins are 
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insoluble in water, they also differ in composition. Similar to rennet-curd 
cheese, the protein in rennet casein is calcium phosphate paracaseinate (at 
pH ~6.8–7.1), where the caseino-macropeptide region of the casein micelle-
stabilising protein (κ-casein) has been cleaved by the addition of rennet 
(e.g. chymosin); the remainder of the caseins (referred to as paracasein) 
coagulate via calcium binding and associated charge suppression, and retain 
the full compliment of micellar calcium and phosphate. In contrast, acid 
casein contains the full compliment of caseins (including κ-casein), but all 
the micellar calcium and phosphate are solubilised during acidifi cation (to 
pH ~4.6). Owing to the differences in casein and mineral composition, the 
potential of acid casein to hydrate and bind water is much higher than that 
of rennet casein when the pH is reversed to the pH of native milk, i.e. ~6.7) 
(from 4.6) because of its low calcium level (Sood et al., 1979), the presence 
of the highly hydrated caseino-macropeptide, and high pH.

To enhance its functionality, acid casein can be converted to sodium or 
calcium caseinate during (casein) manufacture; this essentially involves 
treatment of the curd with alkali solution and readjustment of the pH of 
the casein back to values (~6.8–7.0) similar to or slightly higher than that 
of the milk. Manufacture involves: physical disintegration of the dewatered 
acid casein curd (~40% moisture) mass by agitation; addition of water at 
40°C to give a dry matter level of 25 g · 100 g−1; formation of a slurry by 
passing through a colloid mill; addition of alkali which, depending on the 
type of caseinate, may differ, e.g. with NaOH for sodium caseinate, Ca(OH)2

for calcium caseinate, or NH4OH for ammonium caseinate; pH adjustment 
to pH ~6.8; solubilisation of the casein on heating to ~75–90°C while vigor-
ously agitating; and drying.

While rennet and acid caseins are insoluble, sodium caseinate is 
highly dispersible and forms highly viscous solutions at concentrations 
>~15 g · 100 g−1 protein; similarly, calcium caseinate is readily dispersable 
but not as soluble as sodium caseinate.

Rennet casein, despite its insolubility, is the preferred protein type for 
use in block processed cheese or analogue/substitute pizza cheese. In both 
products, it behaves like fresh natural rennet-curd cheese, conferring a high 
degree of elasticity and fi rmness to the unheated processed cheese, and 
moderate meltability. Partial replacement of young Cheddar cheese (intact 
casein content, ~93 g · 100 g−1 protein) with commercial rennet casein (intact 
casein, ~99 g · 100 g−1 protein) results in fi rmer processed cheese that melts 
to a lower extent on heating. This effect may be attributed to the higher 
calcium phosphate content of rennet casein, ~33 mg·g−1 casein compared to 
Cheddar cheese (~27 mg·g−1 casein). Rennet casein also contributes to the 
desired degrees of stringiness and stretchability in the hot processed mass 
during the manufacture of analogue pizza cheese, an attribute that is highly 
desired by the manufacturer as it gives the appearance of natural low mois-
ture Mozzarella cheese to the latter. However, despite this, commercial 
analogue pizza cheeses made from rennet casein generally possess inferior 
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stringiness compared to natural Mozzarella cheese when subsequently 
melted (Guinee et al., 2000a). This probably refl ects differences in the 
degree of protein hydration and microstructure. Recent work in the author’s 
laboratory has shown the level of protein hydration (as measured by the 
degree of water extractable protein when using a 2 : 1 water : cheese slurry) 
in analogue cheese made with a very low level of disodium orthophosphate 
(~0.75 g · 100 g−1) was much higher than that in freshly-made Mozzarella 
cheese (~40 versus ~5 g · 100 g−1); the level of water-soluble protein in PCPs 
and ACPs is generally much higher (~60–80 g · 100 g−1) owing to the higher 
level of emulsifying salts used (e.g. 1–2 g · 100 g−1). Moreover, microstruc-
tural studies have shown that the aligned calcium phosphate paracasein 
fi bres (with interspersed fat pools/columns showing similar orientation) 
which give natural molten Mozzarella its stringiness are absent in analogue 
pizza cheese, which consists of discrete rounded fat droplets of varying size 
in a continuous protein phase (Guinee et al., 2000a; Kindstedt et al., 2004).

Caseinates (especially sodium) fi nd most application in processed cheese 
spreads (PCSs), where their high water-binding capacity and good emulsify-
ing properties promote a desired creaming effect. Gouda et al. (1985) 
reported that full replacement of non-fat cheese solids by calcium caseinate 
caused deterioration in spreadability of Cheddar PCS, probably due an 
excessive creaming effect. However, partial replacement in a formulation 
(with skim milk powder, calcium caseinate, ripe Cheddar, butter oil and 
emulsifying salt at respective levels of 6–8, 5–7, 15, 14, and 3%, w/w) 
improved the meltability of the PCS, suggesting a desirable level of cream-
ing. Caseinates may be used in spreadable imitation cheese products 
(Marshall, 1990; Hokes et al., 1989).

Acid casein is generally not used in processed cheese manufacture 
because of its insolubility, low pH, and its depressing effect on the pH of 
the processed cheese blend, which in turn reduces the degree of dissociation 
of the emulsifying salts and their ability to sequester calcium from other 
proteins (e.g. cheese protein, or rennet casein). Consequently, the use of 
acid casein at quantities of 1 to 3% (w/w) of the processed cheese formula-
tion can markedly extend the product make time, unless the pH of the 
blend is increased to its normal value (e.g. ~5.8 to 6.0) via addition of alkali 
and/or an emulsifying salt blend with the desired pH-buffering effect. A 
comparison of the functionality of acid casein and rennet casein on the melt 
properties of model processed cheeses (made from the casein powder, 
vegetable fat, water and emulsifying salts) was made by Savello et al. (1989). 
The response of meltability to casein type depended on the type of emul-
sifying salt and the pH to which the acid casein was adjusted (upwards) 
during processing. Acid casein (pH adjusted to ~7.0 to 7.7) gave model 
processed cheeses with higher meltability than those made with rennet 
casein, using disodium hydrogen orthophosphate or tetrasodium pyrophos-
phate, and an opposite effect when using sodium aluminium phosphate or 
trisodium citrate.
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Casein hydrolysates may be used successfully as a means of partially 
replacing sodium orthophosphates in processed cheese manufacture (Kwak 
et al., 2002), despite the fact that the pH of the processed cheeses containing 
the hydrolysate is signifi cantly lower than the control (~5.7–5.9 compared 
with 6.3). This was attributed to the increased emulsifying capacity of the 
hydrolysate over the parent protein, sodium caseinate. However, when 
added at a level of 3%, w/w, to replace the emulsifying salt completely, the 
hydrolysate gave a PCP that on cooking had a high fl owability but excessive 
oiling-off.

Whey proteins
In practice, whey proteins are added to processed cheese formulations 
mostly in the form of whey powder (e.g. sweet whey powder with 
~12–15 g · 100 g−1 protein), which is used as a cost-effective fi ller to impart 
a mild sweetish taste and a smooth consistency, especially desirable in high-
moisture processed cheese spreads and dips. Whey protein concentrates 
(WPCs) or whey protein isolates (WPIs), though used less frequently, are 
included in formulations for specifi c functions such as (i) to give low-fl ow 
or fl ow-resistance in ‘controlled–melt’ PCPs targeted to specifi c cooking 
applications (e.g. cheese insets/pieces in meat-based products, fried cheese), 
and (ii) to confer ‘body’ (stiffness and viscosity) to high moisture spread-
able PCPs.

Numerous studies have investigated the effects of added whey proteins 
on the texture and cooking characteristics of PCPs (Schulz, 1976; Savello 
et al., 1989; Hill and Smith, 1992; Gupta and Reuter, 1993; Kaminarides and 
Stachtiaris, 2000; Gigante et al., 2001; Mleko and Foegeding, 2000; 2001; 
French et al., 2002; Mleko and Lucey, 2003; Mounsey et al., 2007). These 
studies have generally shown that the use of whey proteins, even at 
relatively low levels (1–2 g · 100 g−1), as a substitute for cheese protein or 
casein at similar levels, reduces the fl owability of the heated PCP to an 
extent that increases as the level of substitution increases (Savello et al.,
1989; Gupta and Reuter, 1993; Gigante et al., 2001; Mleko and Foegeding, 
2001; Mounsey et al., 2007). Indeed, an early patent (Schulz, 1976) describes 
a process for the manufacture of PCP that is resistant to fl ow on cooking, 
based on the addition of a heat-coagulable protein (3–7%, w/w, lactalbu-
min, egg albumen), at a temperature <70°C, to the PCP formulation near 
the completion of processing. The loss of fl owability observed with the 
addition of whey proteins was dependent on concentration of whey proteins 
but independent of whether the whey protein was denatured (heated at 
pH 6.6 at 85°C for 1 hour) or undenatured (Savello et al., 1989) or of the 
pH (7 through 10) at which the whey protein was denatured (at 80°C 
for 30 min) (Mleko and Foegeding, 2001). The latter surmised that on 
heating, processed cheese with added whey proteins behaved like a two-
component system, consisting of a melting casein network and a non-
melting whey protein network. Such a network may be comprised of whey 
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protein particles/aggregates that interact to form larger particles or a 
network in the processed cheese at the high temperatures (80 to 100°C) 
reached during manufacture and subsequent cooking of the product in the 
particular food application (e.g. in sandwich, pizza). The high calcium level 
and relatively low pH (~6.0) of the processed cheese environment would 
be conducive to a high degree of interaction of heat-denatured whey pro-
teins by thiol–thiol, thiol–disulphide, hydrophobic and electrostatic interac-
tions. A recent study showed that heating of β-lactoglobulin at pH 4.6 
in dilute solutions (1 g · 100 g−1) with medium ionic strength at ~80°C is 
conducive to the formation of precipitable aggregates (O’Kennedy and 
Mounsey, 2009). The fact that the inclusion of casein-co-precipitates formed 
by preheating skim milk at pH 9.5 yielded meltable processed cheese (when 
included at ~2 g · 100 g−1) (Mounsey et al., 2007), suggests that the presence 
of casein when preheating whey proteins somehow reduces their subse-
quent reactivity in the processed cheese environment.

The use WPCs as a replacement of cheese solids has also been found to 
accelerate storage-related fl avour deterioration, which increased with the 
level of WPC added in the range 0 to 20%, w/w (Thapa and Gupta, 1992).

Casein–Whey Protein Co-precipitates (CWPts)
Conventionally, co-participates, also referred to as total milk proteinates, 
are protein products containing casein and whey proteins, and they are 
formed by heat treatment of the milk and subsequent precipitation of the 
protein complex by acidifi cation to pH 4.6 and calcium addition (Mulvihill 
and Ennis, 2003). Generally, their inclusion in PCPs has been found to 
reduce the heat-induced fl owability to an extent that increases with level 
(Abou-El-Nour et al., 1996; French et al., 2002; Mounsey et al., 2007).

Depending on the level of CaCl2 added, three types variants of CWPts 
may be obtained, namely, high, medium and low calcium CWPts containing 
2.5–3.0, 1.0–2.0 and 0.5–0.8%, w/w, calcium, respectively. The use of various 
CWPts at levels up to 5 g · 100 g−1 formulation, increased the fi rmness and 
sliceability, and reduced the meltability/fl owability of the resultant PCPs 
(Thomas, 1970). Owing to their excellent emulsifying capacity, Thomas and 
Hyde (1972) concluded that the level of emulsifying salts could be reduced 
from 3.0 to 2.0–2.5 g · 100 g−1, if calcium CWPt was added at a level of 
2–3 g · 100 g−1 to the processed cheese formulation. However, high levels 
(>3 g · 100 g−1) signifi cantly reduced the fl owability of the PC, especially 
when a high proportion of young cheese was used. The depressing effect 
of CWPt on meltability of PCPs may be associated with a number of factors 
including inter alia:

• a higher emulsion stability (Thomas, 1970) and/or degree of emulsifi ca-
tion (Gupta and Reuter, 1993);

• the formation of large whey–protein casein aggregates in the CWPt 
(O’Kennedy and Mounsey, 2009) which, on inclusion in processed 
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cheese, impede slippage of the protein layers and thereby restrict heat-
induced fl ow, similar to the melt-inhibitory effect observed by McMahon 
et al. (1996) in low-fat Mozzarella cheese made from milk with added 
Novogel (a proprietary blend of microcrystalline cellulose and guar 
gum); and/or

• the formation of a non-melting whey protein network (Mleko and 
Lucey, 2003).

Co-precipitates are not widely used in the food industry owing to their 
generally poor functionality (low solubility, emulsifi cation) as an ingredi-
ent, and adverse effects on the meltability/fl owability of processed cheese 
products. However, new approaches aimed at controlling heat-induced 
denaturation and aggregation of whey protein, and the size/gelation capac-
ity of the resultant reaction products may improve the functionality of 
CWPts (Mleko and Foegeding, 1999; Donato and Guyomarc’h, 2009). 
Mounsey et al. (2007) investigated the effect of varying the pH of skim milk 
to values greater (7.5, 9.5) or lower (3.5) than the control (~6.6), prior to 
heating and re-acidifi cation to pH 4.6, on the functionality of the resultant 
CWPts in model processed cheese products. The CWPts were added at 
8 g · 100 g−1 as a substitute for acid casein powder and the level of whey 
protein (g · 100 g−1) in the processed cheese varied from 1.37 (for pH 7.5 
and 9.5) to 0.96 (pH 3.0) due to the effect of pH at heat treatment on whey 
protein denaturation and recovery. Increasing the pH at heating yielded 
CWPts that markedly improved the meltability, which, for the processed 
cheese made from the pH 9.5, CWPt was similar to the control processed 
cheese containing 8 g · 100 g−1 acid casein. Conversely, reducing the pH had 
the opposite effect.

Micellar Caseins (MC) and Milk Protein Concentrates (MPCs)
Micellar caseins are produced from skim milk, which is subjected to micro-
fi ltration and diafi ltration to remove whey proteins, lactose and soluble salts 
(Kelly et al., 2000). MPCs are similarly manufactured except that the skim 
milk is ultrafi ltered instead of microfi ltered so as to recover the whey 
protein along with the micellar casein (Guinee et al., 2006). For both ingre-
dients the diafi ltered retentates are spray dried to yield powders with 
protein levels of ~≤82 g · 100 g−1, being comprised of casein micelles and 
colloidal ash in MCs and micellar casein, whey proteins and ash in MPCs.

The use of MC or MPC at a level of 6.3 g · 100 g−1, as a substitute for 
young Cheddar cheese protein (intact casein ~90 g · 100 g−1 protein) in the 
formulation reduced fl owability of the melted processed cheese, with the 
effect being more pronounced for the MPC (Fig. 20.5). The lower fl ow with 
the MPC is most likely due to heat-induced aggregation and/or gelation of 
whey proteins, present at a level of ~1.3 g · 100 g−1 in the processed cheese, 
even though other factors (such as the higher intact casein content of the 
added MPC) may also contribute.
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Fig. 20.5 Effect of partial replacement of Cheddar cheese with different 
ingredients (MC and MPC) on the physical properties processed cheese. The 
ingredients were added to replace 25% of the protein content of the Cheddar 

cheese. To ensure similar levels (g · 100 g−1) of moisture (~47), fat (~25) and 
protein (20.5) in all processed cheeses, anhydrous butter oil and water were 

added along with the ingredients. Treatment processed were made using Cheddar 
cheese only (control), and using Cheddar cheese plus micellar casein powder 

(MC), milk protein concentrate powder 1 (MPC1), or milk protein concentrate 
powder 2 (MPC2). All powders had 80 g · 100 g−1 protein, and the MPC powders 
differed with respect to heat treatment applied during manufacture (low heat, 

MPC1; high heat, MPC 2). Data are the means of three replicate trials, and error 
bars show standard deviations.
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20.4.3 Cheese Base (CB) and Ultrafi ltered Milk Retentate (UFMR)
Production of CB generally involves ultrafi ltration and difi ltration of skim 
milk (typically to 20–25 g · 100 g−1 dry matter), inoculation of the retentate 
with lactic culture, incubation to a set pH (5.2–5.8), pasteurisation and 
scraped-surface evaporation to ~60 g · 100 g−1 dry matter (Ernstrom et al.,
l980; Sutherland, 1991; Ganguli, 1991). However, rennet may be added to 
the retentate to form a curd from which a small quantity of whey is removed 
(compared to that in natural cheese manufacture) and which is dry-salted 
salted and pressed, and stored as natural cheese. The retentate may also be 
treated with lipase to enhance the fl avour of the fi nal PC; it was claimed 
that up to 80%, w/w, of Ras cheese solids could be replaced by the lipase-
treated retentate, with the resultant PCs having fl avour and consistency 
considered to be superior to those of the control (Aly et al., 1995). Hyde 
et al. (2002) describes the preparation of cheese base by the acidifi cation 
and cooling of a blend comprising one or more powdered milk protein 
ingredients, milk fat, NaCl, food-grade acid and/or preservative.

Increasing the level of substitution of natural cheese by CB, made in the 
conventional manner, or UFMR, normally results in a ‘longer-bodied,’ 
fi rmer PCP which is less fl owable on heating (Collinge and Ernstrom, 1988; 
Tamime et al., 1990; Younis et al., 1991). The lower fl owability may be 
attributed to a number of factors including:

• a higher degree of intact casein in the cheese base,
• the presence of whey proteins in the cheese base (~8.7%, w/w), which 

are denatured and complex with para-κ-casein to form a pseudo-gel 
at the high processing temperature (85–90°C for 3 min) (cf. Doi et al.,
1983a,b, 1985).

The tendency of whey proteins to aggregate and gel is probably accentuated 
by the high levels of protein and soluble calcium in the cheese (Doi et al.,
1983a,b; O’Kennedy and Mounsey, 2009; Donato and Guyomarc’h, 2009). 
However, the effects on fl owability vary depending on the method of prepa-
ration of the CB and UFMR, and the subsequent heat treatment during 
processing:

(i) Reducing the pH of milk, from 6.6 to ≥5.2, prior to UF resulted in 
CBs with lower calcium levels and PCPs with improved meltability 
(Anis and Ernstrom, 1984);

(ii) Rennet treatment of the UF retentate results in poorer meltability 
(Anis and Ernstrom, 1984), an effect which may be attributed to the 
higher degree of interaction between β-lactoglobulin and para-κ-
casein (than with native casein) during subsequent processing (Doi 
et al., 1983 a,b);

(iii) Treatment of retentate with exogenous proteinases (e.g. Savorase-A, 
and enzymes from Aspergillus oryzae and Candida cylindracea), 
which increase the level of proteolysis in the CB, yields PCPs that are 
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softer and more meltable than those made with untreated CB (Sood 
and Kosikowski, 1979; Tamime et al., 1990, 1991);

(iv) Increasing the processing temperature in the range 66 to 82°C results 
in PCPs with reduced meltability, an effect attributed to heat-
denaturation and gelation of whey proteins at the higher tempera-
tures, especially when rennet-treated CB is used (Collinge and 
Ernstrom, 1988).

20.4.4 Other dairy ingredients
Skim milk powder
Addition of skim milk powder to PCP blends at a level of 3–5%, w/w, 
results in softer, more spreadable products (Kairyukshtene and Zakhrova, 
1982). However, higher levels (7–10%, w/w) lead to textural defects such 
as crumbliness and lack of cohesiveness (Thomas and Hyde, 1972; 
Kairyukshtene and Zakhrova, 1982) and the powder may remain undis-
solved. However, a high level may be added if the skim-milk powder is fi rst 
reconstituted and then precipitated by proteolytic enzymes or citric acid, 
and the curd added to the blend (Thomas, 1970).

Lactose
Added lactose, in the range of 0 to 5%, w/w, resulted in lower spreadability, 
lower water activity and increased propensity to non-enzymatic browning 
in PCPs during processing (especially at a high temperature) and storage 
(Piergiovanni et al., 1989; Kombila-Moundounga and Lacroix, 1991). Hong 
(1990) found that replacement of experimental cheeses by lactose at levels 
of 5 to 20%, w/w, reduced the fi rmness of PCP. Excess lactose may also 
increase the propensity to crystallisation in PCPs during storage, with the 
formation of mixed crystals containing various species, e.g. Ca, P, Mg, Na, 
tyrosine and/or citrate. Owing to the relatively high level of bound water 
in PCPs (a maximum of 1.6 g/g solids-non-fat; Csøk, 1982), the effective 
lactose concentration in the free moisture phase may easily exceed its solu-
bility limit (~15 g/100 g H2O at 21°C). This may result in the formation of 
lactose crystals, which could serve as nuclei for crystallisation of mineral 
species that are supersaturated (Guinee et al., 2004).

20.5 Conclusions

Processed cheese products (PCPs) are composites formulated from natural 
cheese, water, emulsifying salts and optional ingredients, the type and level 
of which depend on the category of the PCP, e.g. named variety processed 
cheese, processed cheese or processed cheese preparation. The formulation 
is blended and heated to ~75–85°C while shearing continuously to give a 
hot uniform molten PCP which is hot-packed and stored chilled. While 
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natural cheese is the major ingredient, accounting for ≥51 g · 100 g−1 in all 
categories of PCPs, dairy ingredients can be added at substantial levels (e.g. 
10 g · 100 g−1) to some categories such as processed cheese preparations, as 
defi ned by the Codex Alimentarius Commission (FAO/WHO, 2008).

Calcium phosphate paracasein is the main protein in rennet curd cheeses 
(e.g. Cheddar, Gouda), which are the main varieties used in PCPs. This 
protein is inherently insoluble because of intermolecular calcium and/or 
calcium phosphate mediated linkages. Hence, heating cheese to a high 
temperature (e.g. 90°C) while shearing, is conductive to protein aggrega-
tion, destabilisation of the fat globule membrane, fat coalescence, and 
leakage of free fat and moisture. However, the addition of emulsifying salts, 
such as sodium orthophosphate and/or citrate, prevents such an occurrence 
and promotes the formation of stable uniform PCPs. The salts do this by 
increasing the pH of the blend (e.g. ~5.7 to 6.0, compared with <5.5 in 
natural cheese) and competing with the casein for calcium. They thereby 
mediate the transfer of most of the calcium and phosphate from the protein 
and its conversion to a predominantly ‘sodium’ paracaseinate, as confi rmed 
by the large proportions of insoluble calcium and phosphate (~70% of 
total) and water-soluble protein (~70–90% of total) in PCPs. The paraca-
seinate is the primary stabiliser in PCPs, binding free water and emulsifying 
free fat released during processing of the cheese. The degree of paracasein-
ate hydration and the size distribution of emulsifi ed oil droplets are major 
determinants of the rheology and heat-induced functionality of the result-
ant PCPs.

Casein-based ingredients (and butter fat), when added as a partial sub-
stitute for cheese protein, similarly contribute to the formation and stabi-
lisation of PCPs. Nevertheless, differences in initial solubility (e.g. rennet 
casein versus MC), pH (e.g. acid casein versus sodium caseinate) and 
mineral composition lead to diversity in their functionality (e.g. water 
binding, emulsifi cation) during processing and in the characteristics of the 
resultant PCPs. For example, for similar processing conditions and product 
composition, rennet casein is generally more suited to the manufacture of 
elastic block-type PCPs with moderate heat-induced melt/fl ow than acid 
casein or caseinates, which are ideal for the manufacture of high moisture, 
spreadable PCPs.

Whey protein is generally added as a cheap substitute for cheese protein. 
It is not as amphiphilic as casein and therefore not as effective as an emulsi-
fi er of free fat during processing. Whey proteins are prone to heat-induced 
denaturation and aggregation/gelation via disulphide and other (e.g. hydro-
phobic) interactions. Consequently, they markedly restrict the ability of 
PCPs to melt and fl ow when heated by the consumer. The increased melt/
fl ow resistance is undesirable in most cooking applications, but can be desir-
able in others (such as fried cheese).

Dairy ingredients containing whey protein and casein (e.g. MPCs, 
CWPts, CB) impart the properties of both protein components, but the 
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relative effects on the properties of PCPs can be infl uenced by the type and 
level of ingredient, product pH, processing conditions (e.g. temperature, 
homogenisation) and cooling rate.
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Emulsions and nanoemulsions using 
dairy ingredients
P. J. Wilde, Institute of Food Research, UK

Abstract: Milk is often used as a source of ingredients to stabilize emulsions as 
such ingredients are readily available and easily purifi ed. The most widely used 
are proteins, of which there are two classes in milk – caseins and whey proteins. 
This chapter will briefl y review the use and functionality of emulsions and the 
benefi ts of using dairy proteins as emulsifying agents. The chapter will then 
discuss how the different components are utilized as emulsifi ers, the effect of 
processing on functionality, interactions with other components such as 
polysaccharides, and novel methods to improve functionality. The chapter will 
then discuss future trends, together with sources of further information.

Key words: milk, emulsifi ers, emulsions, proteins.

21.1 Introduction

21.1.1 Emulsions and nanoemulsions
Making an emulsion is a fundamentally natural thing for a dairy ingredient 
to do. Dairy products are derived from milk, and milk is an emulsion. The 
whole purpose of milk is to deliver nutrients to offspring and it contains all 
the macro and micronutrients required for their survival. One important 
nutrient is fat, and that is delivered in milk in the form of an emulsion. The 
emulsion has to be formed of small droplets that are stable to coalescence 
to facilitate effective secretion, but are susceptible to subsequent break-
down during digestion and uptake.

An emulsion is defi ned as a mixture of at least two immiscible fl uids or 
phases. One phase is formed into droplets (known as the dispersed phase), 
and is suspended in another fl uid (the continuous phase). The fact that the 
continuous and dispersed phases are immiscible ensures that emulsions are 
a unique class of structured fl uids. Their rheological properties are often 
completely different from those of their component parts. For example, a 
traditional mayonnaise is a viscoelastic solid, but it is made up of two phases 
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that are viscous liquids. The rheological properties of the mayonnaise are 
due to the colloidal interactions between the droplets. This is why emul-
sions are a popular method for imparting texture to food products. The 
problem is to make them robust and stable enough to retain the desired 
functionality in the fi nal product, and this will be discussed in more detail 
throughout this chapter.

The two phases are normally liquid when formed, to allow the droplets 
to be broken up and dispersed. However, changes in temperature can often 
be used to solidify or crystallize one or both of the phases to change the 
texture and/or functionality of the emulsion. For example, in emulsions 
made from vegetable oils, for example, such as mayonnaise, salad dressings 
and sauces, both phases are liquid. For milk and yoghurt, when prepared 
at temperatures >35°C, the fat is liquid, but upon cooling and storage, the 
dispersed fat droplets will be solid. Butter and margarine are examples of 
liquid water droplets in a solid fat phase; these are special cases in terms 
of emulsifi ed dairy products and will not be discussed in this chapter.

21.1.2 Microemulsions and macroemulsions
Emulsions can be divided into two main classes based on their thermody-
namic stability. Microemulsions are thermodynamically stable, and macro-
emulsions are metastable. Macro-emulsions (commonly referred to simply 
as ‘emulsions’), as stated previously, are dispersions of droplets in an immis-
cible fl uid. Breaking up the dispersed phase into droplets requires energy 
to overcome the surface tension forces between the two phases, and hence 
they are thermodynamically unstable and will eventually collapse back into 
their component phases. The droplet diameter is generally in the range 
0.1–10 µm. Microemulsions overcome the thermodynamic barrier by reduc-
ing the interfacial tension to near-zero. This is achieved by high concentra-
tions of surfactants (and often co-surfactants, mixtures of oils and oil soluble 
compounds). The result is that when the two phases come into contact, they 
spontaneously emulsify to form a microemulsion with very small droplet 
diameters (<30 nm), and are often transparent. The high concentration of 
surfactant required means that they are usually restricted to non-food appli-
cations. The ambiguously named ‘nanoemulsions’, (Mason et al., 2006a) are 
a class of macroemulsions. They have the same thermodynamic stability as 
macroemulsions, but they are formed under much higher shear forces, using 
techniques such as the microfl uidizer (Mason et al., 2006a and 2006b) or 
ultrasound (Kentish et al., 2008). This results in much smaller droplets (typi-
cally 30–100 nm diameter), giving enhanced functionality such as rheology 
and fl ow, and enhanced delivery (Kotyla et al., 2007; Wang et al., 2008) due 
to the massive increase in surface area compared with a conventional 
emulsion.

Over one third of the food we consume contains emulsifi ed fats at some 
level. The fat is present to impart texture, pleasurable mouthfeel, fl avour 
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and also to deliver lipid-soluble nutrients such as vitamin A and β-carotenes
(or drugs in pharmaceuticals). Humans have evolved to desire a certain 
degree of fat in our diets to give us energy that can be stored during times 
of low food availability. Fat content in foods varies depending on the 
product type and functional properties. These could be at high levels in full 
cream (40–50%), traditional mayonnaise (50–80%), salad dressings (20–
50%), whipping cream (30–40%); intermediate levels in cream cheese 
(20–25%), single cream (20%), ice cream (10–15%); and at lower levels in 
sauces (2–10%), yoghurts (3–10%), soup (3–5%), milk: whole (3–4%), semi 
skimmed (2%), skimmed (<0.5%), and low fat versions of many of the 
above products. The sensory perception of emulsifi ed fats in food is a 
complex combination of physical, chemical and even psychological stimuli, 
thus making the reduction of fat such a diffi cult task.

21.1.3 Functionality
Oil in water (OW) emulsions are used to suspend lipids or lipid-soluble 
compounds (nutrients, drugs, chemically active agents) in an aqueous 
medium. For example, to deliver an oil soluble drug, the delivery medium 
has to be an aqueous one in order for the medium to be dispersed effec-
tively in the gut, or bloodstream, but the drug is soluble only in oil. Therefore, 
dissolving the drug into small oil droplets allows homogeneous dispersion 
of the medium and allows the drug to partition slowly out of the oil phase 
during digestion or lipolysis. In foods, emulsifi ed fats not only directly affect 
texture (cream, mayonnaise), but can deliver lipid soluble fl avours and 
aromas to impart the unique sensory quality of a particular food product. 
Emulsions can also be used to carry oil-soluble pigments in paints and 
photographic fi lms, and reactive and bio-active components in applications 
such as cosmetics, detergents and explosives. Emulsifi ers derived from 
dairy ingredients are largely used in food applications due to their wide 
availability, relatively low cost, and natural, wholesome appeal; there are 
legislative limitations on types and quantities of emulsifi ers for use in foods.

21.2 Emulsion formation and stability

To understand the functionality of dairy-based emulsifi ers, it is important 
to understand the basic generic mechanisms of emulsion formation and 
stability. As stated earlier, emulsions are usually (except for microemul-
sions) thermodynamically unstable, and thus require the presence of emul-
sifi ers to aid their formation and stability.

To create an emulsion normally requires energy for applying shear 
forces to break up the dispersed phase into small droplets in the continuous 
phase. The simplest way of doing this is by using a conventional domestic 
blender containing the continuous phase, and adding drops of the dispersed 
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phase at a slow rate. However, simply dispersing, for example, pure oil into 
water, even under high energy conditions, will form only a transient emul-
sion. The droplets will be large, and they will soon merge (coalesce) with 
others to form increasingly larger droplets, and eventually separate into a 
second phase. Therefore, to effi ciently create and stabilize the oil droplets 
against coalescence, a protective, adsorbed layer of molecules must be 
formed around them (by an emulsifi er). This layer helps prevent coales-
cence, and hence allows the formation of a foam or emulsion that may be 
stable for long periods, depending on the surface properties of the adsorbed 
layer. We will now discuss the separate processes of emulsion formation 
and stability.

21.2.1 Emulsion formation
To form an emulsion requires energy to break up one phase into small 
droplets. This results in a huge increase in interfacial area of the system. 
The energy barrier to this surface expansion is the interfacial free energy 
or interfacial tension. The interfacial tension is defi ned as the force per unit 
length acting on an interface. Therefore, a lower interfacial tension will 
require less energy to produce a specifi c increase in surface area. For pure 
water, strong hydrogen bonding between water molecules results in a high 
interfacial tension, therefore requiring high energy to disperse droplets or 
expand the interfacial area. Figure 21.1 shows how the deformability of an 
oil droplet will determine the size distribution of an emulsion during 
homogenization. Essentially, interfacial tension is the force acting on a 
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Fig. 21.1 Droplet deformation and emulsifi cation. (a) Liquid oil droplets are 
deformable. Deformability is dependent on the interfacial tension (γ) acting on 

the surface to keep the droplet spherical, and on the disperse phase and 
continuous phase viscosities (ηd, ηc). (b) Applying a shear fi eld during 

emulsifi cation is required to deform and break up the droplets. Droplets with low 
deformability (c-top) (e.g. high γ), will not break up (d- top) and will form a 

coarse emulsion (e- top). A highly deformable droplet (c- bottom) will be 
deformed in the shear fi eld and break up into smaller droplets (d- bottom), and 

hence produce a fi ne emulsion with many small droplets (e- bottom).
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surface that is trying to minimize surface area and make the droplet spheri-
cal. If this force is reduced, the droplets become more deformable, and 
hence easier to break up. Reducing the interfacial tension is achieved 
through the use of emulsifi ers, which adsorb at the interface between the 
two phases and lower the interfacial tension by disrupting the hydrogen 
bonds between the water molecules at the interface. Emulsifi ers can be 
simple, lipid-like molecules or complex macromolecules such as proteins; 
however, they are all amphiphilic (i.e. contain both hydrophilic and hydro-
phobic parts) so that they naturally align themselves at the interface. The 
interfacial tension is determined by the structure of the emulsifi er and the 
interfacial concentration; therefore, the most effective emulsifi ers are those 
whose structure allows the formation of a dense, close packed interfacial 
layer.

The dynamics are also very important because the homogenization 
process is rapid; so it is the dynamic interfacial tension over timescales of 
<<1 second that is most important, not the equilibrium value. Rapid adsorp-
tion of the emulsifi er to lower the interfacial tension will thus result in more 
effective emulsifi cation of the dispersed phase during the homogenization 
process. Lower interfacial tensions also result in smaller droplets for a given 
energy input, as the droplets are more easily broken up. Simple emulsifi ers 
are smaller than proteins; therefore, in general, they will diffuse to the 
interface more quickly and reduce the interfacial tension more rapidly than 
proteins. Also, simple emulsifi ers are able to pack more effectively at inter-
faces, so the resultant interfacial tension will also be lower than that for 
proteins. Hence, simple emulsifi ers are generally more effective at forming 
emulsions than amphiphilic macromolecules such as proteins, requiring 
lower shear rates and resulting in smaller droplet diameters. However, it is 
not a simple relationship, as there are many limiting factors such as the 
method of emulsifi cation.

21.2.2 Emulsifi cation methods
Emulsifi cation is the process by which the dispersed phase is broken up into 
small droplets. Normally a coarse premix is created by rapid mixing of the 
ingredients. This is suffi cient to break up the dispersed phase into large 
droplets, and allow adsorption of the emulsifi ers prior to fi nal emulsifi ca-
tion. There are two main methods/principles commonly used to homoge-
nize emulsions in the food industry, mechanical (e.g. rotor–stator) and high 
pressure. (Walstra, 1983; Robins and Wilde, 2003). Mechanical methods 
induce high shear fi elds to break up droplets. High pressure homogenizers 
are now very common, and simply force the premix through a narrow 
orifi ce or valve at high pressures (typically 10–100 MPa). Forcing the emul-
sion through a valve at high pressure creates turbulence and very high shear 
forces, thus breaking up the droplets. Shear forces are not the most effi cient 
way of breaking up droplets, as the shear fi eld tends to lose energy rotating 
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the droplet. Forcing the droplets through a simple orifi ce induces elonga-
tional fl ow forces which break up droplets more effi ciently. The droplet size 
produced is, within certain boundaries, generally inversely proportional to 
the energy input during homogenization. More accurately, it is the energy 
dissipated into droplet break-up. This is affected by the interfacial tension 
as described previously, and also the viscosities of the dispersed and con-
tinuous phases. As continuous phase viscosity increases, droplet size will 
decrease, yet as dispersed phase viscosity increases, the droplets become 
more diffi cult to break and droplet size consequently increases (Walstra, 
1993).

Another homogenization method receiving increased attention, and 
which is the most energy effi cient process, is crossfl ow membrane emulsi-
fi cation (XME). Here, the dispersed phase, or a premix, is forced through 
a porous substrate, into the continuous phase (Charcosset and Fessi, 2005). 
The droplet size produced is dependent on the interfacial tension and 
the pore sizes. These microporous methods are still being developed and 
have not yet been widely utilized in the food industry, due to the low 
throughput.

21.2.3 Emulsion stability
Once formed, a stable emulsion is normally defi ned as a homogeneous 
distribution of droplets in a continuous phase. As most emulsions are ther-
modynamically unstable, they will ultimately want to phase separate into 
their primary components of oil and water. There are three main instability 
mechanisms in emulsions as shown in Fig. 21.2, namely fl occulation, coa-
lescence and creaming (or sedimentation).

Flocculation is where droplets aggregate together and form clumps or 
networks. It is a result of the imbalance between attractive and repulsive 
forces between droplets, resulting in a net attractive force. This can be 
driven by various mechanisms (which are described briefl y in Fig. 21.3), the 
most common of which is through electrostatic forces. Emulsions are often 
stabilized by electrostatic repulsion from a net surface potential on the 
surface of droplets repelling them from close contact, and hence maintain-
ing a homogeneous droplet distribution. Electrostatic repulsion can be 
negated by changing the salt concentration, composition or pH to counter-
act or screen the surface charges on the droplets. The droplets will become 
more attractive through the Van der Waals attractive forces (Fig. 21.3b), 
get stuck in the potential energy minimum and begin to aggregate. This 
fl occulation is often reversible by changing the ionic strength, pH, or using 
highly charged surfactants. Bridging fl occulation occurs when a large, 
surface active polymeric molecule is able to form a bridge between two 
droplets (Fig. 21.3c). If the polymer has multiple hydrophobic regions 
and is large enough, the hydrophobic regions could adsorb two different 
droplets simultaneously, thus forming a strong interaction between them. 
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Fig. 21.2 Emulsion stability pathways. Most emulsions are metastable and begin 
with (a) a homogenous dispersion of oil droplets in water. The three main 
instability processes are (b) fl occulation, (c) coalescence and (d) creaming 

(sedimentation). (e) Finally, the two phases will completely separate or break 
into their component parts. The arrows denote possible routes and indicate where 

reversibility is potentially achievable through gentle re-dispersion.
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Fig. 21.3 Flocculation mechanisms. Under normal, stable conditions (a) 
emulsion droplets are repelled, often by a surface charge (electrostatic repulsion) 

to maintain stability. Added counter ions (b) can screen electrostatic repulsion, 
inducing fl occulation. Adsorbing polymers can induce bridging fl occulation (c) by 

adsorbing to more than one droplet. Depletion fl occulation (d) is caused by 
non-adsorbing polymers or particles. Here a zone exists around the droplets 
where the polymer concentration is reduced (depletion zone) or is even zero 

(Vo), inducing an osmotic gradient that increases the attraction between droplets.
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Bridging fl occulation is often irreversible, but may be prevented by increas-
ing the concentration of the polymer to increase adsorption.

Depletion fl occulation is caused by the presence of non-adsorbing poly-
mers or particles. The process is quite complex and is dealt with in detail 
by other authors (e.g. Jenkins and Snowden, 1996; McClements, 1999), but 
will be described here only briefl y (Fig. 21.3d). If we consider an emulsion 
which contains non-adsorbing polymers or particles in the continuous phase 
which are smaller than the emulsion droplets, there will be a depletion zone 
close to the droplet surface which contains a reduced concentration of 
polymer (Fig. 21.3d). When two droplets approach each other, they will 
reach a separation distance that is smaller than the size of the depletion 
zone, hence this region will contain no polymer, and is sometimes referred 
to as the depleted or overlap volume. In this situation, there is a difference 
in the polymer concentration between the continuous phase and the deple-
tion volume. This effectively creates an osmotic potential difference, driving 
solvent molecules away from the depleted volume into the bulk continuous 
phase, thus driving the droplets even further together. The depletion zone, 
and hence the depletion interactions, is dependent on the size and concen-
tration of the depleting polymer/particle (McClements, 1999 and 2000), the 
size and concentration of the emulsion droplets, and the osmotic potential 
of the polymer (Jenkins and Snowden, 1996). Optimum polymer concentra-
tions are required, as low concentrations will have too weak an osmotic 
potential, and high polymer concentrations can actually stabilise the drop-
lets and prevent fl occulation.

The effect of fl occulation is to create larger fl ocs of droplets, which will 
cream and separate more quickly. Sometimes, at higher droplet concentra-
tions, fl occulation can induce a space-spanning network to form, rather than 
discrete fl ocs, thus inducing stability into the structure. However, this struc-
ture can be weak, and often suffers catastrophic collapse events, followed 
by rapid creaming (Poon et al., 1999). The other consequence of fl occula-
tion is that by bringing the droplets into close contact, it will increase the 
probability of coalescence.

Coalescence is the merger of two or more droplets together to form a 
larger droplet. This can occur only when droplets come into close contact, 
so can be accelerated by creaming and fl occulation. There are several ways 
in which emulsifi ers and proteins can prevent coalescence. A highly charged 
surface will prevent droplets from coming into contact and hence reduce 
coalescence. Steric stabilization through the use of large molecular moie-
ties, often proteins and polymers attached to the surface of the emulsion 
droplets, will physically or sterically repel droplets. Proteins often form a 
highly viscoelastic surface layer on droplets which can resist mechanical 
disruption. Droplets which come into contact must disrupt this fi lm before 
coalescence takes place. Low molecular weight emulsifi ers often use the 
Gibbs-Marangoni mechanism of stabilization. This involves the rapid dif-
fusion of surfactants at the surface to negate surface tension gradients that 
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arise due to deformation or collision events between droplets. If the surface 
diffusion is fast enough, the action will drag solvent back into the gap 
between the droplets, counteract the deformation, and hence prevent 
coalescence.

Creaming is driven by the density difference between the dispersed and 
continuous phases, resulting in buoyancy forcing the less dense phase to 
the top of the emulsion. The terminal velocity Vs of a droplet radius r in a 
fl uid of viscosity ηc medium is estimated by Stokes law:

V
g r

s
c

=
∆2

9

2ρ
η

 [21.1]

where g is the acceleration due to gravity and ∆ρ is the density difference 
between the droplet and continuous phases. Although this is valid for solid 
particles, the velocity can be affected by the viscosity of the dispersed phase 
and other factors, which are reviewed by McClements (1999). Clearly, 
therefore, by referring to Equation 21.1, creaming can be reduced by 
decreasing the droplet size, minimizing the density difference between the 
dispersed and continuous phases, or increasing the viscosity of the continu-
ous phase. All these can be used to slow down the rate of creaming and 
hence extend the shelf-life of the emulsion.

A further instability mechanism is Ostwald ripening, whereby the 
increased Laplace pressure in small droplets forces the mass transfer of oil 
from small to larger droplets leading to a coarsening of the emulsion and 
increasing the rate of creaming. However, in dairy-based emulsions, 
Ostwald ripening is not normally a problem, as it requires the oil phase to 
have some fi nite solubility in water in order to transfer between droplets, 
and generally, signifi cant Ostwald ripening has been observed only in 
hydrocarbon oil systems (Hemar and Horne, 1999).

This section has briefl y reviewed the generic principles involved in the 
formation and stability of emulsions, and the role of emulsifi ers (simple or 
protein). In the next section we will discuss the role of specifi c dairy ingre-
dients to form and stabilize emulsions.

21.3 Dairy ingredients as emulsifi ers

To be effective emulsifi ers, as discussed previously, the molecule has to be 
amphiphilic, i.e. contain both hydrophobic and hydrophilic parts. Milk con-
tains two classes of ingredients that fulfi l this criterion – proteins and polar 
lipids. Milk also contains two sources of surface active material: the aqueous 
phase and the milk fat globule membrane (MFGM). The aqueous phase of 
milk contains the water-soluble components; of those that are capable of 
stabilizing emulsions, proteins are the main class, comprising approximately 
3.5 wt%. The MFGM is formed during secretion of the fat droplets in the 
mammary gland, and is designed to stabilize the fat droplets; being extremely 
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stable (Corredig and Dalgleish, 1998). The MFGM comprises about 40–50% 
protein; 30–40% neutral lipids and 15–25% phospholipids, depending on 
source, breed, diet and season. As emulsifying agents, the milk proteins are 
the most widely utilized, so most of the next section will describe their 
functionality; however, we will also review the literature concerning the 
uses of MFGM-derived material.

21.3.1 Milk proteins
As stated previously, the protein content of milk approximately 3.5%, 
depending on type, source and processing. The two main fractions are 
caseins and whey proteins, about which there is more information in other 
chapters and in the literature (Wong et al., 1996; Farrell et al., 2004).

Caseins
Caseins comprise about 80% of the total milk protein content. They are 
phosphor-proteins and their main function is to form complex aggregates 
in milk known as casein micelles, which are between 50 and 600 nm in 
diameter (Fox and Brodkorb, 2008) and encapsulate insoluble minerals 
(calcium and phosphate) plus small amounts of other minerals, to prevent 
crystallization in the milk, so aiding secretion and digestion. There are four 
main types, αs1- αs2-, β-, and κ-casein, which have molecular weights between 
19 and 24 kD (Wong et al., 1996) and they all assemble to form the complex 
micelle structures. These are colloidal aggregates whose core is primarily 
α and β-caseins, which are highly phosphorylated, and hence chelate the 
calcium and phosphate, and they are thought to be coated mainly by an 
outer so called ‘hairy layer’ of κ-casein, which confers colloidal stability to 
the aggregates. They are insoluble around the iso-electric point (pH 4–5) 
and are therefore quite simple to concentrate and extract from milk through 
isoelectric precipitation at pH 4.6.

The main surface active casein protein is β-casein. It forms approxi-
mately 30–35% of the casein proteins (Wong et al., 1996) and is the most 
surface active; therefore it tends to dominate the interfacial properties of 
casein-based products, although there is some evidence of interactions with 
other casein proteins at the interface. Bovine β-casein is a rheomorphic 
protein in that it is mainly composed of disordered secondary structure 
(Creamer et al., 1981), has no internal disulphide bonds, and is therefore a 
very fl exible molecule. This aids the adsorption of the protein because, fol-
lowing adsorption, proteins try to rearrange to adopt low energy conforma-
tions at the surface, and the highly fl exible nature of the protein accelerates 
this process, allowing rapid reductions in interfacial tension, hence promot-
ing good emulsifi cation properties (Mitchell, 1986). For a protein it is quite 
surfactant-like in some respects. The hydrophobic residues are largely con-
centrated at the C-terminal half of the molecule; the N-terminus is more 
hydrophilic and contains a concentration of fi ve charged phospho-serine 
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groups (Wong et al., 1996). Most globular proteins tend to bury hydropho-
bic amino acids in the core of their structure, to keep the entire molecule 
more soluble. However, as β-casein has very little secondary structure, it 
tends to adopt a similar approach to a surfactant and is thought to form 
micelle-like aggregates in solution (Walstra, 1999), with a number of pro-
teins aggregating together with their hydrophobic parts in the centre and 
the hydrophilic residues on the surface. The structure of the interfacial fi lm 
of β-casein has been studied extensively by a range of techniques, such as 
x-ray, neutron and light scattering and in-silico mathematical modelling. It 
is generally agreed that β-casein forms a dense layer less than 2 nm thick, 
close to the surface, and a very diffuse layer extending up to 10 nm into the 
continuous phase (Dickinson, 2001). This less dense outer layer is com-
posed largely of the N-terminal part of the protein containing the phosphor-
serine groups that are highly charged, and is repelled from the rest of the 
protein, forming a tail protruding into the continuous phase. This layer is 
very effective at stabilizing emulsion droplets through a combination of 
charge and steric hindrance (Husband et al., 1997). However, because 
casein is so fl exible, it does not form strong viscoelastic structures at inter-
faces (Graham and Phillips, 1980); it tends to be weaker and easier to 
disrupt by other surface active components such as lipids and surfactants 
(Mackie et al., 1999). Also, because the stability relies on the extension of 
the phosphorylated region away from the surface, anything that collapses 
that region back into the dense surface layer, such as low pH, high ionic 
strength, presence of calcium, or dephosphorylation, can result in a dra-
matic reduction in the thickness of the layer, and consequently a major loss 
of stability, resulting in fl occulation (Schokker and Dalgleish, 2000) and/or 
coalescence (Husband et al., 1997).

The other main casein protein that may play a role at the interface is 
αs1-casein. It is the most dominant casein, forming up to 40% of the casein 
protein fraction (Wong et al., 1996). It is amphiphilic, like β-casein, but 
because it is less fl exible, its adsorption rate at hydrophobic interfaces is 
generally slower than β-casein. Therefore αs1-casein is not thought to play 
a major role in emulsion stabilization. αs1-Casein has a higher net charge 
and a greater number of phosphoserines than β-casein. The molecular 
structure of αs1 means that it tends to lay fl atter on the surface than β-casein
(Dickinson, 1999), and so does not sterically stabilize emulsion droplets to 
the same extent. Its higher charge means that it is more sensitive to ionic 
strength, and can therefore easily lead to fl occulation in the presence of 
salts (Dickinson et al., 1987).

The functionality of caseins in terms of emulsion formation and stability 
is largely dominated by β-casein; however, as purifying β-casein is an expen-
sive process, cruder fractions composed of mixtures of caseins, known 
as caseinates, are normally used. Caseinates are produced by solubilizing 
the casein fraction obtained by isoelectric precipitation by raising the pH 
to around 6.6–7. This is done by adding various salts, such as sodium 
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hydroxide, sodium phosphate, or potassium or calcium hydroxide, thus 
producing sodium, calcium or potassium caseinates. Sodium caseinate con-
tains small protein aggregates together with a signifi cant amount of mono-
meric protein (Lucey et al., 2000). Because caseins are sensitive to calcium 
concentration, calcium caseinate contained much larger aggregates, some 
more than 10 µm in diameter (Moughal et al., 2000). This can have a sig-
nifi cant effect on emulsifi cation properties (Srinivasan et al., 1999 and 2003) 
as the larger aggregates of calcium caseinate diffuse more slowly and lower 
interfacial tension less rapidly than sodium caseinate. Hence, sodium 
caseinate can form fi ner, more stable emulsions at lower protein concentra-
tions, compared with calcium caseinate (Srinivasan et al., 1999).

Whey proteins
Whey proteins are effectively all the other soluble, non-casein proteins. 
Whey is the milk serum that remains following isoelectric precipitation of 
‘curds’ for cheesemaking or casein production. Upon removal of the pre-
cipitated protein or curd fraction, the remaining liquid is known as whey 
and contains around 0.7% protein, 5% lactose, plus some other minor 
components (Smithers, 2008). In the 17th and 18th centuries, the medicinal 
benefi ts of whey were recorded; however, whey was still, until recently, 
considered a waste product of the cheese manufacturing process. With the 
advent of modern, cheap ultrafi ltration methods and stricter environmental 
laws on waste disposal, it became more effective to extract the protein from 
whey (Smithers, 2008). Today, whey proteins have a huge market as a 
highly functional, cheap source of protein, and claim a wide variety of 
health benefi ts. Whey proteins form about 20% of the total milk proteins, 
and, depending on the source and the process, comprise approximately 
50–60% β-lactoglobulin, 15–20% α-lactalbumin, 15% glycomacropeptide 
(in renneted whey only), and about 15–20% minor protein/peptide compo-
nents (e.g. immunoglobulins, lactoferrin, lactoperoxidase, serum albumin, 
lysozyme, and growth factors). Regarding emulsifi cation properties, the 
two most abundant proteins, β-lactoglobulin and α-lactalbumin, dominate 
the functionality of whey.

The major protein in whey is β-lactoglobulin (BLG), and this is probably 
the most surface active. It has a propensity to bind hydrophobic ligands and 
has been linked with the binding of components such as retinol, but its 
physiological role is not known. Nevertheless, its propensity to bind hydro-
phobic ligands makes BLG highly surface active. BLG has two internal 
disulphide bonds which confer some degree of structural stability (Wong 
et al., 1996); hence, it is not as fl exible as β-casein, so does not reduce the 
interfacial tension as quickly, and tends to be slightly less effective at emul-
sion formation. However, once formed, BLG has a much greater structural 
integrity at the emulsion interface. BLG is a globular protein, and has a 
tendency to form intermolecular β-sheet upon adsorption; thus it tends to 
form highly viscoelastic fi lms at interfaces (Kragel et al., 1995), conferring 
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high degrees of stability to emulsions. This strong interfacial fi lm is thought 
to be strengthened by intermolecular disulphide bonds due to the existence 
of a free thiol (Dickinson and Matsumura, 1991). The interfacial viscoelas-
ticity of BLG can make it quite diffi cult to disrupt and displace by sur-
factants (Mackie et al., 1999). The protein is quite sensitive to pH. Although 
it does not precipitate to the same degree as the caseins around its isoelec-
tric point (pH 5.1), it does form more ordered octamers (Pessen et al., 1985). 
Thus, between pH 4 and 5, the emulsifying properties of BLG are poor and 
emulsions will tend to fl occulate extensively due to the lack of charge repul-
sion between emulsion droplets. Above pH 6 it is largely a dimer, but dis-
sociates into monomers as the pH increases, and above pH 8 it undergoes 
an irreversible denaturation. It is acid stable, and below pH 3.5 begins to 
dissociate into monomers, it is still capable of forming stable emulsions at 
this pH; however, it has increased competition from α-lactalbumin as will 
be discussed in the next section.

α-Lactalbumin (ALA) is the next most abundant protein in whey, 
forming 15–20% of whey protein. It is smaller than BLG at 14.2 kD, and 
is much more structurally stable, containing mainly α-helix, stabilized by 
four internal disulphide bonds (Wong et al., 1996). The physiological role 
of ALA is well defi ned, and it is involved in enzyme pathways for lactose 
synthesis. ALA binds calcium, and the structural stability is dependent on 
the presence of calcium. It is less hydrophobic than BLG, so is not as 
surface active in its native state. Therefore, considering the relative abun-
dance of BLG compared with ALA in whey and their relative surface 
activities, it is not surprising that the emulsifi cation of whey protein at 
neutral pH is dominated by BLG. However, at lower pH, ALA does 
become more surface active (Gao et al., 2008). Initially, this is due to 
reduced charge repulsion at the interface between the proteins as the pH 
approaches the iso-electric point (pH 4.2). Below this point, ALA begins 
to unfold as the protein approaches its metastable ‘molten globule’ state 
(Kronman et al., 1965). This unfolding, due to disulphide bond breakage/
reshuffl ing, leads to the protein being more fl exible and surface active. 
Hence, it has been shown that for whey protein-based emulsions at low pH, 
ALA becomes more dominant at the interface than BLG (Hunt and 
Dalgleish, 1994). Thus, in combination, ALA and BLG make a highly fl ex-
ible and adaptive food ingredient for stabilizing emulsions.

The other whey proteins do not appear to play a signifi cant role in emul-
sion formation. Although bovine serum albumin (BSA) is surface active 
and is able to form stable emulsions when used in isolation (Dickinson and 
Semenova, 1992), it is not generally present at high enough concentrations 
to have a signifi cant impact. Similarly to caseins, whey proteins are rarely 
used commercially as individual proteins, although some fractions can be 
enriched in either ALA or BLG. They are more widely used in the form 
of total whey protein fractions, whey protein concentrates (WPC) or whey 
protein isolates (WPI).
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Whey proteins are concentrated using a range of fi ltration and separa-
tion techniques, and dried to form WPC or WPI powders (Smithers, 2008). 
WPC is produced using mainly ultrafi ltration techniques and, depending on 
the process, contains anything between 30 to 75% protein, 2–4% fat, and 
the remainder made up mainly of lactose and salts. WPI tends to have a 
much higher protein content (≥90 wt%), as the separation process often 
involves ion-exchange and is therefore more effective in separating the 
protein from the non-protein whey components. The proteins are thought 
to be less denatured, although pasteurization and drying processes can 
induce signifi cant structural changes. WPI certainly contains lower levels 
of fat, and therefore the emulsions are less susceptible to lipid destabiliza-
tion; hence WPI tends to be more effective at forming and stabilizing emul-
sions than WPC, but is usually more expensive as an ingredient.

21.3.2 Phospholipids
Milk contains amphiphilic polar lipids, mainly in the milk fat globule mem-
brane (MFGM), at low levels (around 300 ppm in whole milk and 12 ppm 
in skimmed milk) (Rombaut et al., 2007). There is a lot of interest in the 
health benefi ts of phospholipids from milk. Composition of the MFGM is 
up to about 70% protein and 25% phospholipids, with small amounts of 
cerebrosides and cholesterol (DeWettinck et al., 2008). The proteins are 
mainly membrane proteins, are not found elsewhere in milk in any quantity, 
and form only 1–2% of the total milk proteins. The extraction of the 
MFGM is more convoluted than for protein purifi cation, but there is an 
interest in the polar lipid fraction from MGFM due to their proposed health 
benefi ts. Due to processing of milk products into, for example, butter, the 
MFGM is partitioned into the serum phase; hence buttermilk can contain 
up to 10 times more phospholipids than fresh milk, and butter serum up to 
fi ve times more than that (Dewettinck et al., 2008). MFGM contains mixture 
of phospholipids (Lopez et al., 2008) and sphingomyelin (SM), both of 
which seem to form very stable emulsions (Malmsten et al., 1994). This is 
probably due to the presence of high melting point, mainly saturated long 
chain fatty acids (Dewettinck et al., 2008).

Untreated MFGM material can have excellent foam and emulsifi ying 
properties (Kanno et al., 1991). Other workers have shown that processing 
(e.g. heating) induced changes to the composition of MFGM material sig-
nifi cantly decreases functionality (Corredig and Dalgleish, 1998), probably 
due to denaturation of the membrane proteins and possible association of 
whey proteins with the MFGM material. The MFGM can be modifi ed 
during cheesemaking to improve the stabilization of oil and water droplets 
in cheese to increase yields. Here, the use of phospholipase is thought to 
liberate soluble polar lipids lyso-PC from the MFGM to improve stabiliza-
tion of oil and water droplets and hence increase the yield (Hoier et al.,
2006; Lilbaek et al., 2007). There is little evidence that milk phospholipids 
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are used commercially to stabilize emulsions. Current research is focused 
on cost effective isolation of phospholipids from milk to produce liposomes 
for use as delivery vehicles in the cosmetic and pharmaceutical industries. 
The health benefi ts of phospholids are attracting increased interest 
(Dewettinck et al., 2008) and thus may drive the incorporation of MFGM 
phospholipids into food products.

21.4 Effects of food processing

The principal methodologies for producing caseinates, whey protein frac-
tions and MFGM material have now been described, together with how 
different processes may infl uence functionality. In this section we will deal 
with common effects encountered when milk-based emulsifi ers are exposed 
to common food processing conditions during the production of emulsifi ed 
foods. The most common processes are those of heat and shear, but high 
pressure processing is also being encountered. As proteins are the main 
emulsifying agent in milk, this discussion will concentrate on them. The 
main physicochemical properties that defi ne the ability of a protein to form 
and stabilize emulsions are size, solubility, hydrophobicity, charge and fl ex-
ibility. Any processing scheme which affects these parameters is likely to 
have an impact upon emulsion properties. However, there is a complex 
interplay between many of these attributes. For example, to remain soluble, 
proteins generally hide their hydrophobic residues in their core to reduce 
contact with the aqueous solvent. To expose these residues will make the 
protein more surface active, but will also make them more susceptible to 
aggregation via hydrophobic interactions. This will reduce their solubility, 
and as a consequence, reduce their ability to diffuse to and stabilize inter-
faces. There is a general scheme that describes the input of processing 
energy (whether heat, shear or high pressure) and the impact on protein 
structure and solubility, and hence on functional properties, as shown in 
Fig. 21.4. Commercially-produced protein ingredients have usually been 
exposed to heat and shear treatments, and so they will often form aggre-
gates when rehydrated in preparation for use. Protein aggregates are slower 
to adsorb and less surface active, and hence are less effective at stabilizing 
emulsions. Moderate energy processing (e.g. medium shear mixing) could 
break these aggregates and increase the amount of protein available for 
adsorption (Husband et al., 1994). Further processing (e.g. shear or thermal) 
will induce unfolding, leading to increased surface hydrophobicity and 
hence surface activity (Mitchell, 1986). The level of unfolding for optimal 
surface activity will vary between proteins. As the energy is increased, the 
protein will unfold to an extent that the exposed hydrophobicity will render 
it insoluble and it will tend to aggregate, resulting in less protein available 
for emulsifi cation and a loss of functionality (Pittia et al., 1996b). Further 
treatment will result in degradation of the protein into smaller peptides. 
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Some of these peptides may be highly surface active and effective emulsi-
fi ers, but due to their low molecular weight, are unlikely to prevent fl occula-
tion or coalescence and so functionality tends to be poor (Phillips and 
Beuchat, 1981).

Thermal treatment for cooking and sterilization is the most common 
processing condition encountered during food processing. Increasing tem-
perature induces changes in hydration, particularly for the more hydropho-
bic residues, which reduces hydrogen bonding, changes the volume and 
steric parameters, and hence disrupts the local structure. The weaker or 
more accessible bonds will be affected at the lowest temperatures, resulting 
in loss of quaternary structure (i.e. dissociation of oligomers) followed by 
disruption of some tertiary structure. Hydrogen and covalent bonds require 
far more energy to break (Messens et al., 1997) and will therefore require 
much higher temperatures to disrupt. Because of the infi nite number of 
combinations of amino acids and interactions available, no two protein 
molecules will have the same thermal denaturation profi le. Some proteins 
denature very rapidly at relatively low temperatures, others with many 
internal disulphide bonds (such as soybean 11 s globulin which has 21) 
(Kinsella, 1982) are stable even at high temperatures (Sorgentini et al.,
1995). Some proteins even have an intermediate metastable denatured 
state, often referred to as the molten globule state. For example, it is well 
known that above 70°C β-lactoglobulin exists in a state which is intermedi-
ate between the native and the totally unfolded conformations (Qi et al.,

Fig. 21.4 Generalised scheme of the effect of processing energy on protein 
structure and functionality. (a) protein aggregates/quaternary structures can be 

disrupted to (b) release more surface active protein monomers. (c) Further 
processing causes unfolding of tertiary structure to give optimal hydrophobicity 
and surface activity. (d) Overprocessing will result in hydrophobic aggregation 

and (e) eventually, degradation of primary structure, thus reducing functionality.
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1997). Mild heat treatments, up to 100°C for short periods, have resulted 
in increased surface hydrophobicity in a range of protein systems (Townsend 
and Nakai, 1983). An increase in surface hydrophobicity has also been 
associated with improved emulsifi cation properties (Kato et al., 1981). 
Therefore, by increasing the surface hydrophobicity without drastically 
reducing the solubility of a protein will increase the affi nity of a protein for 
the interface, as found by Corredig and Dalgleish (1996) who showed that 
heating β-lactoglobulin between 65 and 75°C increased its affi nity for 
adsorption to the milk fat globules. Similarly with ALA, its greater struc-
tural stability means that temperature treatments at 80°C for two hours 
markedly improved surface activity (Wijesinha-Bettoni et al., 2007). 
However, similar heat treatments of skim milk powder signifi cantly 
decreased foaming and emulsifying capacity (Elsamragy et al., 1993). Parris 
et al. found that heating skim milk powder stimulated interactions between 
whey proteins and casein micelles resulting in more hydrophilic aggregates 
with poor solubility, but with improved foaming and emulsifying activity 
(Parris et al., 1991). This demonstrates that in complex protein isolates, 
process induced interactions between different classes of proteins within 
the system can severely complicate any relationships between structural 
and functional properties of individual proteins. Combining heat treat-
ments with pH changes can have cumulative effects. Lieske and Konrad 
(1994) showed that the solubility of Na-caseinate between pH 4 and 5 can 
be markedly improved by heating to 90°C at pH 10. This resulted in large 
improvements in the formation and stability of both foams and emulsions, 
particularly between pH 4 and 5 where caseinate is normally insoluble.

High shear fl uid treatments such as homogenization and the microfl uid-
izer technique do not always have a big impact on protein structure, but 
may have effects on larger structures and protein aggregates. The micro-
fl uidizer technique has been used to prepare liposomes from MFGM lipids 
(Thompson and Singh, 2006; Thompson et al., 2007); this avoids the use of 
solvents and the impact they may have on the phase behaviour of the 
phospholipids.

High pressure treatment is being increasingly used in the food industry 
as a sterilization process (Ledward et al., 1995). Unlike temperature, 
when pressure is applied to a system, the change in pressure is instant and 
homogenous throughout the material; therefore there are no untreated 
areas where complete sterilization may not occur. Inactivation of micro-
organisms by high pressure can take place at room temperature, so there 
is often little or no effect on the fl avour, colour or texture of the product 
(Balny and Masson, 1993). Yet applying high pressure to proteins and 
polysaccharides can result in molecular changes which can cause gelation 
and aggregation (Dumay et al., 1996); therefore it is potentially a powerful 
tool for modifying the functionality of proteins. Electrostatic and hydro-
phobic interactions which stabilize quaternary structures can be affected 
at pressures around 1.5 kbar (150 MPa) (Messens et al., 1997), and these 
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dissociations can be reversible. At higher pressures (>4 kbar), the hydro-
phobic interactions between non-polar amino acids within the protein mol-
ecule are broken and the molecule rearranges its tertiary structure (Balny 
and Masson, 1993). As pressure increases, the protein is compressed, which 
re-orders the amino acid into a more effi ciently packed conformation within 
the volume constraints created by the increase in pressure. This will affect 
any intramolecular interactions as the amino acids are forced in to a non-
native conformation, away from the structure held together by the delicate 
balance of forces within the primary structure and between the solvent. It 
is at pressures above 7 kbar that these effects become important, and 
protein secondary structure is disturbed. High pressure treatment of 
skimmed milk was shown to reduce casein micelle size (Anema, 2008), 
which could explain the observed changes in surface activity (Pittia et al.,
1996a). In contrast, the aggregation of whey proteins (Gracia-Julia et al.,
2008) and specifi cally of BLG (Pittia et al., 1996b) was found to increase 
upon high pressure treatment. This resulted in an increase in surface hydro-
phobicity. However, rather than increasing surface activity, the result was 
increased aggregation, even under mild treatments, resulting in poorer 
emulsifi cation properties.

Regarding processing, there has been much research on the effect of 
processing on the structure of dairy proteins, as described above. However, 
less attention has been given to the structures formed by dairy ingredients, 
which are then subsequently exposed to processing conditions. This is 
clearly highly relevant, as many food emulsions are processed and cooked 
after the emulsion has been formed. Interfacial structures are sensitive to 
heat treatment following adsorption. Xu et al. (2008) showed how heating 
β-lactoglobulin adsorbed fi lms resulted in increased surface elasticity, prob-
ably due to increased levels of interfacial aggregation, and greater suscep-
tibility to interfacial perturbation. This increased strength is likely to lead 
to more stable emulsions (Mitchell, 1986). However, whey protein stabi-
lized emulsions are very sensitive to heat induced fl occulation (Livney 
et al., 2003; Dickinson and Parkinson, 2004), due to increased interactions 
caused by structural changes in the protein. In fact, freeze–thaw cycles can 
also induce whey protein stabilized emulsions to fl occulate (Cortes-Munos 
et al., 2009). However, casein stabilized emulsions seem to be less suscep-
tible to heat induced fl occulation so the incorporation of small amounts of 
casein proteins can help prevent fl occulation of whey protein stabilized 
emulsions by thermal processing (Parkinson and Dickinson, 2007).

Another processing variable that is often overlooked in the production 
of dairy products is water quality. Emulsions stabilized by dairy proteins 
are normally oil in water emulsions, and hence the major component in 
these systems is water. As discussed above, dairy proteins, particularly the 
caseins, are very sensitive to ionic strength and particularly calcium levels. 
Hence water hardness can have an enormous impact on the stability of 
emulsions stabilized by caseins. Elevated concentrations of calcium can 
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lead to extensive fl occulation of caseinate stabilized emulsions (Schokker 
and Dalgleish, 2000; Dickinson et al., 2003). Therefore, water quality needs 
to be monitored and controlled by either deionization or addition of chelat-
ing agents.

21.5 Improving functionality

The key physicochemical properties of proteins that enable them to form 
emulsions are size, solubility, hydrophobicity, charge and fl exibility. Their 
ability to stabilize emulsions depends on the charge and the steric and 
viscoelastic properties of the interfacial fi lm that they form. In order to 
improve functionality, aspects of a protein’s performance that are restricted 
by a lack of one or more of these attributes must be addressed.

Lower molecular weight proteins, if soluble, will diffuse more quickly to 
the interface and often result in increased functionality (Grunden et al.,
1974). Reducing molecular weight by hydrolyzing the protein can achieve 
a similar effect (Horiuchi et al., 1978; Phillips and Beuchat, 1981). However, 
hydrolyzed milk proteins tend to have mixed results. In general, low levels 
of hydrolysis can lead to some improvements in emulsion formation (Haque 
and Mozaffar, 1992; Tuncturk and Zorba, 2006) but further hydrolysis leads 
to reduced emulsion properties (Tuncturk and Zorba, 2006; Sinha et al.,
2007), and emulsion stability is usually reduced (Ven et al., 2001) probably 
due to lower molecular weight peptides not having the steric or viscoelastic 
properties necessary to stabilize the interface. This goes back to the general 
vision of processing effects that an optimum level of modifi cation is required 
to achieve optimal levels of adsorption and stability.

Similarly, hydrophobic proteins, if soluble, will lower the interfacial 
tension more effectively, and improve functionality (Kato and Nakai, 1980; 
Townsend and Nakai, 1983; Horiuchi et al., 1978; Mitchell, 1986). Increasing 
hydrophobicity and hence functionality has been achieved by thermal treat-
ment (Corredig and Dalgleish, 1996), and chemical modifi cation such as 
succinylation (Pearce and Kinsella, 1978) and alkylation (Toledano and 
Magdassi, 1998).

A big problem with milk proteins, and in particular caseins, is the solu-
bility between pH 4 and 6. Any treatment that could improve solubility and 
hence functionality of caseins over this pH range would be of clear benefi t. 
Santos and Tomasula (2000) showed that acetylation and succinylation can 
increase the solubility of caseinate at pH 5, as these are common ways of 
increasing protein solubility. Reducing the sensitivity to calcium by dephos-
phorylation can also be used to increase solubility (Hekken and Strange, 
1993). However, as explained earlier, this can reduce the ability of the 
casein to stabilize emulsions (Husband et al., 1997) and hence the effect is 
generally negative on emulsifi cation properties (Hekken and Strange, 
1993). Relatively simple treatments such as heating to 90°C at high pH 
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(Lieske and Konrad, 1994) dramatically improved casein solubility at low 
pH, resulting in large improvements in emulsion properties.

21.6 Future trends

The future for the use of dairy ingredients is an interesting one. Traditionally, 
milk was widely regarded as a cheap source of functional ingredients, par-
ticularly with the advent of cost effective extraction and preparation tech-
nologies. The health benefi ts of, for example, whey proteins have contributed 
to increased costs of these as emulsifi ers, and food manufacturers are con-
stantly looking at cheaper sources of functional proteins. Additionally, as 
the apparent incidences of food allergies and intolerances increase, more 
consumers are turning away from traditional ingredients based on wheat 
and dairy products.

However, the positive health-promoting aspects of dairy ingredients, 
whey, caseins and MFGM could actually increase their use in foods. Current 
opinions regarding the future of food is largely concerned with the ability 
of the food to deliver improved health and quality of life. Proteins, peptides 
and phospholipids can all have impacts on human health through availabil-
ity of essential amino acids, bioactivity and signalling of homeostatic proc-
esses such as satiety, and improving membrane and nervous function. The 
evidence supporting the health benefi ts of milk-based ingredients such as 
whey proteins (Frestedt et al., 2008; Krissansen, 2007), casein derived pep-
tides (Moller et al., 2008) and milk phospholipids (Noh and Koo, 2004; 
DeWettinck et al., 2008), mean that their incorporation into foods can 
potentially deliver improved health.

More relevant to the subject of this chapter, is the use of milk-based 
ingredients in emulsions. Emulsifi ed foods are of course a source of dietary 
fat. Certainly within westernized populations, increased fat intake and 
reduced exercise are thought to be mainly responsible for the increased 
incidence of obesity. Therefore, novel strategies are required to reduce fat 
intake whilst maintaining consumer desirability for a particular food. The 
infl uence of whey proteins on energy intake and fat metabolism are begin-
ning to attract interest (Pichon et al., 2008). Whey proteins could also affect 
the rheology of emulsions compared to conventional emulsifi ers, probably 
due to their interfacial rheology and charge interactions (Mackie et al.,
2007), and hence protein stabilized emulsions have been shown to enhance 
the perception of fat in emulsions (Moore et al., 1998). The digestion of 
emulsifi ed fat is also likely to attract a great deal of interest in the future, 
as modulating fat digestion can be used to promote satiety (Maljaars et al.,
2008; Mei et al., 2006) through the ileal break mechanism (Mela, 2006). 
Lipase hydrolysis of triglyceride fat is an interfacial mechanism, and lipase 
activity is sensitive to the interfacial composition, so changing the interfa-
cial composition to reduce lipase activity could induce satiety. Current 
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research is underway to try to modify the interfacial properties of milk 
proteins, either enzymatically or using heat treatments, to be able to slow 
down lipid digestion and hence promote satiety.

Hence milk-based components can be used as multifunctional ingredi-
ents to provide both physical stability but also to deliver nutritional and 
health benefi ts.

21.7 Sources of further information and advice

Advanced Dairy Chemistry. Volume 1. Dairy Proteins. Eds. P.F. Fox and 
P.L.H. McSweeney. Kluwer Academic/Plenum Publishers, New York, 
2003. Everything you ever needed to know about dairy proteins, includ-
ing some aspects concerning emulsifi cation.

Encyclopedia of Emulsion Technology, Volume 1, Basic theory. Ed. Paul 
Becher, Marcel Dekker, New York, 1983. Basic principles of emulsion 
science and technology.

Polymers at Interfaces: G.J. Fleer, M.A. Cohen Stuart, J.M.H.M. Scheutjens, 
T. Cosgrove, B. Vincent. Chapman & Hall, London, 1993. Basic princi-
ples underlying polymer adsorption at interfaces.

Food Emulsions: Principles, Practice, and Techniques, D. J. McClements, 
CRC Press, New York 1999.

Understanding and Controlling the Microstructure of Complex Foods. Ed. 
D.J. McClements, Woodhead Publishing, Cambridge, UK, 2007.
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Using dairy ingredients 
for encapsulation
C. M. Oliver and M. A. Augustin, CSIRO Division of Food and 
Nutritional Sciences, Australia

Abstract: This chapter discusses the properties of dairy components that allow 
them to function as effective encapsulants in a range of encapsulated systems. 
The key principles that underlie the delivery of encapsulated food ingredients 
and bioactives in food are introduced. The formulation and processing of 
encapsulated ingredients containing dairy components and their applications in 
foods are covered. The focus is on the use of milk proteins as encapsulants. 
Examples of the use of milkfat, lactose and milkfat globule membrane in 
encapsulation are given. The emerging trends in encapsulation of food ingredients 
and the future potential of dairy ingredients as encapsulant materials are 
highlighted.

Key words: dairy ingredients, milk proteins, encapsulation, emulsion, food.

22.1 Introduction

Microencapsulation protects an active component (core) within a second-
ary material (matrix, shell, wall or encapsulant) from the surrounding envi-
ronment and enables its controlled release at a target site (Kamyshny and 
Magdassi, 2006). Microencapsulation is well-established within the pharma-
ceutical, cosmetic, chemical and agricultural industries, but is relatively new 
to the food industry (Gibbs et al., 1999; Risch and Reineccius, 1995). The 
early uses of microencapsulation in the food industry included masking 
undesirable fl avours, controlling the release of desirable fl avours, and the 
conversion of liquid streams into powdered formats for convenience and 
improved shelf-life. Encapsulation technology is increasingly being used in 
the food industry to protect and control delivery of food ingredients and 
bioactives (Augustin and Sanguansri, 2008; Champagne and Fustier, 2007; 
McClements et al., 2007). Examples of food components that may benefi t 
from encapsulation are given in Table 22.1.
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Table 22.1 Active cores that benefi t from being protected and delivered into 
foods with encapsulation

Type of core Examples Potential benefi t of encapsulation

Oils Milkfat, omega-3 oils Improved storage stability, target 
release

Flavours Mint, orange oil Preservation of fl avours, 
controlled release in the mouth

Food additives Leavening agents Controlled release during baking
Minerals Iron salts Avoiding undesirable interactions 

(e.g. catalyzing fat oxidation), 
target delivery on ingestion

Phytonutrients Flavanoids, polyphenols, 
tocopherols, phytosterols, 
carotenoids, carotene, 
lycopene, lutein

Protection of sensitive ingredients 
from the environment and 
interactions with the food 
matrix, target delivery on 
ingestion

Probiotics Bifi dobacteria, lactobacilli Improved survival during storage, 
survival on exposure to 
stomach acids

The encapsulating materials used in food applications include food pro-
teins, carbohydrates, fats, waxes and food-grade surfactants. The properties 
that make these materials suitable as encapsulants are given in Table 22.2. 
Dairy ingredients are readily available as food-grade materials and their 
properties make them highly desirable as encapsulating materials. Dairy 
proteins, lactose, milkfat and its fractions, and milkfat globule membrane 
(MFGM) components may all be used as encapsulating materials. Some 
dairy components (e.g. milk protein peptides, conjugated linoleic acid) have 
been encapsulated for a target function. This chapter discusses the proper-
ties of dairy components that allow them to function as encapsulating 
materials in a range of delivery systems designed for food applications. 
Examples of micro- and nano-encapsulated systems for the delivery of food 
ingredients and bioactives that have been formulated with dairy ingredients 
are given. The emerging trends in encapsulation of food ingredients and 
the future of dairy ingredients in this arena are highlighted.

22.2 Designing encapsulated ingredients

Designing functional micro- and nano-encapsulated ingredients requires an 
understanding of the solubility and stability of the core to be encapsulated, 
the physico-chemical properties of the encapsulating materials and the 
processes that may be utilized for encapsulation. Both the core and the 
encapsulating materials used in the formulation of encapsulated ingredients 
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Table 22.2 Examples of encapsulating materials used in encapsulation and their 
functional properties

Encapsulant
materials Examples Characteristics of materials 

useful for encapsulation

Proteins Caseins, whey proteins, soy 
proteins, egg proteins, pea 
protein, gelatin, hydrolyzed 
proteins

Ability to build viscosity, 
gelling, emulsifying

Sugars and 
glucose syrups

Mono-, di- and oligo-
saccharides, glucose syrups

Low viscosity at high solids, 
ability to form glassy 
solids on dehydration

Polysaccharides Starch, maltodextrins, gums, 
carboxymethylcellulose, 
pectins, alginates, chitosan

Gelling, emulsion 
stabilization, fi lm forming, 
ability to form glassy 
solids on dehydration

Fats and waxes Animal fats (e.g. milkfat), 
vegetable fats (e.g. canola 
oil), waxes (e.g. beeswax)

Solubilization of lipophilic 
cores, matrix for 
embedding cores, water 
barrier properties, fi lm 
forming

Surfactants Mono- and di-glycerides, 
phospholipids (e.g. lecithin), 
glycolipids, Tweens, Spans

Emulsifying

for the food industry have to be food-grade (Tables 22.1 and 22.2). The 
technology to be used for encapsulation may be selected from a range of 
processing methods (Table 22.3), depending on the formulation and the 
fi nal structure of the capsule. A number of reviews describe the history of 
and developments in the encapsulation of food ingredients and encapsula-
tion technologies (Augustin and Sanguansri, 2008; Augustin et al., 2001; 
Gibbs et al., 1999; Gouin, 2004; Madene et al., 2006; Risch and Reineccius, 
1995).

Depending on the target application, a variety of capsule structures can 
be designed to encapsulate ingredients. These can be classifi ed into the 
classical core–shell structures or as matrix structures in which the active 
core is entrapped (Fig. 22.1). Variations of these include multi-layered 
capsules and capsules with multiple cores (Kamyshny and Magdassi, 2006).

Examples of capsules with core–shell structures are conventional oil-in-
water (O/W) emulsions, multiple emulsions (W/O/W), multilayer-stabilized 
emulsions, solid lipid particles (O/W), nano-emulsions made by high pres-
sure homogenization and liposomes. Hydrogels, lipospheres and biopoly-
meric micro- and nano-particles with active cores are typical of encapsulated 
systems with matrix structures.

By adjusting the internal structure and properties of the shell or the 
matrix material, the release patterns of the core can be manipulated. An 
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Table 22.3 Selected encapsulation methods used in the food industry1

Method Principle Comments

Spray drying Core is dispersed into aqueous 
encapsulant solution and 
atomized into a drying 
chamber

Most commonly used 
method, cost-effective

Spray chilling Core is dispersed into coating 
solution and sprayed into a 
cold environment to solidify 
the carrier material

Used for protection of 
water-soluble cores, also 
suitable for cores that are 
sensitive to temperature

Extrusion Emulsion or dispersion 
containing the core is 
passed through a die at high 
temperature and pressure 
into a bath for solidifi cation 
of the particle

Used primarily for 
encapsulation of fl avours 
and volatile cores in 
glassy matrices

Fluidized bed 
coating

Particles are suspended in air 
and a coating is applied

Used for enhancing and 
achieving fi ner control 
over release properties of 
the core

Inclusion
complexation

An inclusion complex is 
formed between 
cyclodextrin and the core

Encapsulation of fl avours 
and lipophilic nutrients

Coacervation Coacervates are formed when 
two oppositely charged 
biopolymers associate and 
phase separate

Can entrap high loadings of 
cores, has been used in 
encapsulation of fl avours 
and many nutrients

1 Augustin et al., 2001; Gouin, 2004.

(a) (b)

Fig. 22.1 Types of microcapsules (a) core and shell (b) matrix with embedded 
core.

understanding of the physico-chemical properties of the encapsulating 
matrix, how it interacts with the core, and its behaviour during processing 
is therefore required to design an encapsulation system. The core has to be 
protected until its controlled release in response to a trigger encountered 
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at the appropriate time. Triggers for the release of the core, such as pH, 
temperature, shear or degradation of the matrix material by enzymes, 
have been targeted to suit each application. Control of the core release in 
response to an appropriate trigger is infl uenced by the encapsulant mate-
rial, formulation and the processing technique used to produce the encap-
sulated ingredient.

A recent paper (Ubbink and Krüger, 2006) discusses a retro-design 
approach to encapsulation. In this approach the functionality in a target 
application is fi rst established. A systematic evaluation of specifi c encapsu-
lation technology and materials that can be used to obtain the desired 
protection and release are based on an understanding of material science, 
physical chemistry and biophysics.

22.3 Encapsulating properties of dairy ingredients

Some important properties that are desired of encapsulants are their ability 
to gel, to stabilize an interface, to solubilize actives and to form glassy 
matrices. These properties are inherent in a range of dairy components. 
Dairy proteins are commonly chosen as encapsulant materials. Milkfat and 
milkfat globule membrane (MFGM) material also have applications as 
encapsulants. A summary of the functional properties of dairy ingredients 
as encapsulating materials is given in Table 22.4. Different functionalities 

Table 22.4 Applications of dairy ingredients in various encapsulation systems

System Dairy encapsulant material Function of dairy ingredient

Emulsions Milk proteins – caseins, whey 
proteins, milk protein isolates, 
hydrolyzed milk proteins

Film forming, stabilization of 
emulsion

Milkfat, milkfat fractions Carrier of active cores
Dried

emulsions
Milk proteins – casein, whey 

proteins, hydrolyzed milk 
proteins

Emulsion stabilization prior to 
drying, emulsion matrix of 
dried particle

Lactose Formation of glassy matrix on 
drying

Milkfat Carrier of active cores, 
secondary coating material, 
barrier to moisture

Hydrogel Milk proteins – casein, whey 
proteins

Formation of gel phase, matrix 
for embedding cores

Lipospheres Milkfat Entrapment of active cores
Liposomes Milk phospholipids, milkfat 

globule membrane
Stabilization of bilayer vesicles

Coacervates Milk proteins – casein, whey 
proteins

Interaction with oppositely 
charged biopolymers to form 
a separate phase
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are required of encapsulants depending on the target food system and mode 
of delivery. For example, for core–shell microcapsules, such as emulsion-
based systems, dairy proteins are used to lower surface tension and stabilize 
oil droplets in which an active core is solubilized. In matrix-based systems, 
such as hydrogels, the ability of dairy proteins to form gels enables active 
cores to be entrapped. The release of the core from these capsules occurs 
when there is disintegration of the shell or protein matrix on exposure to 
the appropriate trigger.

Lactose can exist in the glassy state at low water activities and at ambient 
temperature (Roos, 2008). This property makes lactose useful as an encap-
sulating matrix. In the glassy state, there is limited mobility of molecules. 
When active cores are entrapped in glassy states they are stabilized against 
adverse reactions. The core can be readily released in response to increased 
temperature or on exposure to moisture. Lactose may be used on its own 
to form a glassy matrix. In addition, as lactose readily forms a glass when 
spray-dried, it is used in combination with proteins to prepare spray-dried 
emulsion systems (Fäldt and Bergenstáhl, 1996).

Bulk milkfat has a wide melting point range and may also be fractionated 
to produce various melting point fractions (Kaylegian and Lindsay, 1995). 
Like any other fat, milkfat or its fractions can carry active cores in 
emulsion-based systems, and in micro- and nano-particles. They can solu-
bilize lipophilic cores (e.g. carotene) or act as carriers for hydrophilic cores 
(e.g. peptides). MFGM material and milk phospholipids from the MFGM 
have amphiphilic properties and like other surface-active material have a 
propensity to self-assemble into supramolecular structures. These proper-
ties make them useful in the formulation of micro- and nano-emulsions and 
liposomes.

22.4 Encapsulated systems utilizing dairy ingredients 
as encapsulants

Dairy components have been used for formulating encapsulated systems 
containing a variety of cores.

22.4.1 Milk proteins
The major proteins in milk are caseins and whey proteins. Both these pro-
teins have been utilized in the formulation of a range of encapsulated 
systems. It is well known that caseins and whey proteins differ in many 
aspects. For example, there are differences in (a) pI – caseins have a pI of 
4.6 while the whey proteins have a pI of ~5.2, (b) conformation – the caseins 
are random coil proteins while the whey proteins have a globular structure, 
(c) sensitivity to heat – caseins are relatively heat stable whereas the whey 
proteins denature at high temperature, (d) emulsifying properties – the 
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globular whey proteins form denser interfaces than the more fl exible 
caseins, and (e) gelling properties – whey protein denaturation generally 
precedes gelation whereas casein gels may be formed in the presence of 
calcium ions. It is important to appreciate that protein functionality dictates 
the selection of the protein in encapsulated systems. The functional proper-
ties of milk proteins and how they can be modifi ed has been reviewed 
extensively (Augustin and Udabage, 2007; Foegeding et al., 2002; Fox, 1997; 
Kinsella, 1984) and will not be covered here.

22.4.2 Caseins
Particles
The casein micelle is itself a natural nano-particle. It has an average radius 
of ~100 nm and is made up of nano-clusters of amorphous calcium phos-
phate surrounded by casein (Holt et al., 2003). It is a natural encapsulation 
system for the delivery of calcium and phosphate. The casein micelle also 
has the capacity to carry hydrophobic compounds. Technology developed 
by Livney and Dalgleish (2007) demonstrated a 5.5-fold increase in vitamin 
D2 incorporated into the casein micelle compared to that in the serum phase 
(Semo et al., 2007). Encapsulation of vitamin D2 stabilized the bioactive and 
protected it from degradation (e.g. UV light). Thus the casein micelle-
encapsulated bioactive may be incorporated into food to improve its nutri-
tive value. The casein micelle also lends itself to the delivery of other 
sparingly water-soluble compounds by complexing with the bioactive (Sahu 
et al., 2008). These studies suggest that there may be opportunities to utilize 
the inherent properties of the casein micelle nano-structure to deliver other 
sensitive hydrophobic cores to improve the health benefi ts of food systems 
(Semo et al., 2007). Another interesting possibility may be offered by the 
observation that the binding of hydrophobic components to casein can be 
modulated by adding an anionic surfactant (Liu and Guo, 2007).

β-Casein is the most hydrophobic casein protein but it also has a rela-
tively high lysine content that predisposes it to conjugation with reducing 
carbohydrates via the naturally-occurring Maillard reaction. Under control-
led conditions, amphiphilic block co-polymers (e.g. casein–polysaccharide 
conjugates) have the ability to self-assemble into micelles with a hydropho-
bic core and a hydrophilic shell. The block co-polymers can be used to 
construct nano-particlulate encapsulant systems. Pan et al. (2007a) reported 
the simultaneous formation and encapsulation of casein–dextran-based 
nano-particles. The authors took advantage of the hydrophobic interaction 
between β-carotene and β-casein to form the capsule core. Maillard-derived 
co-polymers of dextran and β-casein formed the shell, providing stability 
and dispersibility to the particles over a wide pH range (pH 2–12). 
Encapsulation protected carotene against oxidation in the presence of 
ferric chloride, and it could be released on digestion of the protein particle 
with pepsin or trypsin.
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Hydrogels
Casein hydrogels are used to entrap and protect active cores. The colloidal 
stability of casein hydrogels to acid and heat can be modifi ed by cross-
linking within casein micelles using transglutaminase (Huppertz and de 
Kruif, 2008). This has the potential to widen the application of casein-based 
hydrogel encapsulation systems. This is because modifi cation of the proper-
ties of the encapsulant material provides an additional lever by which the 
release of the core may be modulated.

Emulsions
Sodium caseinate has been used in the formulation of O/W emulsions to 
produce a range of spray-dried soy oil powders (up to 75% fat). As was to 
be expected, higher fat powders had lower microencapsulation effi ciency 
as refl ected in the higher levels of solvent extractable fat (Hogan et al.,
2001a). Microencapsulation effi ciency is improved when proteins are used 
in combination with carbohydrates to stabilize spray-dried emulsions. 
Increasing the dextrose equivalent of the carbohydrate further improves 
the encapsulation effi ciencies (Danviriyakui et al., 2002; Hogan et al.,
2001b). The molecular assembly of casein affects its encapsulation effi -
ciency. Vega et al. (2007) demonstrated that sodium caseinate is superior 
to micellar casein when spray-dried with sugars for encapsulation of milkfat. 
This was attributed to the higher mobility and fl exibility of casein molecules 
in sodium caseinate compared to the more aggregated casein micelles. 
However, when used in combination with lactose as encapsulant matrix, 
Keogh et al. (2001) showed that aggregated caseins provided more protec-
tion to fi sh oil powders during storage due to their low vacuole volume.

For the encapsulation of oils that are very prone to oxidation (e.g. 
fi sh oils), Maillard reaction products formed by heating caseins and reduc-
ing carbohydrates have been found to be superior encapsulants to corre-
sponding physical blends (Augustin et al., 2006). The molecular weight 
profi le and oxygen permeability of the glycated encapsulant matrix play a 
key role in the oxidative stability of the encapsulated fi sh oil (Drusch et al.,
2009).

Casein-carbohydrate conjugates can also provide a stable and protective 
environment for probiotics that are encapsulated by spray drying an O/W 
emulsion (Crittenden et al., 2006). The probiotic cells (Bifi dobacterium 
infantis) resisted digestion in simulated gastric fl uid and were released in 
simulated intestinal fl uid.

Casein–dextran Maillard conjugates provide enhanced stability to double 
emulsions. Fechner et al. (2007) showed that diffusion of vitamin B12

from the inner aqueous phase of a W/O/W emulsion to the outer phase 
was signifi cantly decreased by replacing caseinate with a casein–dextran 
conjugate, as the secondary emulsifi er. Caseinate–dextran conjugates 
were also used as a secondary emulsifi er in a W/O/W emulsion containing 
immunoglobulin Y (IgY) (Shimizu and Nakane, 1995). However, in this 
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application the activity of IgY was compromised, with inactivation of IgY 
being dependent on its extent of adsorption at the oil–water interface.

Milk proteins, such as casein, can be cross-linked to provide additional 
strength to the shell of emulsion-based systems. Lee et al. (2006) showed 
that sodium caseinate emulsion gels cross-linked by transglutaminase pro-
vided enhanced thermal stability and improved the retention of aroma 
compounds. The unique textural properties of cross-linked emulsion gels 
enhance control of the core’s release (e.g. aroma compounds) and have the 
potential to create dairy products with different sensory characteristics.

Coacervates
Coacervates are formed when two oppositely charged biopolymers associ-
ate and phase separate (de Kruif et al., 2004). Coacervates of casein and 
anionic polysaccharides are formed at pH below the pI of casein. Complex 
coacervates of casein and pectin were employed to microencapsulate pro-
biotics (Bifi dobacterium lactis and Lactobacillus acidophilus) and dried by 
spouted bed drying. While there was little loss of viability of the probiotics 
during drying (0.3 log loss), the microencapsulated bacteria were not pro-
tected at low pH (Oliveira et al., 2007).

Electrostatic β-casein–lysozyme complexes have been shown to self-
assemble in aqueous solution to produce complex micelles. With subse-
quent heat treatment, the lysozyme gels and thereby entraps β-casein within 
the gel network (Pan et al., 2007b). This approach provides further oppor-
tunities to formulate and design delivery systems. The technology may be 
useful to encapsulate β-casein that is complexed with hydrophobic mole-
cules, for example.

22.4.3 Whey proteins
Particles
β-Lactoglobulin (β-LG) is the major whey protein of bovine milk and is a 
natural molecular nano-carrier for hydrophobic molecules. Retinoic acid, 
cholesterol, vitamin D, various aroma compounds (e.g. aldehydes, ketones), 
and fatty acids (e.g. conjugated linoleic acid, palmitate, oleate), for example, 
bind within its hydrophobic calyx (Kontopidis et al., 2004). It has been 
shown that several hydrophobic bioactives (e.g. cholesterol, vitamin D) 
improve the protein’s resistance to thermal denaturation (Puyol et al.,
1994). This may provide a means of enhancing the stability of β-LG during 
food manufacturing processes and offer greater control over its ability to 
deliver specifi c bioactives in food systems. In its native conformation, β-LG
is resistant to degradation by gastric proteases (Morr and Ha, 1993) and 
hence may be expected to remain largely intact following transport through 
the stomach.

Schmitt et al. (2007) have described a process for preparing aggregated 
whey protein micelles which provide improved delivery and controlled 
release of the encapsulated core, compared to traditional encapsulation 
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systems. The micelles are prepared by mixing the whey proteins and the 
core. The whey proteins are then denatured to form whey protein micelles 
and an aggregate of the whey protein micelles is produced. The hydrophilic 
parts of the proteins are oriented towards the outer part of the agglomerate 
and the hydrophobic parts of the proteins are oriented towards the inner 
‘core’ of the micelle. The micellar aggregates have been described as effec-
tive stabilizers for both water-soluble and lipophilic compounds, and 
improve bioavailability of the encapsulated core.

Hydrogels
Like most globular proteins, whey proteins possess excellent gelation prop-
erties. The gelation conditions (e.g. pH, temperature, protein concentra-
tion, presence of ions) determine the physico-chemical properties of the 
gel, including its strength, pH sensitivity, permeability and mechanical 
properties. Thus, manipulation of the gelation conditions provides a means 
of modulating the release profi les of core agents entrapped within the gel 
matrices. Release properties of the gels can be further modulated by cross-
linking (Lee and Rosenberg, 1999) or coating with an appropriate biopoly-
mer (Gunasekaran et al., 2006, 2007).

The gelation process produces hydrogels either as continuous networks 
or as discrete gel particles (microspheres). Continuous gel networks are 
effective delivery systems for encapsulated water-soluble core substances. 
For example, Gunasekaran et al. (2006) entrapped the water-soluble mol-
ecule caffeine (as a model compound) within a heat-induced whey protein 
concentrate (WPC) hydrogel network. The gel matrices displayed pH-
sensitive swelling properties which determined the release profi le of caf-
feine. Core release profi les could be readily modifi ed by adding external 
layers of alginate (Gunasekaran et al., 2006).

Another important property of whey proteins is their ability to gel under 
cold conditions. This is particularly useful for encapsulation of heat-labile 
molecules. In this approach, the whey proteins are pre-denatured by heat 
treatment and then cooled in the presence of a divalent cation. Cold-
gelation has conventionally been carried out in the presence of Ca ions 
(Barbut and Foegeding, 1993). Recently, however, Remondetto et al. (2002) 
showed that ferrous (Fe) ions could also produce cold-induced gelation of 
β-LG. Gels with different microstructure and Fe release properties were 
produced depending on the iron concentration used. At low iron concentra-
tion (10 mm) ‘fi lamentous’ gels were formed, whereas at high iron concen-
tration (30 mM) the gels were ‘particulate’. Based on in vitro digestion and 
cell-line (CaCO-2) model studies, ‘fi lamentous’ gels displayed maximal Fe 
bioavailability (Remondetto et al., 2004). Inadequate iron intake is a global 
nutritional issue. Hence, the ability to deliver iron within whey protein 
hydrogels is a promising approach to improve Fe intake.

Various methods have been developed to prepare whey protein hydro-
gels as microspheres. Rosenberg and Lee (2004) developed an ‘all aqueous’ 
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encapsulation system by which relatively large (1–2 mm diameter) alginate-
coated, water-insoluble, whey protein-based microspheres were produced 
which protected encapsulated actives from oxidative degradation.

Subirade et al. (2002) have described an encapsulation process based on 
emulsifi cation of denatured whey protein with oil in the presence of a bio-
active. The emulsion was then contacted with salt solution to induce forma-
tion of protein microspheres. Fat-soluble vitamins (e.g. retinol) (Beaulieu 
et al., 2002) and water-soluble vitamins (e.g. ribofl avin) (Chen and Subirade, 
2006), have been encapsulated using a combination of emulsifi cation and 
Ca ion-induced cold-gelation. In all these studies, the microspheres dem-
onstrated controlled or sustained release of the active core. There was 
delayed release of the active cores under gastric conditions and complete 
release of the active core in intestinal fl uid.

Encapsulation systems containing whey proteins have been used to 
deliver probiotic bacteria. Reid et al. (2005) employed direct extrusion 
of a denatured whey protein isolate (WPI)–concentrated probiotic 
(Lactobacillus rhamnosus) cell suspension into a Ca ion solution. The 
microcapsules (3 mm diameter) showed good encapsulation effi ciency 
(96% of the probiotic cells encapsulated) but only 23% cell viability after 
the gelation process. The microcapsules were subsequently (Reid et al.,
2007) incorporated into vegetable juice, where ~33% of the cells were 
viable after storage (2 wk) compared to ~7% for the non-encapsulated cells. 
Although the gelation process requires further optimization to improve cell 
viability, this study demonstrates the feasibility of this approach for deliver-
ing actives in food systems. Guérin et al. (2003) encapsulated bifi dobacteria 
in whey protein−polysaccharide (alginate−pectin) gel beads coated with 
and without a membrane, and formed by the transacylation reaction. Their 
results suggest that entrapment of the bacteria in membrane-coated beads 
enhances their survival during gastrointestinal transit.

Emulsions
Whey proteins are effective wall matrices for the encapsulation of milkfat 
(Keogh and O’Kennedy, 1999; Lee and Rosenberg, 2000; Moreau and 
Rosenberg, 1996; Young et al., 1993a, b) and other sensitive lipids such as 
soy oil (Hogan et al., 2001a, b), conjugated linoleic acid (Jimenez et al.,
2006), fl axseed oil (Partanen et al., 2008) and orange oil (Kim and Morr, 
1996). Microencapsulation effi ciencies of >90% anhydrous milkfat (AMF) 
have been reported for spray-dried emulsions. Incorporation of carbohy-
drates, such as lactose, increased encapsulation effi ciency (95%), especially 
for high oil loads (75%) (Young et al., 1993a). Furthermore, the whey 
protein matrices protected the sensitive lipids against oxidation during 
storage (Jimenez et al., 2006; Moreau and Rosenberg, 1996; Partanen et al.,
2008).

Spray-dried, water-soluble whey proteins or whey protein–carbohydrate 
microcapsules also provide excellent retention of volatiles used to enhance 
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food fl avour and aroma (Baranauskiene· et al., 2006). The encapsulation is 
achieved by exploiting the strong binding affi nity of whey proteins, includ-
ing bovine serum albumin (BSA), α-lactalbumin (α-LA) and β-LG, to 
fl avour compounds (Kühn et al., 2006).

In the case of bioactives, it is critical that the wall system not only encap-
sulates and protects the active core during food processing and storage but 
that it also provides protection to the core during digestion until its release 
at the target site. Interestingly, a recent study (Sandra et al., 2008) indicated 
that heat-induced protein cross-linking of β-LG-stabilized O/W emulsions 
did not delay the rate and extent of lipid digestion during simulated diges-
tion in vitro. Pancreatic lipase was still able to access the emulsifi ed oil 
despite cross-linking of the interfacial protein. In other studies, Lee and 
Rosenberg (2001) showed that composite wall systems based on whey 
protein and AMF delayed the release of water-soluble core materials (theo-
phylline was used as a model compound) into simulated gastrointestinal 
fl uids (Lee and Rosenberg, 2001). Lee and Rosenberg (2000) used an alter-
native approach to show that heat gelation of whey protein-based emul-
sions also offers potential for controlled release of core materials, due to 
the limited water-solubility of the microcapsules (Lee and Rosenberg, 
2000). Indeed, by implementing this approach, Cho et al. (2005) showed 
that IgG was more stable against degradation by acid and heat, and dis-
played improved resistance against digestion with pepsin. In another study, 
calcium alginate coating of whey protein-stabilized O/W emulsions contain-
ing paprika oleoresin was employed to improve core stability and alter 
release properties (Rosenberg and Lee, 2004).

Whey proteins are suitable wall materials for the encapsulation of ben-
efi cial bacteria. Picot and Lacroix (2004) encapsulated probiotics by emul-
sifi cation of milkfat with heat-denatured whey protein prior to spray drying. 
The microencapsulated probiotics were subsequently incorporated into 
yoghurt. Viable cell counts (~28%) were signifi cantly higher (+2.6 log 
cycles) than that of the non-encapsulated probiotics during refrigerated 
storage (28 d, 4°C), as well as after in vitro digestion (+2.7 log cycles) (Picot 
and Lacroix, 2004).

A strategy that has been shown to be particularly effective for improving 
the interfacial properties of lipid droplets uses electrostatic complexation. 
This can be achieved either by formation of an electrostatic complex 
between two oppositely charged biopolymers prior to emulsifi cation or by 
a technique described as layer-by-layer electrostatic deposition. In both 
cases, the core is surrounded by multicomponent interfacial coatings. For 
example, double W/O/W emulsions formulated with WPI–xanthan com-
plexes were used to entrap vitamin B1 (thiamine). The WPI–xanthan 
complex formed a thick, protective barrier against premature release of the 
thiamine by increasing the emulsion stability under various pH and tem-
perature conditions. The stability was enhanced at low pH due to the strong 
electrostatic interactions between the two biopolymers at pH < pI (Benichou 
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et al., 2007). Using the layer-by-layer technique, de Lorenzis et al. (2008) 
showed the feasibility of delivering lactoferrin using chitosan–lecithin emul-
sions. Hong and McClements (2007a) prepared double emulsions compris-
ing chitosan-coated β-LG-stabilized lipid droplets. The stability of the 
emulsions was increased at pH ~ pI of the protein (pH 4.5–5.5). The authors 
suggest the formulation may be useful as a delivery system in acidic foods 
and/or for improving core stability during gastric digestion. Another advan-
tage of polysaccharide coatings is their ability to improve freeze–thaw and 
freeze-drying stability of protein-coated lipid droplets (Mun et al., 2008).

In additional to traditional O/W/O and W/O/W multiple emulsions, 
novel microstructures can also be created, potentially increasing the range 
and applications of bioactive delivery systems. For example, Kim et al.
(2006) combined a heat-denatured WPI-pectin O/W emulsion with an 
aqueous, phase-separated, heat-denatured WPI-pectin solution to create 
O/W/W emulsions, which were subsequently gelled in the presence of Ca 
ions. More recently, Gu et al. (2007) developed an innovative technology 
to prepare ‘colloidosomes’ that used electrostatic layer-by-layer deposition. 
This process involved mixing an O/W emulsion comprising large, anionic 
droplets of pectin-coated β-LG corn oil droplets with a second O/W emul-
sion comprising small, cationic β-LG-stabilized oil droplets. At pH 4 pectin 
adsorbs to β-LG particles. By increasing the concentration of the pectin, 
the charge of the droplets is changed from cationic to anionic. Gu et al.
(2007) suggested that, with further optimization, this technology may have 
important implications for improving emulsion stability, for developing 
unique controlled or trigger-released delivery systems and for compartmen-
talizing active components.

Coacervates
Coacervates formed between whey proteins and polyelectrolytes have been 
utilized to entrap various core materials. Several studies focused on the 
formation of coacervates between whey proteins and pectin. In acidic con-
ditions (pH 3.5), complexation between heat-denatured WPI and low meth-
oxyl pectin was used as a matrix for thiamine entrapment. Although the 
entrapment effi ciency was low (4.5–7%), it was suffi cient to provide the 
recommended daily intake of the vitamin for an adult male based on just 
70–80 mg of the dry complex (Bédié et al., 2008). A similar approach was 
taken by Santipanichwong et al. (2008) to produce core–shell biopolymer nano-
particles from heat-denatured β-LG-pectin complexes. The particles 
showed good stability over pH 4–6 and in the presence of salt. The complex 
formed between native β-LG and pectin was an effective encapsulant for 
docosahexaneoic acid (DHA), as demonstrated by the fact that the concen-
tration of DHA was ~166-fold that in the surrounding medium (Zimet and 
Livney, 2009). Furthermore, encapsulation of DHA protected it against 
oxidation during storage. It was suggested that these coacervates may be 
used to deliver omega-3 oils into low-pH beverages.
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Complexes formed between proteins and polyelectrolytes involve weak 
interactions and are stable only within a narrow pH range. The coacervate 
shell can be further modifi ed to control core release. Chen and Subirade 
(2005) refi ned the stability of native β-LG–chitosan coacervates by cold-
induced gelation in the presence of tripolyphosphate. An alternative 
approach, described by Hong and McClements (2007b), involved the 
heating of β-LG-chitosan coacervates to form hydrogel particles. De Kruif 
and Weinbreck (2005) illustrated the application of complex coacervates of 
β-LG and gum arabic to encapsulate lemon oil used to fl avour cheese. In 
this study, cross-linking of the coacervates with gluteraldehyde was used to 
modulate the release profi le of the core (de Kruif and Weinbreck, 2005).

The electrostatic interaction between proteins and polyelectrolytes is not 
limited to polysaccharides. Pouzot et al. (2008) recently patented a process 
to produce charged, liposome-like structures containing a denatured 
supramolecular protein core, which can entrap various core materials. 
Additionally, the lipid-containing shell surrounding the protein core is 
claimed to improve the solubility of proteins at pH ~ pI, to provide a protec-
tive barrier against adverse environmental conditions (e.g. oxygen, humid-
ity, agglomeration during drying) and to reduce protein astringency.

22.4.4 Milk protein hydrozylates
Controlled proteolysis of α-LA results in the formation of self-assembled 
α-LA nano-tubes (~110 × 20 nm) via association of the protein hydrozylates 
in the presence of Ca ions (Graveland-Bikker and de Kruif, 2006; Ipsen 
and Otte, 2007). The inner cavity of the tubes (8 nm diameter) is a putative 
site for encapsulation of molecules such as vitamins or enzymes (Graveland-
Bikker and de Kruif, 2006; Ipsen and Otte, 2007). Furthermore, the nano-
tubes are heat-stable (72°C, 40 s) and able to withstand the freeze-drying 
process. The stability of the nano-tubes may be further enhanced by cross-
linking (e.g. using transglutaminase). The nano-tubes can also be fi tted with 
lipid caps that open and close to allow controlled release of the encapsu-
lated molecule (Graveland-Bikker and de Kruif, 2006). Further research is 
required to establish their role as encapsulants and delivery vehicles.

Milk protein hydrozylates can also be used as encapsulants in emulsion-
based systems. Numerous studies have shown that proteolysis of the milk 
proteins modifi es their functionality, including their surface-active and 
gelation properties. The effect of proteolysis on the physical functionality 
of proteins depends on the type of milk protein and the hydrolysis condi-
tions (Chobert, 2003; Foegeding et al., 2002; Kilara and Panyam, 2003). For 
example, Chobert et al. (1987, 1988) showed that limited hydrolysis of 
casein (2–10%) could increase its emulsifying activity. Euston et al. (2001) 
showed hydrolysis (10–27%) improved the emulsifying capacity of WPC. 
Treatment of whey proteins with a protease has also been shown to induce 
gel formation more rapidly during heat treatment compared to the intact 



 Using dairy ingredients for encapsulation 579

proteins (Chen et al., 1994). Gel properties can also be manipulated by 
modulating hydrolysis conditions (Otte et al., 1996). These properties allow 
milk protein hydrozylates to function as effective encapsulants and may 
lead to the development of unique delivery systems.

22.4.5 Milkfat
The major component of milkfat is triglycerides (98%). The composition 
of milkfat is highly complex with over 400 fatty acids and 200 triglycerides 
identifi ed (Gresti et al., 1993). Milkfat melts over the temperature range 
~−40°C to 40°C. The melting temperature of milkfat is a function of the 
crystalline state (Walstra and Jenness, 1984) and the composition of the 
triglycerides. The fractionation process provides milkfat with various trig-
lyceride compositions and is performed to differentiate the physical and 
functional properties of milkfat, such as crystallization behaviour and 
melting point (Kaylegian and Lindsay, 1995). In the area of encapsulation, 
milkfat fractions with a defi ned melting point can be exploited; for example, 
to facilitate fi ner control over the release of core materials that have been 
embedded in a fat matrix.

Milkfat is an obvious carrier for lipophilic cores. Braun and Olson (1986) 
encapsulated proteins and peptides in milkfat and investigated their func-
tionality. Butter oil capsules demonstrated good freeze–thaw dispersibility. 
However, when the capsules were held at high incubation temperatures 
(>32°C), such as those that may be encountered during cheesemaking, the 
microcapsules showed poor temperature stability.

Active cores may also be embedded in a solid fat matrix. A high-melting 
point fraction of milkfat was used to encapsulate (39% encapsulation effi -
ciency) protease enzymes (Kailasapathy and Lam, 2005), which were sub-
sequently incorporated (73.5%) into cheese curd. Encapsulation of the 
proteases accelerated cheese ripening compared to the control cheese. 
Jackson and Lee (1991) prepared lipid-coated microcapsules of Fe to fortify 
cheese. However, neither a high-melting point fraction of milkfat nor 
hydrogenated milkfat was a suitable coating for this application.

Milkfat can also be used in emulsion-based systems. Encapsulation of 
α-tocopherol in a stearin-rich milkfat fraction was prepared as a caseinate 
O/W emulsion to protect the antioxidant against degradation during storage 
(Relkin et al., 2008). Al-Nabulsi et al. (2006) microencapsulated lactoferrin 
in a polyglycerol condensed ricinoleate (PGPR)-stabilized butterfat-corn 
oil W/O emulsion. The fat encapsulant improved the antimicrobial activity 
of lactoferrin in cured meat by protecting it against adverse environmental 
conditions.

Magee and Olson (1981) developed a method to produce microencap-
sulated enzyme-substrate fl avouring systems as a W/O/W emulsion using 
milkfat. Encapsulation protected the enzyme-substrate concoction from pH 
and ionic environments (Magee et al., 1981). The concentration of the 
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enzyme and its substrate, by encapsulation, increased the concentrations of 
the fl avour components and reduced the loss of enzymes during cheese 
manufacture (Magee et al., 1981).

22.4.6 Milkfat globule membrane
The MFGM is a complex mixture of glycolipids, phospholipids and proteins 
(Singh, 2006). MFGM phospholipids constitute 26–31% of its total lipid 
content, and together with proteins constitute more than 90% of the mem-
brane dry weight (Singh, 2006). It has a high nutritional value (Dewettinck 
et al., 2008; Spitsberg, 2005) and acts as a natural barrier against lipolysis 
of milkfat in milk. MFGM material is a natural emulsifi er and behaves dif-
ferently from milk proteins (caseins, β-LG) when used for stabilizing emul-
sions. Corredig and Dalgleish (1998) revealed that MFGM-stabilized O/W 
emulsions are less susceptible to interfacial displacement by low molecular 
weight surfactants than milk protein-stabilized emulsions, and are not 
affected by the presence of other milk proteins (caseins, whey). These 
properties have been attributed to a strong interfacial interaction between 
MFGM and the oil. The phospholipids may also contribute by lowering the 
interfacial tension. However, the source of the raw MFGM, the isolation 
procedure, and the conditions during emulsion formation are critical, in 
order to maximize MFGM functionality (Singh, 2006).

Liposomes prepared from MFGM phospholipids possess several ad -
vantages over their soy phospholipid counterparts, including a thicker 
membrane, lower membrane permeability and higher phase transition tem-
perature (Thompson et al., 2006a). These properties afford the MFGM-
derived phospholipid liposomes with improved environmental stability 
(e.g. heat, pH, presence of divalent cations) compared to liposomes 
prepared from soy-derived phospholipids (Thompson et al., 2006b). 
Furthermore, Thompson and Singh (2006) showed that MFGM-derived 
phospholipid liposomes can be produced at high throughput in a continu-
ous and reproducible manner using microfl uidization. The liposomes were 
relatively stable but tended to be highly polydisperse, with various lamel-
larities and structures. Liposomes may function as a putative delivery 
system for various hydrophobic and hydrophilic molecules (e.g. Se). 
Potential applications of liposomes in the food industry include protecting 
sensitive molecules, masking undesirable fl avours, and improving the effi -
cacy of food bioactives. Furthermore, in vivo studies show MFGM enhances 
intestinal drug absorption (Liu et al., 1995), indicating opportunities for the 
use of MFGM for bioactive delivery.

22.5 Future trends

Dairy components play a valuable role as encapsulant materials, due to 
their many unique and versatile physico-chemical properties. Micro- and 
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nano-encapsulation systems formulated with dairy components can be 
designed in various delivery formats (e.g. colloidosomes, liposomes, emul-
sion-based systems, hydrogels, micro- and nano-particles) and produced 
using a range of technologies and processing conditions. As encapsulant 
materials, dairy components can protect a wide range of both hydrophilic 
and hydrophobic core materials and enable their controlled release in 
response to an appropriate trigger.

It is important to remember that encapsulation deals with multiple com-
ponents. Consideration of the core(s), and effect of the encapsulant(s), 
formulation, process design and process conditions are all crucial to achieve 
the optimum result for a defi ned purpose. In this respect it is anticipated 
that a greater focus will be given to enhancing our understanding of the 
effect of core materials on encapsulation processes and encapsulant proper-
ties. Knowledge that provides fundamental information on the nature of 
the interaction between the dairy ingredients and the core materials in 
order to anticipate core release properties will be required to formulate 
and design delivery systems with a greater range of core materials, and core 
release profi les. Future challenges will include a focus on delivering a ‘cock-
tail’ of cores, either within a given delivery system or by combining dairy 
ingredient delivery systems that have different functions.

It is anticipated that the trend to exploit the properties of milk ingredi-
ents to develop encapsulation formulations and delivery systems will con-
tinue, particularly those designed for food systems. Exploitation of the 
unique properties of milk protein hydrozylates, of combining dairy ingre-
dients (e.g. caseins and whey) in new ways and/or by modifying their prop-
erties to further improve their encapsulation properties, via traditional 
manufacturing and/or emerging technologies or by using ‘smart’ chemistry, 
can be expected.

A challenging but poorly investigated area remains the application of 
dairy ingredients as encapsulants in real food systems. The time has come 
to focus on the impact of encapsulation in foods. This is of paramount 
importance for encapsulated bioactives. The bioavailability and bioactivity 
of encapsulated bioactives and their targeted delivery in food systems to 
promote health and assist in treatment of diseases requires extensive 
research.

22.6 Sources of further information and advice

There are excellent reviews on microencapsulation and its application in 
the food industry, which provide additional information on the subject 
(Augustin and Hemar, 2009; Gibbs et al., 1999; Gouin, 2004; Risch and 
Reineccius, 1995). An overview of encapsulation techniques (Gouin, 2004) 
including spray drying (Gharsallaoui et al., 2007), micro-emulsions 
(Flanagan and Singh, 2006) and coacervates (Turgeon et al., 2003) are 
recommended.
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Further information on bioactives and their encapsulation and delivery 
in foods and nutraceuticals is available (Augustin and Sanguansri, 2008; 
Champagne and Fustier, 2007; Garti, 2008; Shi, 2006; Wildman, 2007).

Fox (1997) is recommended for detailed information on the physico-
chemical properties of dairy ingredients, including the milk proteins, milkfat 
and lactose. Kinsella (1984) provides a comprehensive overview of the 
functional properties of milk proteins in particular.

Milk protein-based delivery systems (including hydrogels, microspheres 
and emulsions) are reviewed by Chen et al. (2006) and Vega and Roos 
(2006).
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Using dairy ingredients to produce 
edible fi lms and biodegradable 
packaging materials
P. M. Tomasula, United States Department of Agriculture, USA

Abstract: Major food retailers and consumers are concerned about the waste that 
packaging generates and the scarce natural resources and energy used in its 
manufacture. Edible fi lms and coatings made from food-grade proteins and 
carbohydrates are an untapped source of renewable material that, while 
compostable and biodegradable, can also be consumed with the food product. 
This chapter focuses on fi lms and coatings made from dairy proteins with an 
emphasis on those based on casein and whey, the major proteins found in milk, 
and the research efforts that have been undertaken to improve their mechanical 
and barrier properties.

Key words: edible fi lms and coatings, packaging, renewable materials, dairy 
proteins, casein, whey, barrier properties.

23.1 Introduction

23.1.1 Food packaging fi lms
In an effort to reduce food packaging waste, manufacturers are turning 
their attention to renewable materials to replace petroleum-based packag-
ing fi lms. Edible fi lms and coatings made from food-grade proteins and 
carbohydrates are an untapped source of renewable material that, while 
compostable and biodegradable, can also be consumed with the food 
product. This chapter focuses on edible fi lms and coatings made from dairy 
proteins with an emphasis on those based on casein and whey, the major 
proteins found in milk, and the research efforts that have been undertaken 
to improve their mechanical and barrier properties so that they may be 
used in a variety of applications.
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23.1.2 Edible fi lms and coatings
Edible protein-based fi lms are usually formed as free-standing thin sheets, 
while edible coatings are thin fi lms formed directly on the food product. 
Edible fi lms have the potential for use as food wrapping, or as part of the 
food itself, to extend its shelf-life and enhance its properties. Edible fi lms 
and coatings also have the potential to replace one or more polymeric fi lm 
layers in multilayer packaging systems, being placed next to the food to 
protect it from contact with the polymeric packaging or to facilitate 
recycling.

In edible fi lms and coatings, the protein functions as the foundation and 
matrix of the fi lm. Most fi lms or coatings made from proteins are strong, 
but are brittle and not crease resistant, have limited ability to elongate or 
stretch, and swell or dissolve under humid conditions. Most are excellent 
oxygen barriers.

Besides being biodegradable and compostable, edible fi lms or coatings 
based on proteins are desirable because they also offer a lucrative outlet 
for surplus agricultural materials. Edible fi lms or coatings may be used to 
inhibit migration between components in foods, to evenly distribute food 
ingredients and additives throughout a food product, to modify the appear-
ance of foods, and to improve the mechanical integrity and handling char-
acteristics of foods. They also may be used as mass transfer barriers between 
the food and the environment, controlling transfer of moisture, oxygen, 
carbon dioxide, and aromas (Kester and Fennema, 1986). Edible fi lms and 
coatings are not a replacement for synthetic packaging materials for pro-
longed storage of food but are to be used to improve food quality, extend 
shelf-life and possibly improve the effi ciency of packaging materials (Kester 
and Fennema, 1986). The fi lms may also carry antimicrobials and be used 
at the surface of foods to prevent bacterial growth. They may also be 
formed into pouches or bags for individual or small portions of food, or 
used for microencapsulation of food ingredients to control their addition 
and release into foods (Robertson, 1993).

23.2 The milk proteins used for fi lm formation

23.2.1 Casein and caseinate fi lms
Casein and whey are the major milk proteins, with casein comprising 
approximately 80% of the milk proteins. Casein exists as a micelle in milk 
and is comprised of the amphipathic αs1-, αs2-, β- and κ-caseins in the ratio 
of 40 : 10 : 35 : 12. The caseins are bound by calcium-phosphate linkages. αs1-, 
αs2- and β-caseins are within the hydrophobic core of the micelle and are 
calcium sensitive, while κ-casein is distributed over the micelle, stabilizing 
it through steric stabilization.

αs1- and β-casein do not contain cysteine residues and, unlike the whey 
proteins, the caseins do not form disulfi de bonds. Because of a large number 
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of proline residues, casein assumes a random-coil structure. Its loose, open 
structure, which exposes the hydrophobic groups, is sensitive to environ-
mental changes, such as pH changes or changes in temperature, which are 
exploited to precipitate casein from milk.

Casein may be precipitated from milk by (i) enzyme treatment with 
chymosin or rennet, as in cheese making, to make para-κ-casein, more 
popularly known as rennet casein; (ii) through the action of lactic acid 
bacteria, to make lactic acid casein; or (iii) by addition of acids to make 
acid casein. In rennet casein production, rennet cleaves the Phe (105)-Met 
(106) linkage of κ-casein, destabilizing the micelle. Para-κ-casein remains 
with the micelle and is hydrophobic. The rest of the peptide, known as 
casein macropeptide, is hydrophilic and is no longer part of the micelle. 
The casein micelles aggregate due to hydrophobic interactions and are 
usually heated to about 40°C to fi rm the precipitated curd. The calcium 
(Ca) content of the resulting curd ranges from 2.6 to 3.0% and the pH of 
the curd is 7.3 to 7.7 (Southward and Walker, 1980). Rennet casein is 
insoluble in water.

Acid casein may be produced either through the addition of lactic acid 
bacteria, which lowers the pH of milk to 4.6 after an incubation period of 
14 to 16 hours (Southward and Walker, 1980), or by the addition of a 
mineral acid such as HCl or H2SO4 until the pH of milk is 4.6. As pH of 
milk is lowered from pH 6.7 to 5.4 during acid casein production, the inter-
nal Ca-phosphate linkages stabilizing the micelle are solubilized into the 
whey. Destabilization of the micelle begins. As pH is decreased further, the 
surface of the micelle, which is negative, is neutralized and aggregation 
begins because of hydrophobic interactions. The resulting acid curd is 
heated to 40°C to fi rm the curd. The Ca content of acid casein is approxi-
mately 0.1% (Southward and Walker, 1980). Acid caseins are insoluble in 
water.

Because acid and rennet caseins are insoluble in water, they are con-
verted to water soluble forms to make fi lms. Acid caseins are reacted with 
bases to form the water soluble caseinates. The most common caseinates 
are calcium caseinates (CaCAS) and sodium caseinates (NaCAS), which 
are the products of the reaction of acid casein with either Ca(OH)2 or 
NaOH, respectively. The micellar structure of casein is not restored upon 
addition of the base. The Ca content of CaCAS is approximately 1.3% and 
the Na content of NaCAS ranges from approximately 1.2 to 1.4%. The 
random coil nature of the caseinates and their ability to form hydrogen, 
electrostatic and hydrophobic bonds makes them excellent fi lm and coating 
formers (Avena-Bustillos and Krochta, 1993). The caseinates show good 
adhesion to different substrates due to their high amount of polar groups 
and their hydrophilicity makes them excellent barriers to substances such 
as oxygen, carbon dioxide, and aromas (Audic et al., 2003). However, their 
hydrophilic nature makes them a weak barrier to moisture. Much of the 
research on edible casein fi lms to date is directed at improving their water 



592 Dairy-derived ingredients

vapor barrier properties. The caseinates can also participate in enzymatic 
and chemical reactions to modify their properties for food or nonfood use 
(Li Chan, 2004; Audic et al., 2003; Santos et al., 1999; Santos and Tomasula, 
2000) but these types of modifi cations have rarely been explored to modify 
the properties of edible fi lms. Also, the fi lm forming properties of the indi-
vidual caseins such as αs1-casein and β-casein, which are less commercially 
available, have been studied to a very limited extent.

In a novel process (Jordan et al., 1987; Tomasula et al., 1995), casein has 
also been precipitated from milk using high-pressure carbon dioxide (CO2). 
Addition of CO2 to milk causes carbonic acid to form, which in turn, lowers 
the pH of the milk. With CO2 pressures greater than 5.2 MPa at 38°C, the 
pH is reduced to about 5.4 and CO2–casein (CO2–CAS) precipitates. The 
pH of the curd ranges from 5.4 to 5.8, varying with CO2 pressure. CO2–CAS 
has some of its micellar structure intact, which imparts a haze to fi lms made 
from this casein. A continuous process (Tomasula et al., 1997) was also 
developed to produce CO2–CAS. It has a Ca content of approximately 1%, 
is 7% soluble in water and its other properties are between those of acid 
and rennet casein. The performance of the CO2–CAS fi lms though is similar 
to that of CaCas fi lms.

23.2.2 Whey protein fi lms
Sweet whey, once considered a waste of the cheese making process, is now 
an important product of cheese manufacture. Using technologies such as 
ultrafi ltration and ion exchange, whey protein concentrates (WPC) with 
protein contents ranging from 35 to 85% and whey protein isolates (WPI) 
with protein contents greater than 90% are commercially available 
(Bonnaillie and Tomasula, 2008). Whey protein-based edible fi lms are 
usually made from commercial WPI, though some have been made using 
WPC. Commercial WPI, depending on manufacturing process, is com-
prised of approximately 30% alpha-lactalbumin (α-LA) and 60% beta-
lactoglobulin (β-LG), 7% of other whey proteins, and small amounts of 
lactose, ash and fat. WPI is chosen over other whey products in order to 
exploit the gelling and solubility properties of β-LG (Kilara and Vaghela, 
2004).

The whey proteins are globular proteins, soluble over a wide range of 
pH, and are denatured by heat. Unlike casein, the hydrophobic, polar, and 
charged amino acids are uniformly distributed over the whey protein. The 
proteins fold so that most of the hydrophobic groups are buried inside the 
structure. At temperatures between 67 and 82°C and pH of 7.5 (the condi-
tions important for making water insoluble whey protein fi lms), the globu-
lar structure of β-LG opens, exposing the free thiol group at CYS 121 
(Dangaran and Krochta, 2008) and the hydrophobic groups. Polymerization 
then occurs through intermolecular disulfi de bonding by thiol – disulfi de 
interchange and thiol oxidation reactions.
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23.3 Edible fi lms and coatings made from casein or 
whey proteins

23.3.1 Edible fi lm and coatings preparation
Edible fi lms and coatings are formed by simple coacervation, complex 
coacervation, or by thermal gelation or precipitation (Kester and Fennema, 
1986). The performance of the fi lms in an application depends on the con-
formation of proteins in the fi lm, which is infl uenced by the composition of 
the fi lm, the solvent environment used to dissolve the protein, the infl uence 
of the ambient environment, and the techniques used to dry and process 
the fi lms. Post-treatment of the fi lms to modify surface texture is also used 
to modify the properties of the fi lms.

For edible fi lm and coating applications, the proteins are dissolved in 
either water or food-grade ethanol or mixtures of the two solvents and 
stirred or homogenized. The solution is placed under mild vacuum to 
remove dissolved air. There are several methods available for preparing 
edible fi lms, and solvent casting is the one mostly used in laboratories. In 
solvent casting, a weighed amount of the fi lm solution, usually containing 
about 2 to 10% (w/w) of protein, is pipetted into a polystyrene or PTFE 
petri dish, or spread onto any other fl at surface or substrate that can contain 
the solution. The fi lm preparation is then allowed to dry overnight under 
ambient conditions. The dried fi lm is then peeled from the dish or other 
surface and is stored at 50% relative humidity (RH) in a dessicator at room 
temperature. Thickness is measured using a micrometer at up to 10 points 
across the fi lm to determine an average fi lm thickness. Film thickness for a 
particular protein may be varied by varying the amount of solids in the 
fi lm-forming solution. For edible coatings, the protein solution is sprayed 
directly onto the food, onto other fi lms, or used as a dipping solution.

Kozempel et al. (2003) determined that the optimal concentration for 
preparing edible fi lms made from CaCAS or CO2–CAS was 10% (w/w). 
Surface tension, a measure of the inward forces that must be overcome to 
expand the surface area of a liquid (Whitten et al., 1992), was essentially 
constant for solution concentrations in the range from 4 to 10% (w/w), then 
increased rapidly with concentrations greater than 10% (w/w). Above 10% 
solids, the high viscosity of the protein solution made it diffi cult to remove 
air bubbles before casting fi lms and entrapped bubbles, and other defects 
were noted in the dried fi lms.

The choice of substrate is also important for fi lm casting. The fi lm solu-
tion must uniformly spread over, or wet, the substrate and be readily 
released when the fi lm is dry (Churaev, 2003; Kozempel and Tomasula, 
2004). The substrate is an environmental factor that infl uences the proper-
ties of the fi nished fi lm; fi lm defects and properties may be attributed to 
the temperature and type of substrate (Kester and Fennema, 1986).

Few studies have examined the effects of drying techniques or param-
eters on the barrier and mechanical properties of fi lms. Drying techniques 
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may also affect the appearance of the fi lms (Perez-Gago and Krochta, 
2000). The kinetic mechanism for ambient air-drying of fi lms or drying of 
fi lms in a hot-air dryer proceeds in three-stages (Kozempel et al., 2003). The 
fi rst drying stage is a constant rate period in which surface evaporation is 
the rate-controlling step. The second drying stage is a falling rate period in 
which the solvent can no longer move to the surface of the fi lm to saturate 
the surface and diffusion begins to predominate as the rate-controlling step. 
The third stage is a second falling rate period that is unlikely to be observed 
graphically for thin edible fi lms. At this stage, the evaporating surface of 
the fi lm is located deeper within the fi lm and the fi lm itself restricts diffu-
sion. For hot air drying of caseinate fi lms, the optimal drying temperature 
for clear colorless fi lms was 34°C. Higher temperatures led to slightly yellow 
and progressively darker fi lms.

Cast fi lms tend to be shiny on the side that faced the substrate and matte 
on the side facing the air. The barrier properties of the fi lms appear to be 
independent of the side facing the highest concentration of permeant, with 
the exception of emulsion fi lms as discussed below.

23.3.2 Plasticizers
Protein fi lms tend to shrink and become brittle as they dry, making removal 
of a single intact fi lm from the substrate diffi cult. Addition of a plasticizer, 
a low molecular weight compound, is required to impart fl exibility to the 
fi lms. Plasticizers reduce the internal hydrogen bonding and electrostatic 
interactions that operate within the protein chains and reduce the glass 
transition temperature (Krochta and De Mulder-Johnson, 1997). They also 
increase the molecular spacing in fi lms or, in the case of low molecular 
weight compounds, occupy the free volume. Proteins tend to have a large 
free volume relative to that of synthetic polymers because they are less 
linear with many amino acid side groups. Internal water also acts as a plas-
ticizer and its effects may be diffi cult to control because protein fi lms are 
sensitive to the RH of the environment (Coupland et al., 2000).

Various food-grade plasticizers have been used to impart fl exibility and 
elongation to edible fi lms. Polyols such as glycerol (GLY), which is 
hydrophilic, are added to the protein solution before solvent casting or 
other types of processing. GLY may also establish hydrogen bonding with 
amino acid residues of casein (Tomasula et al., 1998) and electrostatic 
attraction between calcium and the hydroxyl groups of GLY is possible. 
Other plasticizers that have been used in edible fi lms are propylene glycol 
(PG), polypropylene glycol (PPG), sorbitol (SOR), sucrose and various 
blends of the polyols.

The choice of a plasticizer depends on its size and shape as well as its 
compatibility with the protein. While plasticizers increase the fl exibility of 
the fi lms, they modify their barrier and mechanical properties by decreasing 
the strength of the fi lms while increasing their permeability. Dangaran and 
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Krochta (2007) demonstrated that, over time, the plasticizer itself may 
crystallize, as is the case with sucrose, and affect the properties of the fi lm. 
Addition of a crystallization inhibitor such as raffi nose or lactose is neces-
sary to prevent this change in the plasticizer.

23.3.3 Barrier and mechanical properties of fi lms
Water vapor permeability (WVP) and oxygen permeability (OP) are the 
most commonly reported barrier properties for edible fi lms. The mecha-
nism by which water vapor or a gas such as oxygen permeates a protein 
fi lm is assumed to occur as follows: the permeant is absorbed into the fi lm 
matrix at the high concentration side, dissolves and diffuses into the fi lm 
according to the concentration gradient, and is desorbed and evaporates 
from the other side of the fi lm. Dissolution and diffusion of the permeant 
depends on the structure of the protein fi lm matrix and the properties of 
the permeant. The structural aspects of the fi lm such as its hydrogen 
bonding, van der Waals interactions, degree of cross-linking, and crystal-
linity, as well as the amount and type of plasticizer have been implicated 
(Kumins, 1965; Siew et al., 1999; Coupland et al., 2000). The properties of 
the permeant such as its temperature, size, shape and polarity and its solu-
bility in the fi lm are also of importance (Kester and Fennema, 1986). 
Because of the many variables affecting barrier properties of edible fi lms, 
reporting of their properties requires that the thickness of the fi lms, RH 
gradient across the fi lms, and temperature be reported as well.

For protein fi lms, permeability is the product of the diffusion coeffi cient 
and the solubility, and is dependant on the cross-sectional area of the fi lm, 
A, and the thickness of the fi lm, L. The permeability, P, is defi ned by the 
following equation (Kester and Fennema, 1986) based on Fick’s First Law 
of Diffusion and Henry’s Law of Solubility:

P DS QL At p= = ∆/( )  [23.1]

where D is the diffusion coeffi cient, S is the solubility coeffi cient, Q is the 
quantity of permeant passing through the fi lm, and ∆p is the partial pressure 
difference across the fi lm. This equation assumes that D and S are inde-
pendent of the concentration of the permeant. For hydrophilic protein 
fi lms, the water sorption isotherms are nonlinear and anomalous effects in 
fi lm properties have been observed compared to polymer-based fi lms. For 
example, WVP has been shown to vary with the thickness of NaCAS fi lms 
but is a constant value for polymer fi lms. McHugh et al. (1993) demon-
strated that WVP increases with increasing fi lm thickness because of the 
associated increase in RH of these fi lms as the absorbed water vapor inter-
acts with the hydrophilic, polar fi lms and imparts a plasticizing effect. The 
amount of hydrophilic plasticizer incorporated into the fi lm is also respon-
sible for increases in the water vapor permeability.

A model was developed by Buonocore et al. (2003) to gain insight 
into the phenomena controlling water solubilization and diffusion into 
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casein–starch-based edible coatings in which solubility and diffusion proc-
esses were described separately. The model successfully fi tted the experi-
mental data.

Water Vapor Permeability
Standard E96-95 (ASTM, 1995) is usually applied for the determination of 
WVP of fi lms although instrument methods are also available. Most 
researchers apply the correction factor of McHugh et al. (1993) for 
hydrophilic fi lms, which accounts for the water vapor partial pressure gradi-
ent in the stagnant air layer of the test cups used for testing. The WVP of 
several milk-based fi lms are reported in Table 23.1. In general, WVP of 
milk protein fi lms are several times greater than those of synthetic fi lms.

A comparison of the WVP of fi lms based on the type of protein or plas-
ticizer used is diffi cult because of the variation in experimental conditions 
employed to test the fi lms and the variations in fi lm thicknesses. Lower 
WVP are apparent for the thinner fi lms as is the case for the CaCAS : GLY 
and CO2–CAS : GLY fi lms (Tomasula et al., 1998) and WVP increases with 
increasing fi lm thickness. However, the increase noted in the case of WPI 
fi lms plasticized with GLY is probably insignifi cant (Longares et al., 2004).

Instead of adding plasticizer to fi lms to reduce the intermolecular forces 
between protein chains, Sothornvit and Krochta (2000b) hypothesized that 
using WPI with some degree of hydrolysis would increase the number of 
polymer chain end groups and the free volume and, as a consequence, 
reduce the amount of plasticizer needed. It was shown that the whey protein 
molecular weight had little effect on WVP, and that decreasing the molecu-
lar weight increased the solubility of the fi lms and improved their fl exibility 
relative to WPI fi lms.

Oxygen permeability
Most milk protein fi lms are excellent oxygen barriers, especially at low RH, 
compared to synthetic fi lms such as low density polyethylene (LDPE) and 
high density polyethylene (HDPE) and approach or equal the properties 
of fi lms such as ethylene vinyl alcohol (EVOH) and poly(vinylidene chlo-
ride) (PVDC) due to their high degree of hydrogen bonding (McHugh and 
Krochta, 1994b). Even though milk protein fi lms have relatively high WVP 
which would prevent their use in many applications, their low oxygen per-
meabilities (OP) make them excellent candidates to consider for a particu-
lar oxygen barrier application or to use as part of a composite system.

Instruments are available for the determination of OP over wide ranges 
of temperature, typically from 10 to 40°C and RH at 0 and from 30 to 75%. 
The instruments operate according to Standard Method D-3985-95 (ASTM, 
1995a). A sample of the fi lm is clamped into a diffusion cell, is purged using 
pure oxygen, and then pure oxygen is introduced to the cell. Molecules of 
oxygen that diffuse through the fi lm are then sensed by an oxygen sensor. 
RH probes are also located on both sides of the fi lm for control of RH.



Table 23.1 Water vapor permeability (WVP) properties of solvent cast protein fi lms and synthetic fi lms

Dairy protein Composition
Weight ratio 
(protein/
plasticizer)

Thickness 
(mm)

Test 
conditions
T°C; RH 
%*

WVP
g.mm/
m2.h.KPa

Reference

NFDM NFDM : potassium sorbate 9 : 1 0.110 25; 0/74 3.32 Maynes & Krochta (1994)
NFDM : hydrolyzed lactose – 0.120 25; 0/72 3.76 Maynes & Krochta (1994)
NFDM (ultrafi ltered) : GLY 4 : 1 0.071 25; 0/65 2.93 Maynes & Krochta (1994)

β-casein β-casein : GLY 2 : 1 0.11–0.12 22.5; 53/11 0.654 Mauer et al. (2000)
Lactic acid 

casein
LAC : GLY 0.6 : 1 0.203 37.8; 90 2.29 Chick & Ustunol (1998)
LAC : GLY 1 : 1 0.203 37.8; 90 2.47 Chick & Ustunol (1998)
LAC : GLY 1.4 : 1 0.203 37.8; 90 2.28 Chick & Ustunol (1998)
LAC : SOR 0.6 : 1 0.203 37.8; 90 1.87 Chick & Ustunol (1998)
LAC : SOR 1 : 1 0.203 37.8; 90 1.88 Chick & Ustunol (1998)
LAC : SOR 1.4 : 1 0.203 37.8; 90 1.42 Chick & Ustunol (1998)
LAC : SOR 1 : 1 0.104 37.8; 50 0.081 Chick & Hernandez (2002)
LAC : SOR 1 : 1 0.104 37.8; 70 0.667 Chick & Hernandez (2002)
LAC : SOR : carnauba wax 3.33 : 2.33 : 1 0.104 37.8; 50 0.039 Chick & Hernandez (2002)
LAC : SOR : carnauba wax 3.33 : 2.33 : 1 0.104 37.8; 70 0.495 Chick & Hernandez (2002)
LAC : SOR : candelilla wax 3.33 : 2.33 : 1 0.104 37.8; 50 0.025 Chick & Hernandez (2002)
LAC : SOR : candelilla wax 3.33 : 2.33 : 1 0.104 37.8; 70 0.185 Chick & Hernandez (2002)

Rennet casein REN : GLY 0.6 : 1 0.203 37.8/90 2.41 Chick & Ustunol (1998)
REN : GLY 1 : 1 0.203 37.8/90 2.43 Chick & Ustunol (1998)
REN : GLY 1.4 : 1 0.203 37.8/90 1.88 Chick & Ustunol (1998)
REN : GLY 4 : 1 0.091 25; 0/77 2.33 McHugh & Krochta (1994d)
REN : SOR 0.6 : 1 0.203 37.8/90 2.07 Chick & Ustunol (1998)
REN : SOR 1 : 1 0.203 37.8/90 2.07 Chick & Ustunol (1998)
REN : SOR 1.4 : 1 0.203 37.8/90 1.65 Chick & Ustunol (1998)

MgCAS MgCAS : GLY 4 : 1 0.077 25; 0/77 1.83 McHugh & Krochta (1994d)



Dairy protein Composition
Weight ratio 
(protein/
plasticizer)

Thickness 
(mm)

Test 
conditions
T°C; RH 
%*

WVP
g.mm/
m2.h.KPa

Reference

Calcium
caseinate

CaCAS – 0.082 25; 0/85 1.17 Avena-Bustillos & Krochta (1993)
CaCAS : BW 1.7 : 1 0.075 25; 0/97 0.15 Avena-Bustillos & Krochta (1993)
CaCAS : GLY 2 : 1 0.105 23; 0/72 7.9 Banerjee & Chen (1995)
CaCAS : GLY 2.33 : 1 0.171 30; 0/87 3.18 Tomasula et al. (1998)
CaCAS : GLY 2.33 : 1 0.222 30; 0/86 4.45 Tomasula et al. (1998)
CaCAS : GLY 2.33 : 1 0.100 30; 0/85 2.40 Tomasula et al. (2003)
CaCAS : GLY 9 : 1 0.331 25; 0/82 3.54 Dangaran et al. (2006)
CaCAS : GLY 4 : 1 0.301 25; 0/82 5.04 Dangaran et al. (2006)
CaCAS : GLY 2.33 : 1 0.280 25; 0/82 6.69 Dangaran et al. (2006)
CaCAS : GLY : PPG 2.33 : 0.75 : 0.25 0.100 30; 0/85 2.00 Tomasula et al. (2003)

CO2 casein CO2–CAS : GLY 2.33 : 1 0.112 30; 0/86 2.22 Tomasula et al. (1998)
CO2–CAS : GLY 2.33 : 1 0.163 30; 0/88 2.58 Tomasula et al. (1998)
CO2–CAS : GLY 2.33 : 1 0.184 30; 0/88 3.21 Tomasula et al. (1998)
CO2–CAS : GLY 2.33 : 1 0.277 30; 0/90 3.80 Tomasula et al. (1998)
CO2–CAS : GLY 2.33 : 1 0.100 30; 0/89 2.30 Tomasula et al. (2003)
CO2–CAS : GLY
(Particle size = 111.8 µm)

9 : 1 0.236 25; 0/82 2.32 Dangaran et al. (2006)

CO2–CAS : GLY
(Particle size = 111.8 µm)

4 : 1 0.229 25; 0/82 3.47 Dangaran et al. (2006)

CO2–CAS : GLY
(Particle size = 111.8 µm)

2.33 : 1 0.100 25; 0/82 3.57 Dangaran et al. (2006)

CO2–CAS : GLY : PPG 2.33 : 0.75 : 0.25 0.100 30; 0/89 1.90 Tomasula et al. (2003)

Table 23.1 Cont’d



Dairy protein Composition
Weight ratio 
(protein/
plasticizer)

Thickness 
(mm)

Test 
conditions
T°C; RH 
%*

WVP
g.mm/
m2.h.KPa

Reference

AcCAS Acylated casein 2.33 : 1 0.175 30; 0/90 2.40 Tomasula et al. (2003)
Sodium

caseinate
NaCAS – 0.083 25; 0/81 1.53 Aveno-Bustillos & Krochta (1993)
NaCAS – 0.3364 23; 0/90 1.9 Schou et al. (2005)
NaCAS (Buffer-treated 

pH 4.6 with Ca 
Ascorbate)

– 0.072 25; 0/86 0.87 Aveno-Bustillos & Krochta (1993)

NaCAS : GLY 2 : 1 0.109 23; 0/55 12.9 Banerjee et al. (1996)
NaCAS : GLY 0.89 : 1 0.104 20; 45/0 0.473 Siew et al. (1999)
NaCAS : GLY 1.67 : 1 0.072 20; 45/0 0.225 Siew et al. (1999)
NaCAS : GLY 2.125 : 1 0.3577 23; 0/90 3.0 Schou et al. (2005)
NaCAS : GLY 4 : 1 0.10 20; 0/90 0.303 Khwaldia et al. (2004a)
NaCAS : GLY 4 : 1 0.065 25; 75 0.25 Chambi & Grosso (2006)
NaCAS : PEG 0.81 : 1 0.099 20; 45/0 0.936 Siew et al. (1999)
NaCAS : PEG 1.32 : 1 0.071 20; 45/0 0.612 Siew et al. (1999)
NaCAS : Lauric Acid 4 : 1 0.074 25; 0/92 0.40 McHugh & Krochta (1994d)
NaCAS : AM 1 : 4 0.04 25; 0/84 0.66 Aveno-Bustillos & Krochta (1993)
NaCAS : AM 1 : 1 0.088 25; 0/88 0.92 Avena-Bustillos & Krochta (1993)
NaCAS : BW 1.66 : 1 0.103 25; 0/95 0.40 Avena-Bustillos & Krochta (1993)
NaCAS : GLY : AMF 10 : 2.5 : 1 0.100 20; 0/90 0.300 Khwaldia et al. (2004a)
NaCAS : GLY : AMF 3.33 : 0.83 : 1 0.100 20; 0/90 0.506 Khwaldia et al. (2004a)
NaCAS : Gelatin : GLY 3 : 1 : 1 0.065 25; 0/75 0.29 Chambi & Grosso (2006)
w/transglutaminase 3 : 1 : 1 0.065 25; 0/75 0.21 Chambi & Grosso (2006)



Dairy protein Composition
Weight ratio 
(protein/
plasticizer)

Thickness 
(mm)

Test 
conditions
T°C; RH 
%*

WVP
g.mm/
m2.h.KPa

Reference

Whey protein 
isolate

Native WPI : GLY 2.33 : 1 0.139 25; 0/71 5.06 Perez-Gago et al. (1999)
WPI : GLY 2.33 : 1 0.139 25; 0/71 4.96 Perez-Gago et al. (1999)
WPI : GLY 1.6 : 1 0.106 25; 0/11 0.275 McHugh et al. (1994)
WPI : GLY 1.6 : 1 0.121 25; 0/65 5.00 McHugh et al. (1994)
WPI : GLY 4 : 1 0.129 25; 0/77 2.93 McHugh et al. (1994)
WPI : GLY 15 : 1 0.11–0.18 26.3; 0/88 1.8918 Shellhammer & Krochta (1997a)
WPI : SOR 1.6 : 1 0.13 25; 0/79 2.58 McHugh et al. (1994)
WPI : BW : SOR
(Mean Diameter = 1.97 µm)

3.5 : 1.8 : 1 0.19 25; 0/93 1.17 McHugh & Krochta (1994a)

WPI : BW : SOR
(Mean Diameter = 0.82 µm)

3.5 : 1.8 : 1 0.14 25; 0/98 0.221 McHugh & Krochta (1994a)

Hydrolyzed WPI 
(5.5%) : GLY

2.33 : 1 – 25; 0/90 4.2 Sothornvit & Krochta (2000b)

Hydrolyzed WPI 
(10%) : GLY

2.33 : 1 – 25; 0/90 4 Sothornvit & Krochta (2000b)

Synthetic fi lms HDPE – – 38; 90/0 .00083 McHugh & Krochta (1994d)
LDPE – – 27.6; 0/100 .0013 Shellhammer & Krochta (1997)
PVDC – – 27.6; 0/100 .0008 Shellhammer & Krochta (1997)
PVC – – 27.6;0/100 0.0257 Shellhammer & Krochta (1997)
Beeswax – – 25.9; 0/100 .0037 Shellhammer & Krochta (1997)
Anhydrous Milkfat – – 27.5;0/100 0.5993 Shellhammer & Krochta (1997)
Carnauba Wax – – 27.5;0/100 0.0041 Shellhammer & Krochta (1997)
Candelilla Wax – – 24.9;0/100 0.0005 Shellhammer & Krochta (1997a)

* %RH = relative humidities outside and inside of test cup if used, (outside/inside), otherwise, a single RH% is reported.
NFDM = nonfat dry milk; GLY = glycerol; SOR = sorbitol; BW = beeswax; PPG = polypropylene glycol; AM = acetylated monoglyceride; PEG = 
polyethylene glycol; MgCas = Magnesium caseinate; AMF = anhydrous milk fat; LDPE = low density polyethylene; HDPE = high density polyethylene; 
PVDC = poly(vinylidene chloride); PVC = poly(vinyl chloride).

Table 23.1 Cont’d
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The OP of various milk protein fi lms are listed in Table 23.2 along with 
those of synthetic fi lms for comparison. The OP is a function of plasticizer 
content, type of protein, RH and temperature. Examination of the table 
shows that for any given milk protein, fi lms plasticized with SOR, which is 
a solid at room temperature, are more effective oxygen barriers than fi lms 
plasticized with GLY. The improved OP of the fi lms plasticized with SOR 
may be due to the creation of impenetrable crystalline domains within the 
fi lm that lower permeability, although it was expected that the crystalline 
domains would negatively affect the tensile properties (Dangaran and 
Krochta, 2008). The OP of fi lms increased with increasing amounts of 
hydrophilic plasticizer.

The protein type also affects the oxygen barrier properties of the fi lms. 
Lactic acid casein and rennet fi lms had lower OP but were tested under 
different conditions from many of the other fi lms. For fi lms tested at 23°C 
and 50% RH, CaCAS and WPI plasticized with 30% GLY have OP of 86 
and 76.1, respectively, but the OP of CO2–casein is 144 cc-µm/KPa.d.m2,
almost twice as large. OP is related to the aggregation of the protein, its 
conformation due to environmental variables, and its impact on the free 
volume.

Mechanical properties
The mechanical properties of milk-based fi lms are usually reported in terms 
of the tensile strength (TS), a measure of the strength of the fi lm, and 
percent elongation (%E), a measure of the distance that the fi lm will stretch 
from its initial length before breaking, or of its fl exibility. The tensile prop-
erties are measured according to Standard D882-01 (ASTM, 2001) for 
plastic fi lms. Prior to measurement of TS, the milk protein based fi lms are 
conditioned at 23°C and 50% RH for at least 40 hours. Overall, the milk 
protein fi lms are strong due to the extensive intermolecular forces operat-
ing among the protein chains, but plasticizers reduce these forces and 
increase protein chain mobility, which improves the fl exibility of the fi lms. 
The tensile properties of milk-based fi lms are reported in Table 23.3 and 
tend to vary according to types of protein and plasticizer used and fi lm 
thickness.

In general, the TS values for most fi lms approach those of the synthetic 
fi lms but %E are much lower. Higher TS values of fi lms tend to correlate 
with greater protein content. Higher %E values are desirable because the 
fi lms are more durable when handled during processing or during use by 
the consumer. Addition of plasticizer weakens the milk-based fi lms but at 
the lowest values of plasticizer, 10–15% GLY, the milk protein based fi lms 
are approximately as strong as the LDPE and HDPE fi lms. Increasing GLY 
plasticizer weakens the fi lms further but improves the %E. Whey and 
caseinate fi lms plasticized with SOR are approximately as strong as those 
plasticized with GLY but exhibit lower %E because the crystalline struc-
ture of SOR inhibits fl exibility.



Table 23.2 Oxygen permeabilities of solvent cast protein fi lms compared with synthetic fi lms. Test conditions were 23°C and 50% RH 
unless otherwise noted

Dairy protein Composition
Weight ratio 
(protein/
plasticizer)

Thickness 
(mm)

Oxygen
permeability (cc.
µm/kPa.d.m2)

Reference

Lactic acid 
casein

LAC : GLYa 0.6 : 1 0.203 0.88 Chick and Ustunol (1998)
LAC : GLYa 1 : 1 0.203 2.18 Chick and Ustunol (1998)
LAC : GLYa 1.4 : 1 0.203 0.73 Chick and Ustunol (1998)
LAC : SORa 0.6 : 1 0.203 0.65 Chick and Ustunol (1998)
LAC : SORa 1 : 1 0.203 0.73 Chick and Ustunol (1998)
LAC : SORa 1.4 : 1 0.203 0.81 Chick and Ustunol (1998)
LAC : SOR 1 : 1 0.104 0.414 Chick and Hernandez (2002)
LAC : SOR : carnauba wax 3.33 : 2.33 : 1 0.104 0.544 Chick and Hernandez (2002)
LAC : SOR : candelilla wax 3.33 : 2.33 : 1 0.104 0.613 Chick and Hernandez (2002)

Rennet casein REN : GLYa 0.6 : 1 0.203 7.06 Chick and Ustunol (1998)
REN : GLYa 1 : 1 0.203 5.55 Chick and Ustunol (1998)
REN : GLYa 1.4 : 1 0.203 1.84 Chick and Ustunol (1998)
REN : SORa 0.6 : 1 0.203 0.71 Chick and Ustunol (1998)
REN : SORa 1 : 1 0.203 1.02 Chick and Ustunol (1998)
REN : SORa 1.4 : 1 0.203 0.96 Chick and Ustunol (1998)

Calcium
caseinate

CaCAS : GLY 2.33 : 1 0.1 86 Tomasula et al. (2003)
CaCAS : GLY : PPG 2.3 : 0.75 : 0.25 0.1 68 Tomasula et al. (2003)

Sodium
caseinate

NaCas : GLY 4 : 1 0.100 44.6 Khwaldia et al. (2004a)
NaCas : GLY : AMF 10 : 2.5 : 1 0.100 38.4 Khwaldia et al. (2004a)
NaCas : GLY : AMF 3.33 : 0.83 : 1 0.100 33.6 Khwaldia et al. (2004a)



CO2–casein CO2–CAS : GLY 2.3 : 1 0.1 144 Tomasula et al. (2003)
CO2–CAS : GLY : PPG 2.3 : 0.75 : 0.25 0.1 74 Tomasula et al. (2003)

AcCas Acylated casein 2.33 : 1 0.175 48 Tomasula et al. (2003)
Whey protein 

isolate
Hydrolyzed WPI : GLY
5.5% DH

3.1–1.8 : 1 0.0130 42.2–111.9 Sothornvit and Krochta (2000a)

Hydrolyzed WPI : GLY
10% DH

3.1–1.8 : 1 0.0130 35.5–89.1 Sothornvit and Krochta (2000a)

Unhydrolyzed WPI : GLY 3.1–0.8 : 1 0.013 41.3–333.1 Sothornvit and Krochta (2000a)
WPI : GLY 2.3 : 1 0.11 76.1 McHugh and Krochta (1994b)
WPI : GLY 5.7 : 1 0.11 18.5 McHugh and Krochta (1994b)
WPI : SOR 2.3 : 1 0.11 4.3 McHugh and Krochta (1994b)
WPI : SOR 1 : 1 0.11 8.3 McHugh and Krochta (1994b)
WPI : SOR 3.5 : 1 0.11 2.6 McHugh and Krochta (1994b)
WPI : SORb 3.5 : 1 0.11 0.7 McHugh and Krochta (1994b)
WPI : SORc 3.5 : 1 0.11 43.3 McHugh and Krochta (1994b)

Synthetic fi lms LDPE – 0.0254 1870 Salame (1986)
HDPE – – 427 Salame (1986)
PVDC-based fi lms – – 0.38–5.1 Salame (1986)
EVOH (70% VOH)d – – 12 Salame (1986)

a Test conditions, 23ºC, 0% RH; b test conditions 23ºC, 40% RH; c test conditions 23°C, 70% RH; d test conditions 23°C, 95% RH.
GLY = glycerol; SOR = sorbitol; PPG = polypropylene glycol; AMF = anhydrous milk fat; LDPE = low density polyethylene; HDPE = high density 
polyethylene; PVDC = poly(vinylidene chloride).
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Tensile properties are diffi cult to determine for milk protein fi lms without 
added plasticizer because of their brittleness; however, Schou et al. (2005) 
report TS for a NaCAS fi lm without added plasticizer which surpasses that 
of LDPE and HDPE fi lms. On the other hand, %E of the NaCAS fi lm is 
only 2.1% compared to values of 500 and 300%, respectively, for the LDPE 
and HDPE fi lms.

The lactic acid and rennet casein fi lms (Chick and Ustunol, 1998), which 
were made by adjusting pH to 10 using NaOH to solubilize the caseins in 
water prior to fi lm making, were plasticized with greater amounts of GLY 
and SOR than for the other fi lms reported in Table 23.3. The TS of these 
fi lms plasticized with about 40% GLY are about as strong as the whey and 
casein fi lms plasticized with 30% GLY yet have %E approaching that of 
the synthetic fi lms, possibly due to the greater plasticizer content.

Little information is available on the performance of individual caseins 
in fi lms. Mauer et al. (2000) showed that fi lms made from the most hydro-
phobic component of casein, β-casein, demonstrated marginal improve-
ment in WVP and TS, but % E was about 250% compared to approximately 
80% obtained for both CO2–CAS and CaCAS fi lms (Tomasula et al., 1998). 
Motoki et al. (1987) made fi lms from the hydrophilic αs1-casein cross-linked 
with transglutaminase. The resulting fi lms were water insoluble but the 
tensile properties were comparable to those of CO2–CAS or CaCAS fi lms.

Rapid drying of solvent cast fi lms may limit the mobility of the protein 
chains, preventing the development of intermolecular interactions in fi lms 
as the solvent is removed (Banker, 1966). This was demonstrated by 
Alcantara et al. (1998) for the drying of whey protein isolate fi lms. Water 
vapor permeabilities were lower for fi lms dried at 95°C and 30% RH than 
for fi lms dried at 21°C and 50% RH. The fi lms dried at 95°C were stronger 
but less extensible than fi lms dried at 21°C. Kaya and Kaya (2000) exam-
ined the effects of microwave drying on the properties of whey protein 
isolate fi lms containing 50% WPI and 50% GLY. Drying time was reduced 
to 5 minutes compared to 18 hours of drying under room conditions. TS 
and %E improved by approximately 15 and 40%, respectively, with micro-
wave drying but WVP did not improve.

Aroma barrier properties and appearance of milk protein fi lms
Information on the aroma barrier properties of casein fi lms is scarce but 
there are a few studies that report the aroma barrier properties of whey 
protein fi lms, such as those reported in Dangaran and Krochta (2008).

Caseinates and whey proteins form fi lms that are transparent and glossy. 
These characteristics are important for using the fi lms as coatings or in 
laminates with synthetic fi lms. CO2–CAS fi lms (Tomasula et al., 1998) are 
nearly opaque and hazy because of the partial micellar character of the 
fi lms. Standards D523-89 (ASTM, 1989) and D4039-93 (ASTM, 1999) are 
used to measure gloss and haze of fi lms. Dangaran et al. (2006) improved 
the gloss of CO2–CAS fi lms from 55.3 gloss units to 73 gloss units by 



Table 23.3 Tensile properties of protein fi lms compared with synthetic fi lms. Test conditions were 23°C and 50% RH unless 
otherwise noted

Dairy
protein Composition

Weight ratio 
(protein/
plasticizer)

Thickness 
(mm)

Tensile 
strength
(MPa)

Percent
elongation
(%)

References

NFDM NFDM (Lactose free) : GLY 4 : 1 0.069 5.1 12.2 Maynes and Krochta (1994)
NFDM (ultrafi ltered) : GLY 4 : 1 0.071 10.0 5.2 Maynes and Krochta (1994)

αs1-casein αs1-casein : GLY 49 : 1 4.1 38 Motoki et al. (1987)
αs1-casein : GLY w/

transglutaminase
49 : 1 10.6 77 Motoki et al. (1987)

β-casein Beta-casein : GLY 2 : 1 0.11–0.12 6.0 274 Mauer et al. (2000)
Lactic acid 

casein
LAC : GLY 0.6 : 1 0.216 0.42 121.4 Chick and Ustunol (1998)
LAC : GLY 1 : 1 0.216 1.24 253.6 Chick and Ustunol (1998)
LAC : GLY 1.4 : 1 0.216 2.51 194.1 Chick and Ustunol (1998)
LAC : SOR 0.6 : 1 0.216 2.43 170.7 Chick and Ustunol (1998)
LAC : SOR 1.4 : 1 0.216 11.65 50.6 Chick and Ustunol (1998)
LAC : SOR 1 : 1 0.216 7.48 156.0 Chick and Ustunol (1998)
LAC : SOR 1 : 1 0.104 6.2 156 Chick and Hernandez (2002)
LAC : SORa 1 : 1 0.104 1.1 167 Chick and Hernandez (2002)
LAC : SOR : carnauba wax 3.3 : 2.3 : 1 0.104 7.9 31 Chick and Hernandez (2002)
LAC : SOR : carnauba waxa 3.3 : 2.3 : 1 0.104 1.9 88 Chick and Hernandez (2002)
LAC : SOR : candelilla wax 3.3 : 2.3 : 1 0.104 8.3 37 Chick and Hernandez (2002)
LAC : SOR : candelilla wax 3.3 : 2.3 : 1 0.104 1.8 74 Chick and Hernandez (2002)

Rennet
casein

REN : GLY 0.6 : 1 0.216 0.83 123.2 Chick and Ustunol (1998)
REN : GLY 1 : 1 0.216 2.42 185.4 Chick and Ustunol (1998)
REN : GLY 1.4 : 1 0.216 4.5 223.5 Chick and Ustunol (1998)
REN : SOR 0.6 : 1 0.216 3.83 4.9 Chick and Ustunol (1998)
REN : SOR 1 : 1 0.216 9.53 7.6 Chick and Ustunol (1998)
REN : SOR 1.4 : 1 0.216 15.12 17.9 Chick and Ustunol (1998)

Calcium
caseinate

CaCAS : GLY 2 : 1 0.105 4.25 1.45 Banerjee and Chen (1995)
CaCAS : GLY 2.33 : 1 0.11 1.6 66.6 Tomasula et al. (1998)
CaCAS : GLY 2.33 : 1 0.15 1.9 76 Tomasula et al. (1998)
CaCAS : GLY 2.33 : 1 0.10 7.0 66 Tomasula et al. (2003)
CaCAS : GLY : PPG 2.33 : 0.75 : 0.25 0.10 12 88 Tomasula et al. (2003)



Dairy
protein Composition

Weight ratio 
(protein/
plasticizer)

Thickness 
(mm)

Tensile 
strength
(MPa)

Percent
elongation
(%)

References

AcCAS AcCAS : GLY 2.33 : 1 0.10 4 43 Tomasula et al. (2003)
Sodium

caseinate
NaCAS – 0.3364 37.5 2.1 Schou et al. (2005)
NaCAS : GLY 2 : 1 0.109 13.9 30.8 Banerjee and Chen (1995)
NaCAS : GLY 2.125 : 1 0.3577 9.0 13.6 Schou et al. (2005)
NaCAS : GLY 4 : 1 0.085 17.4–26.7 10.5 Siew et al. (1999)
NaCAS : GLY 2 : 1 0.085 10.9–11.7 73.7–84.2 Siew et al. (1999)
NaCAS : GLY 4 : 1 0.10 12.8 24 Khwaldia et al. (2004a)
NaCAS : PEG 4.54 : 1 0.085 10.9–16.35 5.3 Siew et al. (1999)
NaCAS : PEG 1.9 : 1 0.085 10.9–13.9 25.4 Siew et al. (1999)
NaCAS : GLY : AMF 10 : 2.5 : 1 0.100 11.5 10 Khwaldia et al. (2004a)
NaCAS : GLY : AMF 3.33 : 0.83 : 1 0.100 4.8 6 Khwaldia et al. (2004a)

CO2–casein CO2–CAS : GLY 2.33 : 1 0.11 1.2 50.2 Tomasula et al. (1998)
CO2–CAS : GLY 2.33 : 1 0.15 3 74.2 Tomasula et al. (1998)
CO2–CAS : GLY 2.33 : 1 0.10 5 56 Tomasula et al. (2003)
CO2–CAS : GLY : PPG 2.33 : 0.75 : 0.25 0.10 7 88 Tomasula et al. (2003)

Whey 
protein
isolate

Native WPI : GLY 2.3 : 1 0.139 3.1 7 Perez-Gago et al. (1999)
WPI : GLY 2.3 : 1 0.139 6.9 41 Perez-Gago et al. (1999)
WPI : GLY 5.7 : 1 0.110 29 4 McHugh and Krochta (1994b)
WPI : GLY 2.3 : 1 0.110 13.9 30.8 McHugh and Krochta (1994b)
WPI : SOR 2.3 : 1 0.110 14 1.6 McHugh and Krochta (1994b)
WPI : SOR 1 : 1 0.110 14.7 8.7 McHugh and Krochta (1994b)
WPI : GLY, 5.5% DH 2.33 : 1 0.1344 1 40 Sothornvit and Krochta (2000a)
WPI : GLY, 10% DH 2.33 : 1 0.1344 2 4 Sothornvit and Krochta (2000a)

Synthetic
fi lms

LDPE – – 13 500 Salome (1986)
HDPE – – 26 300 Salome (1986)
Polystyrene – – 35–55 1 Houston (1986)
Plasticized PVC
(wrap fi lm)

– – 15–30 150–350 Audic et al. (2003)

a Test conditions, 23°C; 75% RH.
NFDM = nonfat dry milk; GLY = glycerol; SOR = sorbitol; PPG = polypropylene glycol; PEG = polyethylene glycol; AMF = anhydrous milk fat; LDPE 
= low density polyethylene; HDPE = high density polyethylene; PVC = poly(vinyl chloride).

Table 23.3 Cont’d
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reducing the particle size of granular dry CO2 casein from 126 µm to 111 µm. 
The fi lms were still hazy. Reducing the particle size to less than 86 µm 
resulted in fi lms that were glossy and also transparent. However, reducing 
particle size decreased the TS of the fi lms and increased WVP.

The gloss and appearance properties of whey protein fi lms are reported 
in detail in Dangaran and Krochta (2008). Compared to the CO2 casein 
fi lms, whey protein fi lms exhibit gloss units near that of shellac (92.9).

23.4 Improvements to edible fi lms

Although the TS and OP of milk-based edible fi lms with added plasticizer 
approach that of the synthetic fi lms, especially at low %RH, the low %E, 
the high WVP and in some cases the high solubility of the fi lms in water, 
precludes their use in most applications. While the amount of added plas-
ticizer tends to improve the %E of the fi lms, it also weakens the TS of the 
fi lms. Several studies have focused on improving the WVP properties of 
the fi lms by making various modifi cations that include the addition of lipids 
and waxes, or cross-linking agents, or treatment with ultrasound and 
irradiation.

23.4.1 Addition of lipids or waxes or polysaccharides
Hydrophobic lipids or waxes have been added to milk-based edible fi lms 
either by creating a stable emulsion with the lipid or forming a bilayer or 
composite fi lm with the lipid. The hydrophobic lipids or waxes do not allow 
water to diffuse through them.

Introducing acetylated monoglyceride (AM) or beeswax (BW) to 
NaCAS in emulsion fi lms resulted in signifi cant improvements in WVP 
(Avena-Bustillos and Krochta, 1993) with signifi cant reductions compared 
with the caseinate fi lm. Addition of BW to CaCAS fi lms also resulted in 
signifi cant reductions in WVP. Increasing concentrations of BW resulted in 
thicker fi lms but did not improve WVP because the wax was not dispersed 
effectively. The lipid type and concentration was also found to infl uence 
the WVP of the caseinate fi lms. BW, due to its crystalline structure was 
more effective than stearic acid and AM in reducing WVP of NaCAS fi lms.

Addition of carnauba or candelilla waxes resulted in little improvement 
of the WVP of lactic acid casein-based emulsion fi lms plasticized with SOR 
(Chick and Hernandez, 2002). The WVP decreased with increasing wax 
content but the reduction in WVP was low despite the added wax. The OP 
of the fi lms with the added wax was comparable to that of fi lms without 
wax, while TS improved slightly and %E was reduced. Scanning electron 
microscopy showed that the wax was partially distributed within the 
protein–water–SOR matrix.

Films made from an emulsion of anhydrous milk fat (AMF), comprising 
10–30% of the NaCAS by weight and plasticized with GLY (25%), were 
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weaker than NaCAS fi lms without AMF, had a decreased % E, and showed 
no improvement in WVP (Khwaldia et al., 2004a). The loss of mechanical 
properties of the fi lms was attributed to a loss of continuity of the protein 
matrix because of the presence of lipid globules. At AMF levels greater 
than 30%, it was hypothesized that the distribution of lipid globules with 
high particle size affected the structural cohesion of the polymeric matrix 
and the emulsion stability, leading to an increase in WVP and a decrease 
in the fi lm tortuosity, which increased water diffusion. Water does not 
diffuse through the lipid. OP was found to decrease with increasing amounts 
of AMF up to 20% and then increased again at AMF levels greater than 
20%.

The addition of carrageenans can improve the mechanical properties of 
CO2–CAS fi lms plasticized with GLY (20%). CO2–CAS fi lms were blended 
in a 1 : 1 ratio with either lambda (λ-), iota (ι-), or kappa (κ-) carrageenan 
(Unpublished data, Dangaran and Tomasula, 2007). The carrageenans did 
not lower WVP, but TS increased from 13.2 MPa to 22.4–23.3 MPa with 
the addition of κ-carrageenan. The TS of blends containing the carrageen-
ans was approximately the average of the TS of the casein fi lm and that of 
the carrageenan alone. %E was signifi cantly increased from 5.6% to 42.9% 
with λ-carrageenan. The improvement in %E appears to be due to the 
presence of the carrageenan alone which had a %E of 40%. ι- and 
κ-carrageenan approximately doubled %E. DSC analysis showed that 
blends of the carrageenans with the protein were miscible as indicated by 
a single peak on thermograms. The differences in charge densities of the 
carrageenans compared to the proteins appear to affect their interactions.

Unlike the results for the casein fi lms, the addition of lipids and waxes 
was found to improve the WVP of whey protein fi lms, but decreased their 
tensile properties. Films made from an emulsion of WPI and BW, and 
plasticized with SOR exhibited lower WVP than the WPI fi lms (McHugh 
and Krochta, 1994a). Decreasing the lipid particle size which increased the 
number of lipid particles and fi lm tortuousity resulted in a further decrease 
in WVP and improvement in TS (Perez-Gago and Krochta, 2000) Heat 
denaturation of the WPI resulted in intermolecular disulfi de bonds through 
thiol-oxidation and thiol-disulfi de interchange reactions that further 
improved the WVP. Reducing the pH of the emulsion below that of the pI 
of the protein caused WVP to increase due to a sharp change in viscosity 
with an increase in protein aggregation, which possibly lowered the lipid 
mobility and reduced the interconnectivity among the lipid droplets.

Lipid concentration and lipid type also infl uenced WVP of WPI fi lms 
(McHugh and Krochta, 1994c). Increasing the lipid content of the fi lms 
resulted in a downward trend in WVP for WPI fi lms with added BW or 
palmitic acid, but there was a lesser trend with stearyl alcohol. Emulsion 
fi lms comprised of WPI, lipid, and SOR exhibited a low WVP if the lipid 
was a fatty acid (palmitic acid, myristic acid) or BW but was twice as high 
if the lipid was stearyl alcohol, hexadecanol or tetradecanol.
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Shellhammer and Krochta (1997) determined the viscoelastic properties 
of four lipids and waxes, carnauba wax, candelia wax, milkfat fraction and 
BW, and showed that the viscoelastic milkfat and BW improved WVP in 
whey fi lms more than carnauba or candelia waxes. The milkfat and BW 
deform to a greater extent during drying to form an intact lipid network 
due to their more plastic nature.

In order to enhance or reduce lipid deformability and the ability to yield 
an internal interconnecting lipid network in the fi lms, Perez-Gago and 
Krochta (2000) dried WPI fi lms in an emulsion with either BW, anhydrous 
milkfat fraction, or candelilla wax. Signifi cantly lower WVP was observed 
for fi lms dried at 80°C and 40% RH compared to fi lms dried at 25 or 40°C 
and 40% RH. The mechanical properties of the fi lms were not modifi ed by 
the drying temperature.

23.4.2 Cross-linking of milk protein fi lms
For synthetic polymers, cross-linking is used to decrease polymer chain 
mobility to increase resistance to vapor and gas transport (Kumins, 1965), 
by joining two or more functional groups of the polymer by a covalent 
bond. pH adjustment, ionic cross-linking, through the introduction of 
calcium ion, and cross-linking using heating, γ-irradiation or food grade 
enzymes have been explored to improve the mechanical and barrier proper-
ties of edible fi lms.

pH treatment
The WVP of NaCAS fi lms, soaked for 1 minute in sodium acetate, sodium 
ascorbate or calcium ascorbate buffers, and adjusted to pH 4.6 or soaked 
for 1 minute in calcium chloride solution and then adjusted to pH 9.6, was 
reduced by approximately 40% (Avena-Bustillos and Krochta, 1993). The 
WVP was lowered possibly due to increased protein–protein interaction, 
as indicated by the decreased fi lm thickness of the treated fi lms.

γ-irradiation
Treatment of solutions of NaCAS and CaCAS, with or without added 
GLY, by γ-irradiation formed edible fi lms with improved mechanical prop-
erties, such as puncture strength and puncture deformation (Brault et al.,
1997). γ-irradiation results in the formation of bityrosine, a covalently 
bound biphenol, produced by the reaction of two tyrosyl radicals or a 
tyrosyl radical plus a tyrosine molecule. GLY increased the formation of 
cross-links within protein chains and was found to improve the mechanical 
strength and fi lm fl exibility. The greatest effects of irradiation dose on the 
mechanical properties of the fi lms occurred at GLY : caseinate ratios of 1 : 2 
and 2 : 3, leading to branching of polypeptide chains to form a 3-D network. 
The addition of CaCl2 to CaCAS solution was found to facilitate a reduction 
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in the salt bridges and electrostatic bonds facilitating the formation of bity-
rosine during irradiation. Gels were formed at irradiation doses greater 
than 16 kGy (Ressouany et al., 1998).

Vachon et al. (2000) combined thermal treatment and γ-irradiation and 
showed that the molecular weight of CaCAS increased, the mechanical 
strength of the fi lms increased and solubility of the fi lms in water decreased. 
WPI did not show similar behavior because cross-links were not generated 
due to the low tyrosine content of the protein. However, WPI could be 
substituted for CaCAS in fi lms, resulting in an increase of the puncture 
strength of the treated fi lms. γ-irradiation may induce more intermolecular 
interactions and the formation of inter- and/or intra-molecular covalent 
cross-links in the fi lm-forming solutions (Ouattara et al., 2002). A reduction 
in WVP from 2.07 (unirradiated) to 1.38 g mm/m2 d/mm Hg (irradiated) 
was noted for CaCAS-WPI fi lms in the ratio of 25 : 75.

Transglutaminase
Transglutaminase (TGase) is a food-grade enzyme that uses the acyl-
transferase mechanism, in the presence of Ca ion, to catalyze the transfer 
of gamma-carboxyamide (acyl donor) of a peptide-bound glutamine residue 
to the gamma-amine (acyl acceptor) of lysine residues along protein chains 
(Mahmoud and Savello, 1992). Intramolecular and intermolecular ε-(γ-
glutaminyl)lysine cross-links are generated when the ε-primary amine of 
lysine is bound to a glutamine-containing protein. It was shown to effec-
tively cross-link whey-based formulations containing a modifi ed whey 
powder (35% protein) (Aboumahmoud and Savello, 1990) and decrease 
the solubility of 1 : 1 mixtures of α-LA and β-LG with added GLY in buffers 
at various pH and temperature (Mahmoud and Savello, 1992). The fi lms 
were protease-digestible (Mahmoud and Savello, 1993).

The addition of TGase to WPI fi lms, plasticized with GLY (Yildirim and 
Hettiarachchy, 1998), did not improve WVP compared to the control, pos-
sibly due to the creation of additional, or an increase in size of, existing 
pores. TS increased from 5.64 MPa for the untreated whey protein fi lm to 
12.53 MPa.

The globular nature of the whey proteins, especially β-LG, prevents 
cross-linking by TGase, except if denatured. Cross-linking is further limited 
by the formation of non-covalent aggregates between calcium and β-LG, 
induced by electrostatic interaction (Faergemand et al., 1998). Sharma et al.
(2001) determined the susceptibility to cross-linking by TGase of the indi-
vidual milk proteins in skim milk. In both heated and unheated milk, there 
was a reduction in the monomeric forms of κ- and β-caseins, indicating that 
these proteins were most susceptible to TGase-induced cross-linking. Only 
preheated β-LG was susceptible to the same amount of cross-linking as 
α-LA, preheated or not. Nieuwenhuizen et al. (2004) demonstrated the 
modifi cation of the lysine and glutamine residues in native β-LG to improve 
the accessibility of the residues to reaction with TGase under nonreducing 
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and nondenaturing conditions, with a possible application for the creation 
of novel foods.

In another study, Sharma et al. (2002) showed that commercial α-LA
was susceptible to more cross-linking by TGase than that from the study 
by Aboumahmoud and Savello (1990). Reduction of disulfi de bonds in the 
commercial protein was found to be unnecessary because structural modi-
fi cations of the protein occurred during manufacture exposing available 
sites for TGase reaction.

Chambi and Grosso (2006) cross-linked NaCAS, gelatin, and mixtures 
of the two, using TGase to produce edible fi lms that showed improvement 
in the mechanical and barrier properties of the fi lms, depending on the ratio 
of casein to gelatin in the fi lm. The fi lms contained 25 g GLY/100 g protein. 
TS of the NaCAS (~12 MPa), gelatin fi lm(~36 MPa) and of the caseinate–
gelatin fi lms, which increased with increasing gelatin content, were not 
signifi cantly different from that of the untreated fi lms. On the other hand, 
% E of the untreated fi lms increased from 9% for NaCAS fi lm to a maximum 
value (~27%) at caseinate : gelatin ratios of 75 : 25 and 50 : 50, and then 
decreased to ~9% for the gelatin fi lm. With TGase treatment, %E of the 
NaCAS fi lm approximately doubled while that of the gelatin fi lm was not 
signifi cantly different. The greatest increase in %E was noted for blends 
containing 75 : 25 caseinate : gelatin, showing % E of 56.59% compared to 
a value of 27.2% for the untreated fi lm. This fi lm also showed an anomalous 
decrease in WVP with TGase treatment, while the others showed increases 
in WVP. It was concluded that cross-linking may have increased the pro-
portion of hydrophobic segments on the surface of the fi lm, which are 
mostly provided from the NaCAS, thus leading to a lower WVP.

O’Connell and de Kruif (2003) showed that TGase treatment at either 
0 or 35°C affects the association behavior of β-casein. TG appeared to 
freeze the micellization process, indicating that the associative state of 
β-casein should be considered prior to treatment with the enzyme. The 
changes appeared to be due to charge modifi cation. This fi nding may be of 
interest in the design of future experiments involving edible fi lms.

Building on the observations that ultra-high temperature (UHT) treat-
ment of milk seemed to produce a more open, looser casein micelle struc-
ture, Bönisch et al. (2004) heated NaCAS solutions to 140°C and immediately 
cooled them using ice water. The UHT-treated NaCAS solutions and con-
trols were then treated with TGase. TGase treatment of NaCAS resulted 
in a degree of protein polymerization of about 40% after 90 min compared 
to 60% for TGase treatment of NaCAS that was heated at 140°C for 20 s. 
This fi nding may have application in the development of stronger fi lms with 
improved WVP.

Tyrosinase
While the caseins are more susceptible to cross-linking using TGase than 
the whey proteins, mushroom tyrosinase (E.C.1.14.18.1), a polyphenol 
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oxidase, has been shown to be an effective cross-linking agent for the whey 
proteins, α-LA and β-LG (Thalman and Lotzbeyer, 2002), but its ability to 
improve the mechanical and barrier properties of dairy-based fi lms has not 
yet been reported. Tyrosinase fi rst induces the formation of o-quinones in 
the presence of low molecular weight (MW) phenolic compounds or from 
the tyrosine residues. The low MW compounds, such as caffeic or chloro-
genic acid, act as a substrate for the cross-linking process and are oxidized 
to the o-quinone structure. The o-quinones may then interact with each 
other or react with amino and sulphydryl groups or pyrrolidine side chains 
of the proteins (Thalman and Lotzbeyer, 2002; Seo et al., 2003; Lantto 
et al., 2005). α-LA and β-LG polymers with a MW greater than 300 kDa 
were produced from the proteins with initial MW of 14 kDa and 18 kDa, 
respectively, after treatment with tyrosinase (Thalman and Lotzbeyer, 
2002). For α-LA, addition of caffeic acid was not necessary but increasing 
temperatures up to 50°C alone resulted in polymers with molecular weight 
greater than 300. The polymerization of β-LG required use of an external 
phenolic source (Thalman and Lotzbeyer, 2002). Onwulata and Tomasula 
(2008) used tyrosinase to investigate the gelling properties of microparticu-
lated WPI and CaCAS slurries in the presence of alginic acid. Stable gels 
were obtained with increasing amounts of tyrosinase. While the gels were 
designed as replacements for carbohydrates in low-fat foods, the slurries 
have potential as fi lms.

Genipin
Genipin, obtained from the iridoid glucoside, geniposide, present in the 
fruit of Gardenia jasminoides Ellis, is another natural cross-linking agent 
which has potential use in improving the mechanical and barrier properties 
of casein and whey protein fi lms. However, it characteristically gives a deep 
blue color to primary amino acids, such as the lysine residues of proteins. 
Bigi et al. (2002) showed that the extensibility, the swelling properties, and 
the enthalpy of denaturation, of gelatin fi lms cross-linked with genipin were 
similar to that using glutaraldehyde but showed a greater thermal stability. 
The mechanical properties and stability of chitosan and chitosan blend fi lms 
in water were also improved when cross-linked with genipin, suggesting 
potential applications in biomaterials (Jin et al., 2004). Under basic condi-
tions, genipin undergoes a ring-opening polymerization prior to cross-
linking with chitosan. The crosslinked bridge consists of polymerized 
genipin macromers or oligomers (7–88 monomer units) (Mi et al., 2005). 
Under acidic or neutral conditions, genipin reacts with the primary amino 
groups on chitosan to form heterocyclic amines. The heterocyclic amines 
are further associated to form cross-linked networks with short chains of 
dimer, trimer, and tetramer bridges.

Preliminary work in our laboratory to investigate the use of genipin for 
improving the properties of CO2–CAS, CaCAS, and whey protein fi lms, 
shows that reaction of the proteins with genipin is favored under neutral 
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and basic conditions, the solubility of the fi lms in water is decreased and 
TS increases.

Other treatments
Banerjee et al. (1996) demonstrated that ultrasound treatment of NaCAS 
and WPC solutions with a 1 : 2 ratio of GLY : protein improved the TS of 
the fi lms compared to controls. However, WVP and %E were not affected. 
Ultrasound may have created greater molecular order in the fi lms, enabling 
greater inter-molecular attraction, and therefore enhanced TS. WPC fi lms 
showed smaller particle and lipid droplet sizes, which may also have enabled 
greater molecular attraction.

23.5 Milk proteins in composite fi lms

Paper is the most commonly used packaging material and it is coated with 
wax or laminated to synthetic fi lms or aluminum foil to improve its resist-
ance to moisture, oil or grease, and to give oxygen barrier properties. 
Researchers have tested the properties of edible milk protein-based fi lms 
in composite structures with the intention of placing the edible fi lm side of 
the composite in contact with the food and to facilitate composting or 
recycling.

WPI solutions containing GLY spread on pulp paper improved the print-
ability of the paper (Han and Krochta, 1999). WVP of the paper was also 
improved because WPI impregnated the porous paper structure, but this 
also increased the maximum amount of water absorbed by the paper. 
However, the WPI did not signifi cantly change the mechanical and optical 
properties of the paper (Han and Krochta, 2001) and paper coated with 
18 g/m2 of WPI demonstrated increased oil resistance. Both denatured and 
native WPI showed grease barrier properties similar to that of commercial 
polyvinyl alcohol and fl uorocarbon coatings and were highly impermeable 
to grease penetration after four hours when coated on paperboard (Chan 
and Krochta, 2001). Lin and Krochta (2003) found similar results for 
WPC-80 coatings on paperboard. Using sucrose as a plasticizer, the grease 
resistance properties of WPC-80 were retained after ambient storage and 
during extended testing times of 16 hours.

The oxygen barrier properties of WPI with various plasticizers have been 
exploited to create a laminated structure with polypropylene (PP). An 
important consideration in designing a laminate structure is the surface 
energy of the synthetic polymer and surface tensions of the liquids and their 
contact angle when coating synthetic substrates with the protein formula-
tions (Hong et al., 2004). Non-polar PP was fi rst treated with corona dis-
charge to improve its adherence to the WPI coating. OP of the laminated 
PP fi lms was reduced 4-fold at 40°C with the addition of a WPI : GLY 
coating at 50% RH. OP of the laminated fi lms was sensitive to RH and 
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increased signifi cantly with RH in the range from 30–85% range, approach-
ing that of the uncoated PP fi lm at 80% RH (Hong and Krochta, 2003). In 
another study (Hong and Krochta, 2006), OP was signifi cantly reduced 
using either WPI or WPC coating at 40°C and 50% RH on both PE and 
PP laminates. OP of the PP laminates were signifi cantly lower than that of 
the PE laminates due to differences in the intrinsic characteristics of the 
base fi lms. Excellent OP properties were noted for both laminates at low 
to intermediate RH. WPI, plasticized with GLY, PEG, SOR or sucrose, 
and coated onto PP fi lms resulted in fi lms with TS of up to 70 MPa and 
% E as high as 135%.

The mechanical and WVP properties of edible fi lms containing a whey 
powder and NaCAS mixture, with whey powder as the principal compo-
nent, were improved when laminated to corn-zein based fi lms (Cho et al.,
2002); however, %E was signifi cantly reduced. Whey powder, containing 
0.11 g protein/g powder is signifi cantly less expensive than WPC or WPI. 
Addition of stearic acid to the corn-zein layer resulted in a reduced WVP 
compared to the whey-caseinate fi lm.

A study conducted to determine the mechanical and WVP properties of 
blends or bilayers of NaCAS–pullulan fi lms plasticized with SOR (Kristo 
and Biliaderis, 2006; Kristo et al., 2007) showed that varying the ratio of the 
polymers changed the mechanical properties of the fi lm but not WVP. 
Increasing the pullulan content decreased TS and increased %E, showing 
that the pullulan imparts fl exibility and NaCAS stiffness to the fi lms. 
Application of BW improved the WVP of the fi lms.

23.6 Modifying the properties of edible fi lms 
through processing

Most of the studies to determine the properties of edible milk protein fi lms 
and coatings have been conducted on fi lms prepared through solvent casting 
on the laboratory-scale. Larger scale production is needed to produce 
samples for applications studies.

There are several examples in the patent literature for the production 
of casein fi lms using extrusion methods. However, little information is 
provided on the mechanical and barrier properties of these fi lms. Kozempel 
and Tomasula (2004) developed a continuous solvent casting process to 
make casein fi lms from CaCAS or CO2–CAS. Hot air drying was used in 
the process. The mechanical properties of the fi lms were similar to those 
made on the laboratory-scale. Nonfat dry milk was substituted for up to 
20% of the CaCAS or CO2–CAS content with no loss in physical 
properties.

Casein fi lms have also been made through the wet-spinning process. In 
this method, acid casein is extruded with water and sodium hydroxide 
to form sodium caseinate, discharged into a coagulating bath, and then 
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collected on a roller (Frinault et al., 1997). Because of the chemicals used 
in the bath to harden the casein fi lms, the fi lms were rendered inedible. 
However, the fi lms had low solubility in water, WVP was approximately 
1.40 g-mm/m2 hkPa, TS was 4.5 MPa and %E was 68.6%, greater than that 
reported for solvent cast fi lms, which may be due to shearing effects of 
extrusion on the molecular structure of casein.

Müller-Buschbaum et al. (2006) prepared casein fi lms using a spin-
coating technique, a method that is used to prepare thin and ultrathin fi lms 
from synthetic polymers, on base-treated glass surfaces. The glass surfaces 
were treated to assure wetability of the casein solution. Films dried in less 
than 30 s and the moderate pressures introduced by spin-coating force the 
micelles to rearrange into a more compact structure. This method is still in 
the experimental stages but has potential for the preparation of advanced 
coatings of casein in laminate structures or on foods.

Sheets made by compression molding of WPI : GLY mixtures were com-
pared to solvent cast fi lms having the same concentration of WPI and GLY 
(Sothornvit et al., 2003, 2007). Operating temperature and pressure of the 
process did not affect the mechanical properties of the fi lms but increasing 
amounts of GLY resulted in fi lms with decreased TS and no change in %E. 
Compression molded fi lms had higher WVP than solvent cast fi lms because 
the compression molded fi lms demonstrated less protein cross-linking, were 
thicker and were more soluble in water.

Dangaran and Krochta (2008) report details of extrusion studies which 
demonstrate that extrusion operating conditions provide suffi cient heat-
denaturing and cross-linking to produce transparent, fl exible whey protein 
sheets with improved tensile properties relative to cast fi lms. Hernandez-
Izquierdo et al. (2008) showed that extruded WPI plasticized with GLY had 
tensile properties comparable to solvent cast and compression molded fi lms 
but exhibited greater %E. A WPI fi lm containing 50% GLY had a %E of 
132% compared with 68% for a solvent cast WPI fi lm containing 55% 
GLY. It was concluded that extrusion created a greater alignment of the 
polymer molecules in the machine direction as the sheets exited the 
extruder. Onwulata et al. (2003, 2006) and Tunick and Onwulata (2006) 
have demonstrated that shearing of the protein from the extrusion process 
leads to creation of aligned whey protein polymers.

23.7 Potential Applications

The fi lm-forming properties of casein have long been exploited in non-food 
applications (Audic et al., 2003). While research on investigation of the 
mechanical and barrier properties of casein and whey proteins is active, 
research lags on applications of casein and whey fi lms in food packaging 
and preservation, to improve the appearance and quality of foods, and as 
a barrier layer in packaging systems.
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Some of the potential applications of casein and whey fi lms and coatings 
as moisture and gas barriers for fresh fruits and vegetables, meats, cereals, 
nuts and frozen foods are reported by Khwaldia et al. (2004) and Vargas 
et al. (2008). A more recent review on applications of whey protein based 
fi lms and coatings includes nuts and peanuts, eggs, confectionary products, 
meat product, fruits and vegetables (Dangaran and Krochta, 2008). Yildirim 
and Hettiarachchy (1998) suggested that TGase-cross-linked WPI fi lms 
could be used as a wrapping to prevent quality changes in products such as 
meat pies and high-moisture cakes requiring fi lms permeable to water 
vapor. However, the addition of milk-based fi lms and coatings to fresh 
fruits and vegetables would require additional labeling on the package to 
alert consumers with milk allergies, intolerances, religious-based dietary 
restrictions, or who maintain a vegetarian lifestyle (Gennadios, 2004). 
Limiting applications to dairy-based applications, such as fi lms and coatings 
for cheese, or fresh, baked and frozen products expected to be consumed 
with or to contain milk-based proteins is a more logical approach and 
applications research should focus on these types of products (Albert and 
Mittal, 2002; Guillard et al., 2003; Schou et al., 2005). Casein fi lms have also 
been explored as tablet coatings (Abu Diak et al., 2007).

Recent research efforts have focused on the development of active whey 
protein fi lms for packaging applications. Active packaging interacts directly 
with a food or headspace of the product (Ozdemir and Floros, 2004). Whey-
based fi lms alone have the advantage of being able to be in direct contact 
with food and in active packaging systems could contain additional fl avors, 
natural oxygen scavengers and antimicrobials (Lee et al., 2008; Dangaran 
and Krochta, 2008). Cagri et al. (2004) have reviewed the various types of 
protein-based and lipid-based edible fi lms and a wide range of antimicrobial 
agents that could be used or are currently used to enhance the safety and 
shelf-life of ready-to-eat foods.

Huppertz and de Kruif (2008) demonstrated the creation of stable 
nanogel particles by cross-linking all caseins within the casein micelle using 
TGase from which all micellar calcium phosphate can be removed. The 
particles may have applications in the encapsulation of minerals, vitamins 
and pharmaceuticals, as well as to add fl avors, additives and other compo-
nents to foods.

23.8 Future trends

Current milk-protein based research efforts on edible fi lms arose from the 
need to utilize surplus dairy proteins and was directed to improving the 
mechanical and barrier properties of fi lms made with these proteins. This 
research needs to continue, especially for applications research, but more 
attention needs to be directed to structuring the fi lms through consideration 
of the conformation of the protein in the fi lm-forming solution as affected by 
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environmental variables (Lent et al., 1998; Anker et al., 2000; Farrell et al.,
2003a, 2003b; O’Connell and de Kruif, 2003; Lefèvre et al., 2005; Lencki, 
2005; Qi, 2007). Just as importantly, future research needs to extend to the 
production of the fi lms on a large-scale basis with pilot-plant scale equipment 
used by the food industry to produce large quantities of the fi lms for food 
applications and shelf-life studies. Little is known about the endurance of the 
fi lms during refrigeration, freezing, baking and microwaving. Cast fi lms may 
have immediate application as reinforcements of foil packaging and for food 
protection; e.g. to reinforce the foil lids of dairy food containers while pro-
tecting the contents, or to protect entrees in microwaveable meals. Little is 
known about the heat-sealing properties of the fi lms.

The impact of processing on the mechanical and barrier properties of 
the fi lms also needs to be established. Some work has been done to date 
using a continuous process, compression molding, injection molding and 
extrusion. These techniques have been shown to improve the mechanical 
properties of the fi lms. However, the proteins are heat sensitive which can 
cause color and sensory changes; this needs to be addressed. Wet spinning 
is another area that deserves more attention, possibly investigating the use 
of tyrosinase, TGase, genipin and other natural cross-linkers as replace-
ments for the chemicals typically used in the process.

Coatings of foods with milk-based coatings on a commercial basis may 
be easier to achieve than fi lm production at the present time. Techniques 
used by the food industry to coat foods, such as panning, fl uidized bed 
coating, spray coating, and dipping, require little modifi cation for use with 
edible milk-based coating solutions. However, research is still needed to 
establish operation parameters and processing protocols for each food 
product.

The use of milk-based fi lms as part of multilayered packaging systems 
has not yet begun in earnest. However, this may prove to be the best outlet 
for edible fi lms and coatings. Research has demonstrated that application 
of milk-based protein fi lms to synthetic packaging improves the oxygen 
barrier properties of the fi lm signifi cantly. Milk-based fi lms have the poten-
tial to reduce the amount of synthetic fi lms or aluminum foil used, and 
facilitate biodegradability (Li and Chen, 2000; de Vlieger, 2003) However, 
research is needed to determine compatible fi lm systems, the stability of 
the protein fi lm layer in contact with the food, and resistance to microbial 
degradation as a function of shelf-life, for example. While costs are part of 
the drivers for selection of a packaging system, the costs of synthetic fi lms 
are rising. Kozempel et al. (2003) have estimated that the hot-air drying 
costs for a 0.23 mm milk-protein fi lm are $0.26/m2, assuming a 10% initial 
solids concentration in the fi lm-forming solution. In addition, industry has 
incorporated sustainability of their operations as part of their business plan-
ning, and is committed to reducing packaging.

Research is also scarce on the creation of new blended fi lms made from 
synthetic fi lm material, or the biodegradable polylactic acid (PLA), with 
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milk-based proteins and other materials. The blends would reduce the use 
of the synthetic feedstock. Prototype cups (not fi lms) made in our labora-
tory contained up to 25% WPI as a replacement for some of the PLA and 
PE material. Information on the properties of synthetic fi lms that should 
be targeted in blends is found in texts such as Massey (2003).

Research on the use of nanoparticles to strengthen edible milk protein 
fi lms for multi-layer packaging options is currently underway in our labora-
tory and is an unexplored area. Inclusion of nanoparticles such as montmo-
rillonite clay or calcium phosphate may improve the handling of the fi lms 
for manufacturing. Inclusion of whey (Bonnaillie and Tomasula, 2008) or 
casein fractions, pending commercial availability, may have similar impact 
by imparting their individual functionality to fi lm properties.

23.9 Sources of further information and advice

The use of fi lms or coatings made from proteins and other biobased materi-
als has been the subject of many review articles and book chapters (Kester 
and Fennema, 1986; Guilbert, 1986; Chen, 1995; Krochta and De Mulder-
Johnson, 1997; Debeaufort et al., 1998; Korhonen, 2002; Tharanathan, 2003; 
Gennadios, 2004; Dangaran and Krochta, 2008).

General information on edible fi lms, coatings, and applications in com-
mercial use may be found at several vendor websites. Examples include: 
Watson, Inc., a manufacturer of edible fi lms http://www.watson-inc.com/
fi lm_edible.php.; Ascona Ingredients Ltd, http://www.ediblefi lms.com; 
a manufacturer of edible fi lms, and Mantrose-Haeuser, http://www.
mbzgroup.com, another manufacturer of edible fi lms and coatings. Several 
use USDA/ARS technology and that developed by other research institu-
tions in the fi eld. Another website providing information on edible fi lms is 
that sponsored by the California Dairy Research Board, http://www.edible-
fi lms.org. Information on commercial packaging use is found at industry 
websites such as http://www.packworld.com and http://www.innoviafi lms.
com. General information on new commercial developments in the dairy 
foods area may be found at http://www.dairyfoods.com. The above list is 
not meant to be exhaustive.

New research on milk protein edible fi lms and other edible fi lms is pub-
lished in The Journal of Food and Agricultural Food Chemistry, the Journal 
of Food Science, and the Journal of Dairy Science. Use of search engines 
and software for publishing and managing bibliographies will yield most, if 
not all, research conducted to date on milk protein edible fi lms not included 
in this chapter, as well as patents and information on fi lms for non-food 
use. Research is also presented at annual meetings of the American 
Chemical Society (ACS), the American Institute of Chemical Engineers 
(AICHE), the Institute of Food Technologists (IFT), the American Dairy 
Science Association (ADSA), as well as at International meetings such as 
that held by the International Dairy Federation (IDF).
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Transformation of lactose for value-
added ingredients
A. H. J. Paterson*, Massey University, New Zealand; S. J. Kellam, 
Hilmar Cheese Company, USA

Abstract: Lactose, as a raw material in whey, is currently available in quantities 
that far exceed the demand for the product. This means that lactose is 
inexpensive relative to the costs of other dairy products. This chapter looks at the 
sources of lactose, the reasons behind why there was a recent spike in lactose 
price and the range of different derivatives that people have considered as ways 
of using lactose. Tagatose seems to be the product with the most potential to 
develop into a signifi cantly large market that will use signifi cant amounts of 
lactose.

Key words: lactose, oligosaccharides, lactulose, lactitol, lactobionic acid, lactitol, 
hydrolyzed lactose, tagatose, ethanol.

24.1 Introduction

24.1.1 Sources of lactose
Lactose is a disaccharide sugar made up of one glucose and one galactose 
group (Fig. 24.1.) and it is the main energy source in mammalian milk. As 
such, it is found in the milk of most mammals. The level of lactose in human 
milk is around 7%, but the level in bovine milk is only about 4.5%. When 
cows’ milk is fed to human infants, there is a defi ciency in the level of energy 
in the formula. This applies whether the milk is fresh milk or is reconsti-
tuted from whole milk powder. Henry Nestlé was the fi rst person who 
realized this and he formulated an infant milk powder from cows’ milk 
boosted by the addition of more lactose (Anon., 2007a). This became the 
fi rst major use of lactose and led to the development of lactose plants to 
recover the lactose from cheese whey.

The overall production of milk has been increasing over the last ten years 
at a rate of between 1.4 and 3% per annum. It had reached a level of 551 
million tonnes of cows’ milk in 2007 and 104 million tonnes of other animal 
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milk (Anon., 2007b). From, this the overall cheese production was 17 
million metric tonnes (Anon., 2007b) and hence the production of whey is 
estimated to be about 157 million tonnes per annum (Fox et al., 2000). The 
total lactose available for production is estimated to be 6.3 million tonnes 
per annum. Affertsholt (2008) quotes the world production of lactose at 
890 thousand metric tones for 2007 and that this is projected to rise to 
between 940 to 1000 thousand metric tonnes by 2010. This shows that only 
15% of the potentially available lactose is currently being processed into 
lactose. Currently, most of the excess is dried into whey powder and used 
in swine production or otherwise disposed of.

The lactose market is broadly split into two segments: edible grade at 
780 000 metric tonnes and 110 000 metric tonnes of pharmaceutical grade 
(Affertsholt, 2008). Edible grade lactose is defi ned in CODEX as: ‘Lactose: 
A natural constituent of milk normally obtained from whey with an anhy-
drous lactose content of not less than 99.0%, w/w, on a dry basis. It may be 
anhydrous or contain one molecule of water of crystallization or be a 
mixture of both forms.’ http://www.codexalimentarius.net/download/stand-
ards/338/CXS_212e.pdf (accessed 11 February 2009).

Descriptions of the edible lactose production method and the methods 
that can be used to produce pharmaceutical grade lactose are given in 
Paterson (2009).

The main use of lactose has traditionally been as an addition to infant 
formula and this is still the main use of lactose in the USA today. Table 
24.1 shows the split in market share for lactose between the market in the 
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Table 24.1 Market split of lactose in the USA and in EU (Affertsholt, 2007)

Uses of lactose Market share USA (%) Market share EU (%)

Infant formula 66 18
Neutraceuticals
Pharmaceuticals

5 28

Confectionery 16 16
Bakery 5
Processed foods including 

meat
30

All other uses 13 3

EU and USA. This table shows that lactose uses in the EU are more diver-
sifi ed than in the USA. The excess of available lactose from whey over the 
current market size shows that there is still a surplus of lactose world wide. 
This is refl ected in the price of lactose. Figure 24.2 shows the price of lactose 
in the USA since 2004 (Anon., 2008b). The increase in lactose price in 2007 
has been attributed to two effects. The fi rst was the overall high prices being 
paid for all dairy products world wide and the second was the effect of 
protein standardization of milk powders which saw a lot of lactose being 
taken out of the traditional markets and instead being used in milk powders. 
The price of lactose started to approach the price of skim milk powder as 
this became the default use. However, it did not take long for more lactose 
plants to come on stream and bring the price back down to its traditional 
level. It is an interesting debate on the laws of supply and demand as to 
what the true value of lactose is.

When added to skim milk powder or whole milk power to standardize 
the powders’ protein content (lactose is added so that the protein content 
matches the specifi ed minimum for the product), its inherent value is up to 
the price of SMP or WMP. However, if the dairy factory has to sell any 
excess lactose production, the market value is only a fraction of this value. 
This leads to many debates as to what price lactose should be priced at 
within a company when deciding whether to invest in capital to recover 
lactose.

The large world wide over-supply of lactose and the unacceptability of 
discharging lactose-rich streams with their high biological oxygen demand 
into waste waters means that alternative uses for lactose are actively being 
sought. People have been turning to the derivatives of lactose to fi nd useful 
ones that will give a high return. We will now look at the derivatives of 
lactose, how they are formed and why they might prove to be useful as 
alternative products.

Figure 24.3, adapted from Gänzle et al. (2008), shows the relationship of 
the various derivatives that can be made from lactose. Table 24.2 shows the 
derivative market size for 2007 and that predicted for 2010 by Affertsholt 
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Fig. 24.2 International price of edible grade lactose from 2003 to 2008 in 
euros/tonne.

(2008) with the exception of tagatose which was not included in the report. 
Independent estimates for tagatose from the authors have been included 
as we see this product, along with the galacto oligosaccharides as being the 
main products with potential to develop into substantial markets.

The fi rst improvements to milk powder to turn it into an infant formula 
were made by Henry Nestlé by the addition of lactose to make infant 
formula closer to that of human milk. There have been studies done which 
demonstrate that babies do better on human breast milk than on infant 
formula in terms of brain development and general health in that their 
ability to fi ght off gastrointestinal upsets appears to be better (Benno and 
Mitsuoka, 1986; Bouhnik et al., 1994). This has been traced back to the 
levels of oligosaccharides in human breast milk, especially during the fi rst 
few weeks when the colostrum is being expressed. Research has shown that 
there are over 130 different oligosaccharides, including sialic acid, 
N-acetylglucosamine, L-fucose, D-glucose and D-galactose in human milk 
(Kunz et al., 2000; Kunz and Rudloff, 2006; MacFarlane et al., 2006). These 
oligosaccharides have been shown to be responsible for the production 
of a healthy lower intestine fl ora of bacteria rich in bifi dobacteria and 
lactobacillus strains which are now known to restrict the growth of 
enteropathogens.

In an effort to try to make the infant formulas more like human milk, 
there has been a lot of research conducted looking at the effectiveness of 
different oligosaccharides at mimicking these effects (Hawkins, 1993; 
Rowland and Tanaka, 1993; Van Loo et al., 1999; Kunz et al., 2000; Gopal 
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Table 24.2 Lactose derivatives market for 2007 and predictions for 2010 
(Affertsholt, 2008)

2007 2010

Volume MT Value MUSD Volume MT Value MUSD

Galactose 10 0.45–0.6 10–11 0.45–0.7
Lactulose 30–40 000 160–176 36–42 000 180–190
Lactitol 10–11 000 40–50 11–12 000 44–55
Lactobionic acid N/A N/A N/A N/A
GOS 25 000 135–170 33–43 000 180–290
Lactic acid 170 000 238–425 196–226 000 270–560
Lactosucrose 3 500 28 4–4 600 32–37
Tagatose 900 1.3 20–30 000* 37.5

* Author’s estimate by 2015 rather than 2010.
MT = metric tonne.
MUSD = million US dollars.

et al., 2001; Rivero-Urgell and Santamaria-Orleans, 2001; Playne et al., 2003; 
Rastall, 2003; Tuohy et al., 2005; Veereman-Wauters, 2005; Bode, 2006; 
Kunz and Rudloff, 2006; MacFarlane et al., 2006, 2008; Moro et al., 2006; 
Shoaf et al., 2006; Boehm, 2008; Gänzle et al., 2008; Schaafsma, 2008). These 
oligosaccharides come from many sources, such as lactose, corn syrups, 
soya beans and sugar beet, among others. The forms vary from gluco-oli-
gosaccharides, galacto-oligosaccharides (GOS), fructo-oligosaccharides 
(FOS) and xylo-oligosaccharides. These oligosaccharides have all been 
shown to have prebiotic benefi ts to greater or lesser extents.

There have been several reviews written recently in this area that are 
well worth a read for anyone seeking a background in the advantages of 
using oligosaccharides as prebiotics in general. (Hawkins, 1993; Rowland 
and Tanaka, 1993; Sako et al., 1999; Kunz et al., 2000; Rivero-Urgell and 
Santamaria-Orleans, 2001; Rastall, 2003; Tuohy et al., 2005; Bode, 2006; 
Kunz and Rudloff, 2006; MacFarlane et al., 2006, 2008; Boehm, 2008; Gänzle 
et al., 2008; Schaafsma, 2008). Tomomatsu (1994) has reviewed the early 
work, which has included trials on humans as well as in vitro work. The 
benefi ts attributed to the addition of GOS and FOS types include; the 
preferential growth of bifi dobacteria leading to a reduction of detrimental 
bacteria in the gut which in turn leads to less toxic metabolites and cancer-
ous substances, protection of the liver (due to less toxic material for the 
liver to deal with). The increased numbers of bifi dobacteria has also been 
associated with the prevention of constipation, a reduction of serum cho-
lesterol, the reduction of blood pressure and the production of nutrients.

The review of Rivero-Urgell and Santamaria-Orleans (2001) covers in 
detail the research into the advantges that adding oligosaccharides to infant 
formulas.
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24.2 Galacto-oligosaccharides

In general, galacto-oligosaccharides have been shown to have mainly ben-
efi cial effects on the human gut fl ora and most of the benefi ts can be traced 
back to the fact that they are preferred as a food source by the bifi dobac-
teria and they are not consumed by the harmful bacteria. GOS are usually 
made from lactose by enzymatic hydrolysis (see Fig. 24.3) using 
β-galactosidases which come from many different sources including bacte-
ria and fungi. Each β-galactosidase behaves differently and produces a 
different mixture of GOS, glucose and galactose, and the mixture also 
depends on how long and under what conditions the hydrolysis is carried 
out. Most commercially available β-galactosidases have been selected to 
give high yields of glucose and galactose, but recent research has shown 
that high levels of GOS can be produced using high concentrations of 
lactose at the start of the reaction and higher temperatures (60°C), and 
stopping the reaction when 70 to 80% complete. Note: if left to continue, 
the β-galactosidases generally start to break down the GOS structure into 
galatose units.

As an example of the mixtures of GOS that are generated by different 
β-galactosidases, Boon et al. (2000) states ‘Clear differences between the 
β-galactosidases were found concerning amount, size, and type of oligosac-
charides produced. The β-galactosidases from Bacillus circulans produced 
the most abundant amount, the most different, and largest-sized oligosac-
charides. The β-galactosidases from Kluyveromyces spp. produced mainly 
trisaccharides.’ There is a large literature body on this subject and little is 
gained by discussing it in detail here. As an example, Onishi and Tanaka 
(1996) screened 19 different β-galactosidases from different organisms and 
looked at the yields that could be obtained from lactose as well as the 
mixtures of GOS formed. This whole area is an active area of research as 
dairy companies try to fi nd the best mix of GOS to add to infant formulas 
and the right β-galactosidase or mixture of β-galactosidases to make the 
desired mixture of GOS.

24.3 Lactulose

Lactulose is the fi rst lactose derivative that was commercially produced. As 
seen in Fig. 24.3, lactulose is made by isomerization of lactose. This is 
usually carried out in alkaline solutions with boric acid added to prevent 
side reactions (Kozempel and Kurantz, 1993; Kozempel et al., 1995, 1999). 
The conversion yield has always been low at less than 30% and there are 
problems with the degradation of the lactulose to galactose and isosaccha-
rinic acids (Harju, 1992). An alternative enzyme route has been reported 
by several authors (Lee et al., 2004; Mayer et al., 2004; Kim et al., 2006). 
Lactulose purifi cation normally requires several different steps though 
a simpler chromatographic separation method for the purifi cation of 
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lactulose has also been patented (Heikkilä et al., 2007). The product is 
normally sold in a syrup form due to problems encountered when crystal-
lizing and drying it (Harju, 1992).

It was used as a treatment of chronic portal-systemic encephalopathy by 
Conn et al. (1977) who found it to be quite effective. This was confi rmed 
in a full review of lactulose health effects given by Havernaar and van 
Dokkam (2001). It appears that lactulose behaves in the gut in a similar 
manner to GOS, in that it is not digested in the upper intestine and has 
been shown to increase the levels of bifi diobacteria in the lower intestine. 
Studies have been carried out using lactulose as an additive to infant 
formula with positive results. The other main use of lactulose is in the treat-
ment of constipation. Lactulose has been shown to have a safe laxative 
effect when used at about 20 gm per day dosage. It is especially good for 
pregnant women as it is not adsorbed through the intestinal lining. 
Consequently, it does not reach the foetus and it has not been found in 
breast milk. Higher dosage levels can lead to diarrhoea.

24.4 Lactitol

The fi rst probable description of lactitol dihydrate was reported by 
Senderens (1920) with the anhydrous (Karrer and Büchi, 1937; Wolfrom et
al., 1938), monohydrate (van Velthuijsen, 1979) and trihydrate (Kawashima 
et al., 1991) forms appearing subsequently in the literature. It was not until 
the 1980s that lactitol was developed into a commercial product, with appli-
cations as a sugar alcohol for use in confectionery, medical treatments and 
pharmaceutical formulations.

Lactitol is prepared by the catalytic reduction of lactose using hydrogen 
under high pressure. A lactose solution is hydrogenated at 100°C for 6 hrs 
at 8825 kPa using a Raney nickel catalyst. The catalyst is then fi ltered off 
and the resulting lactitol solution is purifi ed by ion-exchange and activated 
carbon steps. Evaporation and crystallization of the liquor yields the mono-
hydrate product (van Velthuijsen, 1979). Manipulation of the crystallization 
conditions allows production of lactitol as the monohydrate, dihydrate 
(Blankers, 1995) or anhydrous form (Myers et al., 2005). Extensive lactitol 
technical data is provided by van Velthuijsen (1979).

Lactitol is not a reducing sugar and is relatively stable to heat, acids, and 
bases, and to Maillard-type reactions. The relative sweetness is about 35% 
as compared with sucrose, although the exact value varies with concentra-
tion (van Velthuijsen, 1979). Lactitol has been approved by the FAO/WHO 
Expert Committee of Food Additives, with its accepted daily intake being 
recorded as ‘not specifi ed’ (IDF, 1983).

Lactitol has a probiotic effect in the human gut in that it reaches the 
colon intact and is fermented by specifi c bacterial species (Gibson and 
Roberfroid, 1995). Over 95% of ingested lactitol passes through to the 
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colon where it is fermented primarily by Lactobacillus and Bifi dobacter
species, thus increasing their numbers. Such changes in the microfl ora com-
position positively affect health through specifi c alterations of the colonic 
environment that may include a reduction in pH and an inhibition in the 
production of ammonia (Kitler et al., 1992). Lactitol does not cause hyper-
glycaemia and hyperinsulinaemia. The maximum metabolic energy derived 
from lactitol reaching the colon is 8 kJ/g (2 kcal/g) which is half that of 
carbohydrates.

A signifi cant use of lactitol is in the prevention of dental caries. In vitro
studies have shown much reduced demineralization of dental enamel 
mineral compared with other sugars (Grenby et al., 1989). The same workers 
studied the cariogenicity of lactitol in rats and concluded that substitution 
of lactitol for sucrose signifi cantly reduced dental decay. These studies 
demonstrated the suitability of lactitol for use in chewing gums and allied 
confectionery. There are many other applications of lactitol in chocolate, 
baked goods and other products and these have been recently reviewed 
(Young, 2006). It is notable that of the new products destined for market 
in recent years, almost three-quarters were aimed at the low-calorie sector 
(Affertsholt, 2007).

Lactitol may also be used as a pharmaceutical excipent, although it is 
typically more expensive than pharmaceutical grades of lactose. 
Consequently, its use is normally restricted to applications that exploit the 
low hydroscopicity of this sugar alcohol: namely, tablet preparations con-
taining moisture-sensitive active compounds. In parallel with lactose, crys-
talline forms of lactitol produce tablets with poor hardness and friability 
characteristics. To overcome this, methods have been devised to create 
directly compressible lactitol forms that produce acceptable tablets (Oliger 
and Pearson, 1998).

Current production stands at about 10 000 tons per annum (Affertsholt, 
2007).

24.5 Lactobionic acid

Lactobionic acid (4-O-ß-D-galactopyranosyl-D-gluconic acid ) is rarely 
found in nature. It was fi rst described from a chemical synthesis (Fischer 
and Meyer, 1889) as an oxidation product of the lactose free aldehyde 
group (Harju et al., 1993). A number of other preparation methods have 
since been described, including the use of lactose oxidase systems from 
various bacterial species, an example of which is the glucose/fructose oxi-
doreductase system from Zymomonas mobilis (Satory et al., 1997), but 
there are many other lactose oxidase systems from other bacterial species.

Lactobionic acid is a strong metal chelator. Consequently, a primary use 
of lactobionic acid is as a component of solutions used to stabilize organs 
prior to transplantation. The acid’s strong metal chelating properties means 
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it acts to reduce the oxidative damage during storage and preservation 
(Southard and Belzer, 1995). It is also used for preparing the lactobionate 
salts of macrolide antibiotics, most notably erythromycin, thereby increas-
ing their solubilities.

Though a number of product applications have been demonstrated for 
lactobionic acid, none have had signifi cant commercial uptake. A small 
number of companies manufacture about 1000MT/yr (Affertsholt, 2007). 
This limited tonnage of lactobionic acid in commercial products makes little 
impact on global lactose stocks.

24.6 Hydrolyzed lactose

Over the last 100 years there has been a massive increase in cheese produc-
tion and with it, vast volumes of whey. The development of ultrafi ltration 
membrane systems has allowed the protein from this stream to be captured 
and manufactured into whey protein concentrate grades. The permeate 
from this process is suitable for lactose production. The problem facing 
dairy companies is that lactose markets are frequently out of balance with 
the cheese markets, so fi nding derivatives from lactose has become 
necessary.

The hydrolysis of lactose to glucose and galactose to make sweetening 
syrups can be easily envisaged as a process and a use. In principle, cleavage 
of the glycosidic linkage is all that is required and, although it is simple to 
achieve, lactose hydrolysate has proven to be commercially elusive as a 
product. Lactose may be hydrolyzed either chemically using mineral acids/
strong cation resins in the hydrogen form, or enzymatically with 
β-galactosidase, yielding the monosaccharides in equimolar proportions. 
However, due to the processing conditions employed, oligosaccharides may 
be formed and Maillard-type side reactions can occur. Many reports have 
been published and patents fi led covering this subject matter and so the 
reader is referred to comprehensive reviews for details on the history of 
this product and hydrolysis processes (IDF, 1993; Gänzle et al., 2008).

The problem with hydrolyzed lactose sweeteners is that, given a product 
price comparison with corn-derived high fructose syrups, it is unlikely that 
the former will ever gain any signifi cant market presence. It is however 
conceivable that with sweetener markets trending towards more natural 
sources, bulk lactose hydrolysates may eventually become viable. The most 
signifi cant use of lactose hydrolysis technologies is in the production of 
low-lactose milks, in which the lactose is partially removed and the remain-
der broken down by free or immobilized β-galactosidase to give a product 
acceptable to the lactose intolerant/malabsorbing community.

Although there are very few stand-alone plants operating anywhere 
around the world, lactose hydrolysis processes are found integrated into 
other higher-value lactose derivative processes.
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24.7 Tagatose

The last few decades have seen a considerable increase in rates of both 
adult and child obesity in the Western World due to the ready availability 
of foods and sedentary lifestyles. This is of major concern because of the 
strains it places on the health of the patient, medical services and the social 
cost. A reduction of calorifi c intake is desirable for some of these individu-
als and low-calorie sweeteners have a clear part to play. There are many of 
these sweeteners currently on the market though new entrants are of par-
ticular interest if they impart additional health, functionality and/or sensory 
advantages.

D-Tagatose is a ketohexose sugar, a stereoisomer of D-fructose. It was 
fi rst detected in a gum from the cacao tree, Sterculia setigera (Hirst et al.,
1949) and subsequently isolated from many other sources. The range of 
these sources is varied but primarily encompasses fruit at the higher end of 
the scale and dairy products at the other (Skytte, 2006), with the notable 
exception of sterilized milk (Troyano et al., 1996). Clearly, the consumption 
of tagatose has always been a natural part of human and animal diets.

Tagatose was recognized as a promising candidate during a search for 
alternative sweeteners by the American company Biospherix. Patents cov-
ering its production soon followed (Beadle et al., 1991, 1992). The devised 
production scheme is revealed in these patents and a submission made to 
the UK Advisory Committee on Novel Foods and Processes (Bär, 2004). 
In essence, lactose is hydrolyzed using β-galactosidase and the resulting 
saccharides separated by simulated moving bed chromatography (SMBC), 
a purifi cation technique that can achieve high yield and purity on a continu-
ous running basis. The galactose fraction is isomerized by the addition of 
calcium hydroxide, which raises the solution pH, complexes with the taga-
tose formed and, as a result, moves the equilibrium towards product forma-
tion. This complex precipitates and can be harvested. The tagatose is then 
released by sparging the system with carbon dioxide gas, calcium carbonate 
being produced as a by-product. Purifi cation of the tagatose is achieved 
using a further SMBC elution, ion exchange and activated carbon treat-
ment. Evaporation to an elevated solids level, crystallization and centrifu-
gal extraction of the crystals complete the purifi cation process.

In 1996, Arla Food Ingredients acquired the tagatose production rights 
from Biospherix. SweetGredients, an Arla/Nordzucker joint company, built 
a large pilot plant at Nordstemmen, Germany that by 2004 was producing 
enough tagatose to provide customers with trial quantities. In 2006 produc-
tion ceased due to the unfavorable economics of this process.

Simultaneously, other parties had been working on an enzymatic method 
for tagatose production. Arabinose isomerase (EC 5.3.1.4) normally cata-
lyzes the conversion of L-arabinose to L-ribulose but it can also mediate 
the conversion of D-galactose into D-tagatose. Particular interest has been 
taken in arabinose isomerase enzymes from thermophilic bacterial species 
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(Lim et al., 2007), and two notable patents have appeared using enzymes 
from Thermoanaerobacter mathranii (Bertelsen et al., 2006) and Thermotoga
neapolitana (Pyun et al., 2005) respectively.

Since 2007, the Belgian company Nutrilab has been small-scale manu-
facturing tagatose using an undisclosed enzymatic process and expects to 
have a plant producing some 10 000 tonnes annually by September 2009 
(Halliday, 2008). Biospherix have formed an association with Inalco (Italy) 
covering the immediate provision and long-term supply of tagatose (Anon., 
2008a). As previously mentioned, tagatose has been advocated as an alter-
native sweetener. The US Food and Drug Administration has acknowl-
edged ‘Generally Regarded As Safe’ (GRAS) status for tagatose as a food 
additive, with specifi ed use levels (Rulis, 2001). On consumption, about
20% of the tagatose is absorbed through the ileum and is metabolized in 
the liver by the same  metabolic pathway as for fructose. The majority, 
however, reaches the colon, where tagatose has been shown to demonstrate 
probiotic activity and be fermented ultimately into short-chain fatty acids 
(Venema et al., 2005). The metabolic energy value has been determined as 
6 kJ/g (1.5 kcal/g), a value that was accepted by the US FDA with ‘no 
objections’. The US FDA has also amended a directive on dental caries to 
include tagatose (FDA 2003).

Tagatose has 92% of the sweetness of sucrose when compared as a 10% 
solution. It has a slightly faster taste onset but the fl avour is sucrose-like, 
with no after-taste. In common with the polyols, tagatose is a probiotic and 
non-carcinogenic but does not have a laxative effect when consumed in 
moderate amounts (Levin et al., 1995). Tagatose is also known to enhance 
fl avours in confectionery systems (Rosenplenter and Mende, 2004) and, as 
a reducing sugar, will undergo Maillard type browning reactions when 
combined in food systems.

Application patents have appeared relating to the use of tagatose 
(Howling and Callagan, 2002; Vigh and Andersen, 2002, 2007). The wide 
range of applications indicated include biscuits and cakes, ready-to-eat 
snacks, chocolate and wider confectionery products, but given tagatose 
supply constraints, few products are currently on the market.

A more recent development is the use of tagatose as a treatment for 
Type 2 diabetes due to its benefi cial effects on postprandial hyperglycaemia 
and hyperinsulinaemia (Lu et al., 2008). Studies also showed promise in 
inducing weight loss and raising high-density lipoprotein cholesterol. If a 
current phase 3 clinical trial that is scheduled for completion at the end of 
2009 demonstrates the effi cacy of D-tagatose, Spherix plans to source 
further material from Inalco (Italy) over the longer term. Spherix is seeking 
approval from the US Food and Drug Administration (FDA) in order to 
market D-tagatose as a drug in the USA. If approval of the New Drug 
Application is granted, an application for approval of D-tagatose to treat 
diabetes in the European Union (EU) may follow (Spherix, 2008).
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Of all the lactose derivatives, tagatose has the potential to use large 
tonnages of lactose. The chemical properties of this compound coupled 
with excellent biological acceptance and wide applicability in foodstuffs and 
specifi c medical treatments explain the strong interest by academic and 
industrial groups.

24.8 Lactose as a fermentation substrate

Lactose is used to commercially produce ethanol, with the potable alcohol 
grade having been produced from lactose in New Zealand for over twenty 
years. When the price of lactose rose in 2007, this became a marginal opera-
tion and consideration was given to stopping the process, but with the price 
of lactose dropping again during 2008/9, potable alcohol has returned to 
being a profi table process. The low price of lactose means that it can be 
considered as a viable substrate for the production of bioethanol and 
several other fermented products. In these cases, the lactose must compete 
against other cheap carbohydrate sources such as corn syrup and sucrose. 
It will be an interesting market over the next ten years as the demand for 
bioethanol climbs. This will affect the price of all carbohydrate substrates 
either directly as a competitor substrate or through the cost of the raw 
materials as the price of food rises in response to less food being grown. It 
is unlikely that lactose can ultimately compete as a fermentation substrate 
for many products as it is cheaper to produce glucose substrates from other 
sources, such as corn syrups. For this reason, for lactose to be used as a 
preferred carbon source, the product being produced needs to be made 
using bacteria that preferentially utilize lactose. The only commercial 
product that falls into this category at present is nisin.

Nisin is a naturally occurring antibiotic that consists of a group of 
polypeptides that have antibiotic properties. Its structure has been given 
by (Gross and Morell, 1971) and is shown in Fig. 24.4, while (Liu and 
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Hansen, 1990) have covered the chemical and physical properties of nisin. 
Nisin is made by growing Lactococcus lactis on milk and then concentrating 
and drying the nisin from the solution. The resultant dried product is milled 
and standardized with salt (NaCl) so that the nisin is about 2.5%, with 
77.5% salt and non-fat dry milk (12% protein and 6% carbohydrate) and 
less than 3% moisture (Chen and Hoover, 2003). Nisin is the only antibiotic 
that is allowed to be added to foods in the USA and it has also been 
approved for use in at least 50 other countries (Delves-Broughton et al.,
1996; Fennema, 1996). The use of nisin has been researched for many 
applications. It has been found to be active against gram positive bacteria 
but it is not effective against gram negative bacteria or some strains of 
clostridia. It does stop spore formation in the gram positive bacteria and it 
has found use in high-moisture processed cheeses to stop the outgrowth of 
Clostridium botulinum spores. (Scott and Taylor, 1981; Stevens et al., 1991, 
1992; Cutter and Siragusa, 1995; Delves-Broughton et al., 1996; Fennema, 
1996; Chavasirikunton et al., 2006; Rydlo et al., 2006) Other uses include: a 
wide range of heat-processed foods such as fresh milk, processed cheese 
and other dairy products, pasteurized liquid eggs, processed meat, seafood, 
canned food, fruit drinks, plant protein drinks, baked products, instant 
food, beer, wine, a preservative in gelatin processing, cosmetics, drugs and 
health products. It has been found to be non-toxic to humans and, because 
it is currently the only naturally occurring antimicrobial agent that has been 
approved to be added to food, it is expected that the production of nisin is 
likely to rise with time, although there are alternative peptide products 
looking to break into the market (Rydlo et al., 2006). It is currently esti-
mated that the world market is 60 to 70 tonnes per year at about $350 US 
per kg.

The only drawback for nisin is that it is not effective when applied to 
meat. It is thought to be inactivated by the enzymatic reaction with glutath-
ione (Rayman et al., 1983; Rose et al., 1999, 2002).
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Protein interactions and functionality of 
milk protein products
H. Singh, Massey University, New Zealand

Abstract: Milk proteins are nutritionally important and provide a wide range of 
dynamic functional properties which are widely exploited by the food industry. 
Several methods for the industrial-scale production of milk proteins have been 
developed over the last 40 years. As a result, a vast range of milk protein 
products, specifi cally designed for particular applications, is manufactured by the 
dairy industry. These products include the traditional milk protein products, such 
as skim milk powder and whey powders, and higher protein products, such as 
caseins and caseinates, whey protein concentrates and isolates and milk protein 
concentrates and isolates. The processes used in the manufacture of these 
products can modify the native structures of proteins which can lead to further 
protein–protein interactions, consequently impacting on the protein functionality. 
This chapter provides an overview of the manufacture, composition and 
functionality of milk protein products and milk powders. It also considers 
possible interactions of proteins during the manufacture of milk protein products 
and their consequences for the functional properties and applications of the 
products.

Key words: milk proteins, milk powders, functionality, interactions, processing, 
food systems.

25.1 Introduction

The major component of milk is water; the remainder consists of fat, lactose 
and protein (casein and whey proteins). Milk also contains smaller quanti-
ties of minerals, specifi c blood proteins, enzymes and small intermediates 
of mammary synthesis. The composition of milk varies with the breed of 
the cow, the progress of lactation, the kind and quantity of feed, and mas-
titis (Walstra and Jenness, 1984).

Normal bovine milk contains about 3.5% protein, which can be fraction-
ated into caseins and whey proteins. Caseins can be fractionated into four 
distinct proteins, αs1-, αs2-, β- and κ-casein, all of which are phosphoproteins 



 Protein interactions and functionality of milk protein products 645

with the phosphate groups being esterifi ed to the serine residues. The 
phosphate groups bind large amounts of calcium, and are important to the 
structure of casein micelles. Casein micelles are coarse colloidal particles, 
with diameters ranging from 80 to 300 nm (average ~150 nm). On a dry 
weight basis, the micelles consist of ~94% protein and ~6% small ions, 
principally calcium, phosphate, magnesium and citrate, referred to collec-
tively as colloidal calcium phosphate (CCP).

The precise structure of the casein micelle is debatable; a number of 
models have been proposed over the past 45 years. These models include 
coat–core models, which postulate that the interior of the micelle is com-
posed of proteins that are different from those on the exterior, and sub-unit 
structure models, to which the term sub-micelle is attached (see Rollema, 
1992; Fox and McSweeney, 1998, 2003; de Kruif and Holt, 2003; Horne, 
2009). Other models consider the micelle as a porous network of proteins 
(of no fi xed conformation); the calcium phosphate nanoclusters are respon-
sible for cross-linking the protein and holding the network together (Holt, 
1992). A model proposed by Horne (1998) assumes that the assembly of 
the casein micelle is governed by a balance of electrostatic and hydrophobic 
interactions between casein molecules; αs1-, αs2- and β-caseins consist of 
distinct hydrophobic and hydrophilic regions. Two or more hydrophobic 
regions from different molecules form a bonded cluster. Growth of these 
polymers is inhibited by the protein charge residues, the repulsion of which 
pushes up the interaction free energy. Neutralization of the phosphoserine 
clusters by incorporation into the CCP diminishes that free energy and 
produces a second type of cross-linking bridge. κ-Casein acts as a termina-
tor for both types of growth, as it contains neither a phosphoserine cluster 
nor another hydrophobic anchor point.

A common factor in all models is that most of the κ-casein appears to 
be present on the surface of the casein micelles. The hydrophilic, C-terminal, 
part of κ-casein is assumed to protrude 5–10 nm from the micelle surface 
into the surrounding solvent, giving the micelle a ‘hairy’ appearance. The 
highly charged fl exible ‘hairs’ physically prevent the approach and interac-
tions of hydrophobic regions of the casein molecules. Removal of the hairs 
by cleavage with rennet or their collapse in ethanol destroys the stabiliza-
tion effect of κ-casein, allowing micelles to interact and aggregate (see de 
Kruif and Holt, 2003).

Field emission scanning electron microscopy has shown a complex 
surface structure of the casein micelles, with cylindrical or tubular protru-
sions between 10 and 20 nm in diameter extending from the surface 
(Dalgleish et al., 2004).

The principal fractions of whey proteins are β-lactoglobulin (β-LG), 
bovine serum albumin (BSA), α-lactalbumin (α-LA) and immunoglobulins 
(Igs). Major reviews covering the structures and properties of the whey 
proteins have been published (see Kinsella and Whitehead, 1989; Hambling 
et al., 1992; Edwards et al., 2009). β-LG is the most abundant whey protein, 
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represents about 50% of the total whey protein in bovine milk, has a 
molecular weight of 18 000 Da and contains two internal disulphide bonds 
and a single free thiol group.

Milk salts consist mainly of chlorides, phosphates, citrates and bicarbo-
nates of sodium, potassium, calcium and magnesium. Some of the milk salts 
(i.e. the chlorides of sodium and potassium) are soluble and are present 
almost entirely as ions dissolved in milk whey. Others, calcium and phos-
phate in particular, are much less soluble and, at the normal pH of milk, 
exist partly in dissolved form and partly in insoluble (i.e. colloidal) form, 
in close association with the casein micelles (Walstra and Jenness, 1984).

Lactose is found in cows’ milk at levels of about 5% and makes a major 
contribution to the colligative properties of milk (osmotic pressure, freezing 
point depression, boiling point elevation). For example, it accounts for 
about 50% of the osmotic pressure of milk. Compared with many other 
sugars, lactose is relatively less soluble in water; its solubility at 25°C is 
only 17.8 g per 100 g solution. This relatively low solubility can cause some 
manufacturing problems because lactose crystals are gritty in texture. 
Crystallization of lactose is also responsible for caking and lumping of dried 
milk during storage, particularly if moisture is absorbed from the air. 
Lactose, like other reducing sugars, can react with free amino groups of 
proteins to give products that are brown in colour (Walstra and Jenness, 
1984).

The macro-constituents of milk (proteins, lipids and lactose) can be 
fractionated readily and are used widely as food ingredients. The proteins 
of milk are the most valuable components, and several methods for the 
industrial-scale production of milk proteins have been developed. Milk 
proteins are used in nutritional, nutraceutical and functional applications. 
This chapter provides an overview of the manufacture, composition and 
functionality of milk protein products and milk powders. The chapter also 
considers possible interactions of proteins during the manufacture of milk 
protein products and their consequences for the functional properties and 
applications of the products.

25.2 Milk protein products and powders

A milk protein product can be defi ned as a dried material that can be added 
as an ingredient in dairy products or other foods to achieve certain nutri-
tional and/or functional properties. A vast range of milk protein products, 
specifi cally designed for particular applications, is manufactured by the 
dairy industry. Many different grades and types of caseins and caseinates, 
whey protein concentrates and isolates, milk protein concentrates and iso-
lates, and hydrolyzed proteins can be manufactured, by altering processing 
steps during manufacture, as shown in Fig. 25.1. These protein products 
vary with respect to the concentration of protein, minerals, lipids and 
lactose.
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The traditional milk protein products, skim milk powder (SMP) and 
whey powders, have a long history of use as ingredients in a vast range of 
food systems from beverages to meat, confectionery, ice cream and bakery 
products. SMPs are commonly classifi ed as low, medium or high heat 
powder on the basis of their whey protein nitrogen index (WPNI). High 
protein milk powders with protein content in the range 50–85% are com-
monly referred to as milk protein concentrates (MPCs) and may be classi-
fi ed as MPC56, MPC70 and MPC85; the number denotes the approximate 
protein concentration. The compositions of various types of milk powders 
are given in Table 25.1.

The manufacturing processes for SMP consist of several distinct stages 
(Fig. 25.2): (i) separation and pasteurization of the raw milk into desired 
components for fi nal product specifi cations, (ii) preheat treatment of the 
milk for a set time/temperature combination, (iii) concentration of the milk 
by multiple-effect evaporator, (iv) heat treatment of the concentrate to 
reduce the viscosity prior to its entry into the spray drier, and (v) spray 
drying of the concentrate.

Milk powders are used in a number of applications (Baldwin and Pearce, 
2005; Oldfi eld and Singh, 2005; Singh, 2007). In recombining applications, 
SMP and anhydrous milk fat are mixed together by dissolving them in water 
(reconstitution) and homogenizing. The products that can be made include 
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rennet coagulation
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concentrates
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Fig. 25.1 Functional protein powders from milk.
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recombined evaporated milk (REM), recombined milks, recombined 
sweetened condensed milk, yoghurt, cheese and fermented milk beverages. 
Milk powders can also be used as functional ingredients in a wide variety 
of foods, e.g. chocolate, bakery, beverages and confectionery. Milk powders 
may be used by consumers directly at home by mixing milk powder and 
water. Alternatively, milk powder can be used as a whitener by adding it 
directly to hot coffee or tea. For household use, the powders are instantized 
during spray drying by lecithination and agglomeration, so that they dis-
solve rapidly in water at room temperature.

In the manufacture of MPC, skim milk is concentrated by ultrafi ltration 
(UF) to increase the protein content and to remove lactose and salts 

Table 25.1 Typical compositions of milk powders

Product SMP MPC56 MPC70 MPC85

Milk fat 0.8 1.3 1.4 1.0
Protein 34.0 57.1 70.0 85.0
Lactose 53.5 30.1 17.0 3.0
Minerals (ash) 7.9 7.7 7.2 7.0
Moisture 3.8 3.8 4.4 4.0

SMP = skim milk powder; MPC = milk protein concentrate powder.

Skim milk

Separation
Standardization
Pasteurization

MPC

Spray drying 

Evaporation

+

Diafiltration

Ultrafiltration
Preheating

(low/med/high)

Evaporation
45-50% TS

Concentrate
Heating

Spray drying

SMP

Milk

Fig. 25.2 Manufacturing processes for a typical skim milk powder (SMP) or milk 
protein concentrate powder (MPC).
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(Fig. 25.2). In the manufacture of higher protein powders (normally above 
70% protein on a dry powder basis), diafi ltration (DF) is usually applied. 
In general, no preheating step is involved. After UF and DF of the skim 
milk, the retentate is evaporated to remove more water and then spray 
dried.

MPCs are commonly added to milk or cheese formulations to enhance 
the protein content and/or the yield of the fi nal product. MPC can be used 
to enhance the textural characteristics of yoghurts. The use of MPCs in 
nutritional drinks is growing. In this application, MPC provides both casein 
and whey proteins in the same ratio as in milk, but without the high lactose 
content (Baldwin and Pearce, 2005).

The manufacture of whey protein products involves combinations of 
several processes, such as UF, DF, reverse osmosis, ion exchange, evapora-
tion and drying (Hobman, 1992). Commercial whey protein products 
include various whey powders, whey protein concentrates (WPCs), whey 
protein isolates (WPIs) and fractionated proteins, such as α-LA and β-LG
(Mulvihill, 1992). The most important commercial whey protein products 
are WPC (up to about 85% protein) and WPI (approximately 95% protein). 
In addition to α-LA, β-LG, BSA and Igs, these products contain various 
other components, including lipids, lactose and minerals. Typical values for 
the composition of industrial WPCs are shown in Table 25.2.

These products have applications in meat products, beverages, baked 
products and infant foods (Kinsella, 1984; de Wit, 1989). The important 
functional properties of whey protein products include water binding, emul-
sifi cation, foaming and whipping, and gelation. The functional properties 
of whey protein products depend not only on their composition but also on 
various processing treatments during manufacture (de Wit et al., 1996).

Casein, the principal protein in milk, can be extracted via precipitation 
in three ways: (i) by the addition of mineral acid, (ii) by the action of starter 
bacteria which utilize lactose and release lactic acid, and (iii) by the action 
of chymosin or an appropriate microbial protease (see Mulvihill, 1992; 
Mulvihill and Ennis, 2003). The manufacture of mineral acid casein involves 
the acidifi cation of pasteurized skim milk (72°C for 15 s) using sulphuric 

Table 25.2 Typical compositions of whey protein 
concentrate powders (WPCs)

Component Range (%)

Moisture 3.30–4.50
Protein 73.0–86.0
Lactose 0.80–7.60
Total lipids 3.30–7.40
Phospholipids 0.80–1.55
Ash 2.50–5.30
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acid or hydrochloric acid to achieve a pH of approximately 4.6 at 20°C. In 
the manufacture of lactic acid casein, pasteurized skim milk is mixed with 
selected strains of starter bacteria followed by incubation at 22–26°C. The 
bacteria grow in the milk producing lactic acid, which lowers the pH, even-
tually causing isoelectric precipitation. In rennet casein manufacture, calf 
rennet or microbial rennet is added to skim milk, followed by incubation 
at about 30°C. The action of chymosin is to cleave one of the bonds in 
κ-casein, resulting in the aggregation of casein particles.

For all three types of casein, the curd obtained is heated, e.g. by direct 
steam injection, to 50–55°C in order to further promote aggregation of 
casein particles and cause shrinkage. The curd is then washed with water, 
followed by a dewatering process to reduce the moisture content to 50–60%. 
Drying of casein curd is most commonly carried out on horizontal vibrating 
fl uidized bed driers.

Sodium caseinate is usually prepared by solubilizing acid casein with 
NaOH by increasing the pH to 6.7–7.0 to produce a solution of about 23% 
solids. This solution is then spray dried. A similar process is used in calcium 
caseinate manufacture, except that calcium hydroxide is used to neutralize 
the acid casein curd.

A protein product including both casein and whey proteins, known as 
total milk proteinate, may be manufactured by a variation of the process 
described above.

The casein protein products described have a wide range of food ingredi-
ent and industrial applications, many utilizing the emulsifying, water and 
fat binding; and nutritional properties of the proteins (Kinsella, 1984).

25.3 Protein interactions during the manufacture of skim 
milk powder and milk protein concentrate powder

The process of the conversion of milk into powder alters the nature and 
the behaviour of the milk components. The modifi cation of protein struc-
tures, and consequently the interactions of different proteins with each 
other and with non-protein components, are critical in determining the 
functional behaviour of powders. Process-induced changes that occur in 
proteins during powder manufacture have been reviewed recently by Singh 
(2007) and are summarized in Table 25.3.

25.3.1 Preheat treatment
Preheat treatment commonly refers to the heat treatment given to milk 
prior to evaporation and spray drying. The main purpose of preheating is 
to alter the functional properties of the powder, and to raise the milk tem-
perature high enough to ensure that the milk boils in the fi rst effect of the 
evaporator. Heating temperatures range from 72°C for 15 s to 120°C for 
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Table 25.3 Process-induced changes in protein during the manufacture of SMP 
and MPC

Process Effect on milk proteins

Preheating Denaturation of whey proteins; association of whey 
proteins with casein micelles; changes in micelle size, 
transfer of the soluble salts to the colloidal phase; pH 
decrease, lactosylation of proteins

Evaporation Increase in colloidal salts; increase in casein micelle size; 
decrease in pH

Concentrate
heating

Reduction in concentrate viscosity; increase in colloidal 
salts; further aggregation of whey proteins and their 
association with casein micelles

Ultrafi ltration/
Diafi ltration

Swelling of casein micelles, loss of colloidal calcium and 
phosphate into the serum, dissociation of casein micelles, 
aggregation of dissociated caseins during diafi ltration

Spray drying Rapid removal of water; relatively minor changes in 
proteins

2 min. These heat treatments cause a number of competitive and often 
interdependent reactions in milk proteins, and this subject has been dis-
cussed in a number of reviews and books (Fox, 1982; Singh and Creamer, 
1992; Singh and Newstead, 1992; Singh, 1995, 2004; O’Connell and Fox, 
2003; Anema, 2009).

The most important reactions during the preheating of milk proteins are 
the denaturation of the whey proteins, interactions of the whey proteins 
with the casein micelles, and the aggregation/dissociation of the casein 
micelles. The whey proteins in milk vary widely in their susceptibility to 
denaturation; β-LG and α-LA show signifi cant denaturation only at tem-
peratures >70–75°C, whereas BSA and Igs begin to denature at ~65°C. The 
order of sensitivity of various whey proteins to heat-induced denaturation 
has been reported to be: Igs > BSA > β-LG A > β-LG B > α-LA (Dannenberg 
and Kessler, 1988; Oldfi eld et al., 1998a).

The kinetics of denaturation of the whey proteins are quite complex, 
with the reaction characteristics showing marked changes above 80–100°C. 
The denaturation reaction shows a non-linear Arrhenius plot; there is a 
marked change in temperature dependence at about 80–90°C for both 
α-LA and β-LG. The apparent activation energies are in the range 
260–280 kJ/mol for β-LG and 270–280 kJ/mol for α-LA at temperatures 
below 90°C (Dannenberg and Kessler, 1988; Oldfi eld et al., 1998a). At 
higher temperatures, the activation energy is lower, ranging from 54 to 
60 kJ/mol for β-LG and from 55 to 70 kJ/mol for α-LA, indicating chemical 
(aggregation) reactions.
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In the milk powder industry, the extent of denaturation of the whey 
proteins is expressed as the whey powder nitrogen index (WPNI). SMP is 
dissolved in water and then saturated with NaCl solution, followed by fi ltra-
tion, which retains denatured whey proteins and casein. The fi ltrate is 
analyzed for its protein content and the value is expressed as the WPNI, 
which is the quantity of undenatured whey proteins per gram of powder. 
Thus, as the extent of denaturation of the whey proteins increases, the 
WPNI decreases. On the basis of the WPNI, SMPs can be classifi ed into 
low, medium and high heat types.

Following denaturation, the whey proteins can interact with the casein 
micelles, more specifi cally with κ-casein in the micelles. Two disulphide 
bridges and a free thiol group in the native structure of β-LG play an 
important role in these interactions. The interaction between β-LG and 
κ-casein has been shown to involve the formation of disulphide bonds. Heat 
treatment causes native β-LG to interchange into non-native monomer and 
non-native disulphide-bonded dimer, which then interact with κ-casein.

β-LG can also form complexes with αs2-casein and α-LA (Patel et al.,
2006). Through their interactions with micellar κ-casein at the micelle 
surface, some of the denatured whey proteins become associated with the 
casein micelles. Some remain in the serum, where they may form aggregates 
with other whey proteins or with serum κ-casein. When the temperature of 
milk is increased gradually above 70°C, as in an indirect heating system, 
most of the β-LG and most of the α-LA associate with the micelles, whereas, 
when milk is heated rapidly, as in a direct heating system (e.g. direct steam 
injection), only about half of the β-LG and half of the α-LA associate with 
the micelles (Corredig and Dalgleish, 1996; Oldfi eld et al., 1998b).

Oldfi eld et al. (1998b) suggested that there are at least three possible 
species of denatured β-LG that could associate with the micelles: (i) 
unfolded monomeric β-LG, (ii) self-aggregated β-LG and (iii) β-LG/α-LA
aggregates. The relative rates of association of these species with the casein 
micelles depend on temperature and heating rate, which in turn affect the 
relative rates of unfolding and the formation of the various aggregated 
species. At high temperatures and fast heating rates, all whey proteins begin 
to unfold in a short period of time, thus presenting more opportunity for 
unfolded monomeric β-LG to self-aggregate, which consequently is likely 
to associate with the casein micelles less effi ciently. These β-LG aggregates 
could protrude from the micelle surface, providing steric effects for further 
β-LG association. In addition, these aggregates may have their reactive 
sulphydryl group buried within the interior of the aggregate, and therefore 
unavailable for sulphydryl–disulphide interchange reactions with micellar 
κ-casein. The formation of unfolded β-LG may be promoted by long heating 
times at low temperatures, or by heating at a slow rate to the required 
temperature. These unfolded monomeric β-LG molecules would be 
expected to penetrate the κ-casein hairy layer with greater ease and have 
a readily accessible sulphydryl group.
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In addition to time and temperature of heating, several other factors 
infl uence the extent of association of denatured whey protein with the 
casein micelles; these include the pH of the milk prior to heating, levels of 
soluble calcium and phosphate, and the milk solids concentration (Singh, 
1995). Heating at pH values less than 6.7 results in a greater quantity of 
denatured whey proteins associating with the casein micelles, whereas at 
higher pH values, whey protein κ-casein complexes dissociate from the 
micelle surface, apparently because of dissociation of κ-casein (Singh and 
Fox, 1985).

The interactions of whey proteins with the casein micelles causes changes 
in the casein micelle size during heating at temperatures up to 100°C, but 
the change in micelle size is dependent on the pH of the milk at heating, 
which also infl uences the extent of association of denatured whey proteins 
with the micelles. At pH 6.5, where about 70% of the denatured whey 
proteins are associated with the micelles, the average micelle size increases 
by about 35 nm. At pH 6.7, where the level of whey protein association is 
about 30%, the micelle size increases by only about 5 nm (Anema and Li, 
2003).

Association of whey proteins modifi es the surface of the casein micelles 
and is likely to infl uence the functionality of the reconstituted milk powders, 
particularly rennet clotting behaviour, solubility and heat stability.

25.3.2 Evaporation
Falling fi lm evaporators are predominant in the dairy industry and are 
designed to remove as much water from the milk as possible without det-
rimentally affecting the quality of the powder. A falling fi lm evaporator has 
low residence times (typically 3–6 min) and operates under vacuum so that 
boiling temperatures range from 40 to 70°C. About 80% of the water can 
be removed from milk, concentrating it from 9–14% total solids up to 
44–50% total solids.

Evaporation causes a number of changes in the milk system (Singh and 
Newstead, 1992). The pH of the milk decreases during concentration from 
an average initial value of 6.7 to approximately 6.3 at 45% total solids. This 
is partly due to changes in salt equilibria as more calcium phosphate is 
transferred from the soluble state to the colloidal state, with a concomitant 
release of hydrogen ions. There is no signifi cant denaturation of β-LG or 
Ig G during the evaporation of skim milk to 45% total solids, whereas some 
denaturation of α-LA may occur (Oldfi eld et al., 2005). This is considered 
to be partly due to the increased stability of whey proteins at high total 
solids concentrations, because of the stabilizing effect of lactose on the 
protein structure. However, there is an increase in the amounts of β-LG
and α-LA associated with the micelles after evaporation, which can be 
attributed mainly to the decrease in pH during evaporation (Oldfi eld et al.,
2005).
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Casein micelles may increase in size because of the increase in CCP or 
increased association of the whey proteins with the casein micelles. 
Unfortunately, no reliable data on the size distribution of casein micelles 
in highly concentrated systems are available, mainly because of the non-
availability of measurement techniques. In addition, concentrated milk is 
very diffi cult to handle because of its high viscosity and its tendency towards 
age gelation.

Under normal conditions with the evaporation temperatures below 
70°C, the alterations to the proteins are likely to be minor compared with 
those incurred during preheating (Singh and Creamer, 1991a).

25.3.3 Concentration of skim milk by ultra- and diafi ltration
Ultrafi ltration (UF) is a pressure-driven fi ltration process in which porous 
membranes are used to separate the components of a solid–liquid mixture 
on the basis of size and shape. UF membranes are available in many forms 
but tubular membranes are most popular in modern dairy UF plants. These 
membranes are available with wide ranges of porosity and molecular mass: 
UF of skim milk is commonly carried out using membranes with a molecu-
lar weight cut-off of 10 000 Da. By this process, a concentrate of high 
molecular weight (retentate) and a permeate fraction of low molecular 
weight are obtained. UF processing of skim milk allows water, lactose, non-
protein nitrogen compounds and soluble salts to pass through the mem-
brane while retaining casein micelles and whey proteins. Some calcium, 
magnesium, phosphate and citrate are associated with the casein micelles 
in milk, and hence are retained in the concentrate. The temperature of UF 
has an impact on the composition of the concentrate, with higher tempera-
tures resulting in higher permeation rates and lower retention of lower 
molecular weight components. Diafi ltration (DF) is employed to produce 
milk powders with high protein contents, typically over 80%. Purifi ed water 
is commonly used. The number of DF stages and the volume of water used 
are dependent on the design and operation of the UF plant and the fi nal 
product specifi cation.

Relatively little work on the behaviour of the casein micelles during UF/
DF has been reported. Srilaorkul et al. (1991), using electron microscopy, 
showed that the size of the highest proportion of casein micelles (80–100 nm) 
in milk was reduced (to 60–80 nm) at a volume concentration factor of 
about 5. These changes in micelle size were considered to be due mainly to 
the changes in the levels of milk salts, particularly calcium and phosphate. 
In contrast, McKenna (2000) found that there was little change in particle 
size in the early stages of UF, but that the average micelle size increased 
signifi cantly at the end of the UF process, and particularly during DF. 
McKenna (2000) observed a progressive swelling of the casein micelles and 
the formation of non-micellar material.

Figure 25.3 shows a freeze fracture transmission electron micrograph of 
skim milk; roughly spherical particles, i.e. casein micelles, of different sizes 
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are clearly observed (Fig. 25.3a). Mid-way through and after UF, there 
appears to be no considerable change in casein micelle size, but more non-
micellar material can be seen in the micrographs (arrows) (Fig. 25.3b,c). 
After DF, a signifi cant change in the structure of the casein micelles appears 
to take place, with an increase in non-micellar material, and the casein 
micelle appears to be swollen and less dense (Fig. 25.3d). The non-micellar 
material appears to link these micelles together. The dissolution of CCP 
results in loosening of the casein micelle structure and is thus responsible 
for the swelling of the micelles.

25.3.4 Spray drying
Spray drying removes the remaining water in the concentrate to produce a 
powder with 3–5% moisture. Milk concentrate is atomized into a fi ne spray 
that gives a large surface area over which drying can take place. In the 
drying chamber, the droplets are intimately mixed with the incoming hot 
air (150–250°C). Initially, milk droplets dry rapidly at their wet bulb tem-
perature (45–60°C); however, as the droplets progress down the drying 
chamber, they become drier and the particle temperature eventually 
approaches the air temperature at the drier outlet (70–90°C).

(a) (b)

(c) (d)

Fig. 25.3 Freeze fracture transmission electron microscopy of (a) skim milk, (b) 
ultrafi ltrated skim milk (mid-way), (c) ultrafi ltrated skim milk and (d) diafi ltrated 

skim milk (From McKenna, 2000).
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There are a number of different drier confi gurations, with or without 
internal and external fl uidized beds. Two-stage and multi-stage driers are 
more energy effi cient and less damaging to the properties of milk powder 
than single-stage driers.

The drying conditions infl uence powder properties: moisture content, 
solubility, bulk density and powder fl owability (Pisecky, 1997). The outlet 
temperature has a marked effect on powder solubility. Increasing the outlet 
temperature results in poor powder solubility. However, little is known 
about the changes to proteins that occur during spray drying. The native 
properties of the milk components are essentially unmodifi ed by moderate 
drying conditions. The normal size distribution of the casein micelles and 
their heat stabilities and renneting characteristics are substantially recov-
ered on the reconstitution of spray-dried milk.

Under typical drying conditions, whey proteins are not denatured to any 
great extent. Oldfi eld et al. (2005) showed that the denaturation of whey 
proteins during spray drying was minimal with no apparent loss of Ig G 
and only a small loss of BSA (3–7%). Varying the inlet/outlet drier air 
temperature (200/100°C–160/89°C) appears to have no signifi cant effect 
on whey protein denaturation. However, high outlet temperature condi-
tions (>80°C) can cause lactosylation of milk proteins (part of the Maillard 
reaction between proteins and lactose), decreasing their nutritional value 
(Guyomarc’h et al., 2000).

Spray drying would be expected to cause some changes in the salt equi-
libria, possibly an increase in CCP and a decrease in pH. It has been shown 
that the concentrations of soluble calcium and soluble phosphate in recon-
stituted skim milk are about 20% lower than those in the original milk (Le 
Graet and Brule, 1982).

Roller driers can also be used to produce milk powders, but they are 
limited to producing whole milk powders for confectionary, especially 
chocolate, manufacture (Augustin, 2001). Roller-dried whole milk powders 
have a high level of free fat and low solubility, which make them ideal for 
use in chocolate.

25.4 Protein interactions during the manufacture of whey 
protein and casein products

25.4.1 Whey protein products
Sweet or acid whey, derived from cheese or casein production, is used for 
the manufacture of WPCs and WPIs. WPIs can also be manufactured 
directly from skim milk using microfi ltration technology.

There is a range of whey pretreatment processes, such as clarifi cation, 
preheating and pasteurization, that may be carried out to improve fl ux and 
to reduce fouling during UF, and to manipulate the chemical composition 
of the fi nal product. The purpose of centrifugal clarifi cation is to remove 
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particulate matter such as fat, casein fi nes and microorganisms. Preheating 
of whey to at least the temperature of UF is carried out to improve the 
effi ciency of the UF process. These processes are unlikely to have an effect 
on the native structures of the whey proteins.

The clarifi ed whey, particularly in the case of cheese whey, is commonly 
pasteurized at 72°C for 15 s, which is likely to cause denaturation of minor, 
heat-sensitive whey proteins, such as Igs and BSA. In comparison, acid 
whey is generally not pasteurized because such a heat treatment at the 
natural pH of acid whey (pH ~4.6) can result in protein aggregation 
(Hobman, 1992).

UF and DF processes of whey are commonly carried out at ~50°C. This 
temperature is generally considered to be optimum; acceptable fl uxes are 
achieved and thermal denaturation of the whey proteins is avoided. The 
evaporation of whey retentate is carried out using high vacuum, low boiling 
temperature (e.g. 50°C) falling fi lm evaporators, which enable effective 
concentration of the retentate up to 40% total solids (Nielsen, 1988), while 
avoiding thermal denaturation of the whey proteins. Drying of the retentate 
is usually performed using a spray drier fi tted with nozzle atomization. 
Typically, the inlet and outlet air temperatures used are 160–180°C and less 
than 80°C, respectively (Hobman, 1992). As in the case of milk powder 
drying, the temperature of the drying droplets does not exceed 70°C, ensur-
ing no damage to the proteins.

de la Fuente et al. (2002) examined the structural changes in proteins 
during the major steps of WPC manufacture, using size exclusion chroma-
tography combined with multi-angle laser light scattering (SEC–MALLS). 
Samples of acid whey and cheese whey were obtained from commercial 
plants, throughout the WPC process as follows: whey after clarifi cation; 
retentate mid-way through UF/DF; retentate after DF; concentrate after 
evaporation; and WPC after spray drying.

There were some differences in the protein compositions between the 
two types of whey, with the acid casein whey containing lower proportions 
of ‘soluble’ aggregates than the cheese whey. UF/DF processes caused a 
removal of non-protein, low molecular weight components, but had no 
signifi cant effect on protein composition and aggregation. Evaporation and 
spray drying of the retentates caused no signifi cant changes in protein 
denaturation and aggregation. The presence of small amounts of protein 
aggregates in WPC products results from heat treatments applied to milk 
or whey (mainly pasteurization) prior to UF/DF and drying. Therefore, it 
appears that variability in protein denaturation between WPCs is likely to 
arise from heat treatments used in casein and cheese manufacture rather 
than from the WPC manufacturing process.

25.4.2 Casein products
The manufacture of acid casein involves the isoelectric precipitation 
of casein from skim milk, either by direct addition of mineral acid or by 
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acidifi cation by bacterial cultures that ferment lactose to lactic acid. During 
the acidifi cation of milk, many of the physico-chemical properties of casein 
micelles undergo considerable changes. As the pH of skim milk is reduced, 
CCP is dissolved and the caseins are dissociated into the milk serum phase 
(Roefs et al., 1985; Dalgleish and Law, 1988). The extent of dissociation of 
the caseins is dependent on the temperature of acidifi cation; at 30°C, a 
decrease in pH causes virtually no dissociation; at 4°C, about 40% of the 
caseins are dissociated in the serum at pH ~5.5 (Dalgleish and Law, 1988). 
Apparently little change in the average hydrodynamic diameter of the 
casein micelles occurs during acidifi cation of the milk to pH ~5.0 (Roefs 
et al., 1985). The lack of change in the size of the micelles on reducing the 
pH of milk to 5.5 may be due to concomitant swelling of the particles as 
CCP is solubilized.

Aggregation of casein occurs as the isoelectric point (pH 4.6) is 
approached. The pH and the temperature of the curd and whey at separa-
tion determine the properties of the curd (Jablonka and Munro, 1985). 
These effects appear to be related to the level of residual calcium in the 
curd. Below about pH 4.4, almost all of the calcium is lost from the micelle 
at any temperature but above pH 4.4, the loss of calcium is temperature 
sensitive with more calcium being retained at higher temperatures. The 
curd strength follows the same trend, with high calcium being comparable 
with high cohesiveness of the curd. There is an ideal cohesiveness and an 
ideal calcium concentration, which give springy non-sticky curd that holds 
together. If the curd is produced at too acid a pH, it lacks cohesiveness but 
this can be improved to some degree by using a higher cooking tempera-
ture. If not enough acid is added, the curd will be too cohesive (tough and 
unwashable and may be sticky) but this can be improved to some degree 
by using a lower cooking temperature.

In the manufacture of caseinate, fresh acid casein curd or dry acid casein 
is solubilized in a dilute solution of alkali and then spray dried, as described 
earlier. Manufacturing processes for sodium caseinate can vary from pro-
ducer to producer. Differences in the chemical composition between 
batches of sodium caseinate from the same and different manufacturers 
have been found. Lynch et al. (1997) reported some differences in the pro-
fi les obtained by SEC on different batches of sodium caseinate. Lucey 
et al. (2000) examined a range of commercial and laboratory-made sodium 
caseinate samples using a MALLS system. Sodium caseinate solutions, 
analyzed using a MALLS system alone, gave weight-average molar mass 
(Mw) values in the range 1200–4700 kDa and the z-average root-mean-
square radius (Rg) values ranged from ~50 to 120 nm. When these solutions 
were ultracentrifuged at 90 000 g for 1 h, and the subnatants analyzed by 
SEC–MALLS, the Mw values were found to be in the range ~30–575 kDa 
and the Rg values ranged from ~22 to 49 nm. Laboratory-made (never 
dried) sodium caseinate samples had the smallest Mw values, suggesting 
some aggregation of casein molecules during the drying process.
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In the manufacture of rennet casein, the coagulation of milk occurs in 
phases: a primary enzymatic phase, a secondary non-enzymatic phase and 
a less clearly defi ned tertiary phase (Dalgleish, 1992). During the primary 
phase, rennet causes specifi c hydrolysis of κ-casein in the region of the 
phenylalanine105–methionine106 bond, Phe105 supplying the carboxyl group 
and Met106 supplying the amino group, resulting in the formation of two 
peptides of contrasting physical and chemical properties. The glycomac-
ropeptide (GMP) moiety, which comprises amino acid residues 106–169, is 
hydrophilic and diffuses away from the casein micelle after splitting from 
κ-casein and into the serum. The second peptide, para-κ-casein, which 
consists of amino acid residues 1–105, is strongly hydrophobic and remains 
attached to the micelles.

κ-casein hydrolysis during the primary phase alters the properties of the 
casein micelles, rendering them susceptible to aggregation and this marks 
the onset of the secondary phase. Loss of GMP during the primary phase of 
renneting results in loss of about half the negative charge as well as surface 
steric repulsion of κ-casein (Dalgleish, 1984). Consequently, the micelle 
surface becomes more hydrophobic because of the accumulation of para-
κ-casein, and micelle aggregation becomes possible. There is a critical value 
of κ-casein hydrolysis (86–88%) below which the micelles cannot aggregate. 
The action of rennet can be seen as providing ‘hot spots’ (areas on the casein 
micelle surfaces from which the protective GMP moiety has been ‘shaved 
off’) via which the micelles can aggregate, these reactive areas being pro-
duced by the removal of κ-casein from a suffi ciently large area (Dalgleish, 
1992). As the last of the stabilizing surface is removed (i.e. during the 
destruction of the fi nal 10% of the κ-casein), the concentration of micelles 
capable of aggregation and the rate at which they aggregate increase rapidly.

The process of gel assembly during the secondary phase of rennet coagu-
lation appears to involve the formation of small aggregates in which the 
micelles tend to be joined in chains that link together randomly to form a 
network (Green et al., 1978). Initially, linkage of aggregated micelles is 
through bridges, which slowly contract with time, forcing the micelles into 
contact and eventually causing them to partly fuse. This process probably 
progressively strengthens the links between micelles, giving an increase in 
curd fi rmness after coagulation.

The tertiary stage involves the rearrangement of the network and proc-
esses such as syneresis and the non-specifi c proteolysis of the caseins in the 
rennet gel (Dalgleish, 1992).

25.5 Functional properties and applications of milk 
protein products

25.5.1 Skim milk powders
SMPs are used as ingredients in a range of other dairy foods, in particular 
in recombined milk products. SMP is generally mixed with water to the 
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required concentration and other ingredients are added, followed by further 
processing and packaging. Various types of recombined milk products, 
including recombined pasteurized milk, recombined evaporated milk 
(REM), recombined sweetened condensed milk, yoghurt, cheese and ice 
cream, are manufactured using SMP. In fact, recombined analogues of all 
dairy products made from fresh milk can be produced. Among others, the 
functional properties of SMP in these products include solubility, heat 
stability, rennet coagulation, acid gelation and thickening. These properties 
are determined by the physical and chemical properties of the primary 
constituents, namely proteins and lactose, both individually and in combi-
nation, which in turn are affected by the extent of protein interactions 
during powder manufacture.

As the heat stability of SMP is one of the most important functional 
properties in most applications, the following section discusses some key 
aspects of this property.

Heat stability
The heat stability of milk refers to the ability of milk to withstand high 
processing temperatures without visible coagulation or gelation or a large 
increase in viscosity. The heat stability characteristics of reconstituted SMP 
are important when milk powders are used in the manufacture of REM or 
as ingredients in hot beverages, such as custards and soups. However, most 
of the commercial heat stability problems are concerned with recombined 
concentrated products (e.g. REM). The total solids content of REM ranges 
from 26 to 31% and these milks are typically sterilized at 120°C for 
12–23 min. Milk powders reconstituted to normal milk solids (9%) and 
subjected to UHT-type heat treatments or even sterilization heat treat-
ments (120°C) are generally stable. The heat stability aspects of skim milk 
have been studied by several workers and have been reviewed extensively 
(Fox, 1982; Singh and Creamer, 1992; O’Connell and Fox, 2003). A number 
of factors infl uence the heat stability of milk (both normal and concen-
trated). The factors affecting the heat stability of fresh milk and reconsti-
tuted and recombined milks are very similar and hence the vast amount of 
information available on fresh milk can be applied directly to recombined 
milks.

The heat stability of milk is affected by the mineral balance, the lactose, 
urea and protein contents and the milk processing parameters, such as 
preheating and homogenization. Fat per se has no effect on the heat stabil-
ity because skim milk is as stable to heat as the whole milk from which it 
is prepared. However, when fat-containing milk is subsequently homoge-
nized, a clear decrease in heat stability is observed. Some of the important 
factors, particularly those relevant in the manufacture of recombined milks, 
are described next.

The heat coagulation time (HCT) of fresh skim milk at 140°C is 
~14–19 min and is markedly affected by pH. A plot of HCT versus pH 
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typically shows a maximum at around pH 6.6–6.7 and a minimum in the pH 
region 6.8–6.9 (Fig. 25.4). The heat stability of fresh or reconstituted con-
centrated milk is much lower than that of unconcentrated milk but the 
effect of pH is similar, with the maximum heat stability usually occurring 
in the pH range 6.4–6.6. However, concentrated milk is unstable at all pH 
values above 6.8 (Fig. 25.4).

It is widely recognized that preheating improves the heat stability of 
milk, especially when the product is subsequently concentrated. Preheat 
treatments of 80–90°C with holding times of 10–20 min are commonly used. 
However, it has been shown that preheating temperatures in excess of 
100°C with shorter holding times provide better stability in the concen-
trated product. Studies in New Zealand on the effects of preheat treatment 
on the heat stability of REM have shown that heat treatments of 120°C for 
120 s, prior to evaporation and drying of the SMP, result in a heat-stable 
REM (Newstead et al., 1975). Longer periods of preheating at 120°C can 
further improve the heat stability during the early and late parts of the 
season, but decrease the heat stability during the mid-season (Singh and 
Tokley, 1990).

Soluble salts, particularly calcium and phosphate, play an important role 
in the heat stability of milk. Generally, the addition of calcium salts to milk 
decreases the heat stability, whereas a reduction in calcium has a stabilizing 
effect. Concentrated milks with lower levels of soluble salts (e.g. concen-
trates prepared by UF) are markedly more stable that those prepared by 
standard evaporation. The addition of sodium or potassium salts of ortho-
phosphoric and citric acids is permitted in many countries and increases the 
heat stability of concentrated milk. The addition of commercial phosphates 
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(mixtures of NaH2PO4, Na2HPO4 and Na3PO4) improves the heat stability 
of concentrated milk and is a common practice in the recombined milk 
industry (Augustin, 2000).

Urea concentration is a major factor affecting the heat stability of skim 
milk. Addition of urea improves the heat stability of unconcentrated milks 
but has no effect on the heat stability of concentrated milks. Addition of 
formaldehyde to normal milk and concentrated milk increases the heat 
stability.

The heat stability of recombined milk may be improved by incorporating 
buttermilk powder (BMP) and lecithin during homogenization (Singh and 
Tokley, 1990; McCrae and Muir, 1992). BMP improved the heat stability 
of REM during most of the dairying season (Singh and Tokley, 1990). 
Lecithin can be added at different stages of the manufacturing process: (i) 
before preheating, (ii) after preheating but before homogenization, and (iii) 
immediately after homogenization. Polyphenol-rich extracts of tea, coffee, 
cocoa, wine, pine bark and oak leaves and several pure phenolic com-
pounds increase the heat stability of both unconcentrated milk and concen-
trated milk (O’Connell et al., 1998). However, the effects of these compounds 
on the sensory properties of the milks are not known.

Mechanisms of heat coagulation
The coagulation of milk on extended heating at high temperatures (120–
140°C) is a consequence of the loss of casein micelle stability, as a result of 
numerous physical and chemical changes in its components. Casein micelles 
are stabilized primarily by the surface layer of κ-casein, which provides 
steric stabilization and contributes the overall negative charge. Inside the 
casein micelle, the individual casein molecules are associated by hydropho-
bic and electrostatic bonds in which CCP also plays an important role (Holt, 
1992). Heat treatment markedly changes the environment around the 
casein micelles (i.e. serum phase) (e.g. change in pH and soluble minerals, 
in particular calcium ions, breakdown of lactose and urea) as well as the 
casein micelles themselves (association of whey proteins, changes in CCP, 
dephosphorylation, casein dissociation). It is not known exactly which par-
ticular changes are directly responsible for coagulation, predispose the milk 
to coagulation or are a consequence of the coagulation process. For more 
detailed discussion on this topic, refer to Singh and Creamer (1992), 
O’Connell and Fox (2003) and Singh (2004).

The pH dependence of heat stability has received considerable attention, 
and it is now believed that the occurrence of a maximum (pH around 6.7) 
in the HCT–pH profi le of normal milk is essentially caused by whey protein 
interactions, through the formation of a complex between κ-casein and 
β-LG on the surface of the casein micelles, thus altering the steric and 
electrostatic interactions (Singh and Fox, 1987; van Boekel et al., 1989; 
Singh and Creamer, 1992; Singh, 2004). Although the exact mechanism of 
the coagulation of whey-protein-coated micelles is not clear, it is likely that 
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further heating causes lowering of the pH, dephosphorylation, covalent 
bond formation and other reactions. As a result, the altered micelles are 
able to make more frequent contact and probably form covalent cross-links, 
thus promoting micelle aggregation. At pH below 6.7, the protective effect 
of the complex is insuffi cient to overcome the effects of increasing acidity 
and high calcium ion concentrations.

At pH above 6.9, the stability decreases due to dissociation of micellar 
κ-casein, thus reducing the stabilizing effect of κ-casein (Singh and Fox, 
1987; van Boekel et al., 1989). The κ-casein-depleted micelles are sensitive 
to calcium ion concentrations. Therefore, the minimum in the HCT–pH 
profi le is a result of coagulation of κ-casein-depleted micelles; coagulation 
is essentially salt induced, caused by calcium ions. At higher pH, although 
the dissociation of micellar κ-casein increases, the HCT increases because 
of the increase in protein charge and the low calcium ion activity.

When concentrated milk is heated at its normal pH, there is initial asso-
ciation of whey proteins with the micellar κ-casein. This is followed by 
dissociation of κ-casein-rich protein from the micelles, which creates sites 
on the micelles that are favourable for micelle–micelle interactions. Thus, 
in concentrated milk, coagulation is due to the sensitivity of κ-casein-
depleted micelles to calcium ions, a situation that is somewhat similar to 
that existing for the coagulation of normal milk within the region of 
minimum stability. At high pH, the micelles are highly dissociated and 
coagulation is more like a gelation, with the dissociated material acting as 
a bridging agent (Nieuwenhuijse et al., 1991; Singh and Creamer, 1991b; 
Singh et al., 1995).

Production of heat-stable milk powders – practical considerations
The problems relating to the production of heat-stable milk powders (i.e. 
milk powders that are stable to heat sterilization after reconstitution to 
form REM) largely relate to seasonal variations and batch-to-batch varia-
tions in heat stability. Practical solutions to the heat stability problems 
include the following:

Manipulation of preheat treatments – Production of heat-stable SMP is 
primarily controlled by providing a suffi cient preheat treatment, before 
evaporation, to denature the whey proteins. High heat treatments are 
typically of the order of 115–125°C for 1–3 min. However, high heat 
treatments are not a guarantee of producing heat-stable SMP. In coun-
tries with seasonal variations in milk composition (e.g. New Zealand, 
Australia, Ireland), milk from the middle of the season is used, as milk 
at the beginning and the end of the season (late lactation milk) tends to 
have lower heat stability (Kelly et al., 1982). It is possible to make heat-
stable SMP from late lactation milk by careful screening of powders and 
control of processing conditions (Singh and Newstead, 1992).

Addition of different levels of phosphate salts – Sodium and potassium salts 
of orthophosphate and citrate are used to improve the heat stability of 
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REM. Care should be taken as over-use of salts can cause the heat stabil-
ity to become worse. Thus, heat stability tests are used to select the right 
combination and level of salts. Food regulations limit the amount of 
stabilizing salt that can be added – besides the limit of not producing a 
salty product. In order for stabilizing salts to work, the overall heat stabil-
ity maximum needs to be increased and, more importantly, the pH of the 
REM should be positioned on or close to this maximum. For example, 
di-sodium hydrogen orthophosphate (DSP) and mono-sodium di-
hydrogen orthophosphate (MSP) are commonly used to improve heat 
stability. Addition of either salt shifts the heat stability curve to a more 
acidic pH and increases the heat stability maximum. The sodium salts 
also change the pH: DSP increases the natural pH, whereas MSP reduces 
the natural pH. Thus, salt selection depends on which side of the maximum 
the pH of REM is. Often, small pH shifts are required to position the 
pH of REM at the maximum, so that combinations of MSP and DSP are 
used. It is also possible to incorporate appropriate amounts of stabilizing 
phosphate salts into the milk prior to drying.

Addition of buttermilk and phospholipids at appropriate levels – BMP can 
be used to replace up to 10% of the SMP in REM. Phospholipids in the 
buttermilk improve the heat stability, contribute to the creamy fl avour, 
and help to emulsify the fat (Singh and Tokley, 1990). Alternatively, 
buttermilk can be incorporated into milk powders before or after evapo-
ration, to improve their heat stability.

25.5.2 Milk protein powders
The milk protein products, such as WPC, WPI, MPC, are added to a for-
mulation for a particular property, either nutritional or functional. The 
functional properties of proteins in a vast range of food products include 
water absorption, solubility, viscosity, gelation, emulsifi cation, foaming and 
fi lm formation. Some important functional properties of milk protein prod-
ucts are shown in Table 25.4.

The functional properties of milk protein products may be considered 
to be the consequence of the modifi cations of molecular structures and their 
interactions. Therefore, the modifi cation of native protein structures and 
their consequent interactions with other food components, such as lipids, 
non-dairy proteins and carbohydrates, can exert a negative or positive 
effect on the functional properties of milk protein products. The functional 
properties of milk proteins vary with pH, temperature, ionic strength, and 
concentration of calcium and other polyvalent ions, sugars and hydrocol-
loids, as well as with processing treatments. Some of the key functional 
properties, such as solubility, emulsifi cation and gelation, are discussed in 
this section. For more extensive information on the functional properties 
of milk proteins, the reader is referred to de Wit (1989), Kinsella and 
Whitehead (1989), Mulvihill (1992) and Mulvihill and Ennis (2003).
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Solubility
Solubility is generally defi ned as the amount of protein in a sample that 
goes into solution or into colloidal dispersion under specifi ed conditions 
and is not sedimented by low centrifugal forces. The most common methods 
for determining solubility involve the preparation of a protein solution of 
known concentration (0.5–5.0%), centrifugation at forces ranging from 500 
to 65 000 g for 5–40 min and then protein analysis of the supernatant.

The solubility of milk protein products depends on the nature of the 
proteins in the product, the processing treatments used, the physical form 
of the powder, pH, and the temperature and ionic concentration of the 
solution. In general, high temperature treatments during the manufacturing 
process result in low solubility of the fi nal product. Salts may enhance the 
solubility of protein up to a point and then decrease it. The pH affects the 
charge and electrostatic interactions between protein molecules. Above 
and below the isoelectric point, proteins have a net negative or positive 
charge and enhanced solubility. At the isoelectric point, attractive forces 
predominate, causing protein molecules to associate, resulting in a loss of 
solubility.

SMPs generally have excellent solubility in water under a wide range of 
conditions, except at close to the isoelectric point of casein. MPCs with up 
to 70% protein have good solubility at pH 7.0, but MPC powders with very 
high protein content (e.g. MPC85) are generally known to have poor 
solubility upon reconstitution in water at 20°C. The solubility of these 
powders improves at higher reconstitution temperatures, but decreases with 
storage time at elevated temperatures (McKenna, 2000). The major factor 
affecting the solubility behaviour of MPC85 appears to be related to the 

Table 25.4 Key functional properties of different milk protein products

Caseinates Whey protein 
products

Milk protein 
concentrates

Sodium Calcium WPC WPI MPC

Solubility xxx x xxx xxx xx
Emulsifi cation xxx x xx xx x
Foaming xxx x xx xx x
Water binding xxx x x x x
Viscosity xxx x x x x
Gelation – – xxx x –
Heat stability xxx x x x x
Acid stability x x xxx xxx x
Freeze/thaw stability xxx x x x x

x: poor, xx: good, xxx: excellent.
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rate of water transfer into the powder particle rather than to the thermal 
processes during manufacture (Schuck et al., 1994). Various methods for 
manufacturing MPC powders with improved solubility in cold water have 
been proposed, involving the addition of a monovalent salt to the ultrafi l-
tered retentate prior to drying (Carr, 2002) or partial replacement (~30%) 
of the calcium content of ultrafi ltered retentate by sodium ions (Bhaskar 
et al., 2001).

The insoluble material found in reconstituted MPC powders has been 
characterized by McKenna (2000) and Havea (2006). Electron microscopy 
showed that the insoluble material in MPC85 consists of large particles (up 
to 100 µm) formed by the fusion of casein micelles, involving some kind of 
protein–protein interactions (McKenna, 2000). These fused casein micelles 
appear to form a skin-like structure on the outside of the powder particle, 
inhibiting the movement of water into the particle. Upon reconstitution 
in water, large parts of these particles remain intact. Sodium dodecyl 
sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) analysis showed 
that the insoluble material consisted predominantly of αs- and β-caseins, 
and that this material was held together by weak non-covalent interactions 
that were easily disrupted under the PAGE conditions (Havea, 2006). Some 
disulphide-linked protein aggregates consisting of κ-casein and β-LG were 
present in the MPC powders, but these aggregates were not considered to 
play an important role in the formation of insoluble material. Further work 
is required to understand the nature of the protein–protein interactions 
involved in the formation of insoluble material, and to develop methods 
that can be used to minimize protein interactions during the manufacture 
of MPC.

Rennet and acid caseins are insoluble in water but caseinates (sodium, 
potassium and ammonium) have excellent solubility. However, caseinates 
are insoluble in the isoelectric (pH 4.0–5.0) region, but they are soluble at 
pH below 3.5. Calcium caseinate forms a coarse colloidal dispersion under 
these conditions (see Mulvihill and Ennis, 2003).

Whey proteins show excellent solubility over the entire pH range, 
but heat-denatured whey proteins are insoluble in the pH range 4–5. 
Processing treatments used in the manufacture of WPCs and WPIs may 
sometimes cause small amounts of denaturation, which tends to reduce 
their solubility (de Wit and Klarenbeek, 1984; de Wit et al., 1996). The solu-
bility of whey proteins is generally not altered by UF or spray drying, 
although pasteurization may cause up to 20% denaturation with a conse-
quent loss of solubility.

Emulsifi cation
As milk proteins, both caseinates and whey proteins, are surface active, 
they are adsorbed rapidly to the oil–water interface, forming stable oil-in-
water emulsions. Sodium caseinate and WPC/WPI show excellent emulsify-
ing abilities. In emulsions formed with sodium caseinate or WPC, the 
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surface protein concentration increases with an increase in protein concen-
tration until it reaches a plateau value of about 2.0–3.0 mg/m2 (Singh, 2005; 
Singh and Ye, 2009). The emulsifying ability of ‘aggregated’ milk protein 
products, such as MPC and calcium caseinate, is much lower than that of 
WPC or sodium caseinate, i.e. much higher concentrations of protein are 
required to make stable emulsions and larger droplets are formed under 
similar homogenization conditions (Euston and Hirst, 1999). The surface 
protein concentration of emulsions formed with MPC is in the range 
5–20 mg/m2 depending on the protein concentration used in making the 
emulsions. When the ratio of protein to oil is low in these emulsions, protein 
aggregates are shared by adjacent droplets, resulting in bridging fl occula-
tion and consequently a marked increase in droplet size.

In sodium-caseinate-based emulsions, there is competition between indi-
vidual proteins for adsorption on to the oil–water interface during emulsi-
fi cation. β-Casein appears to adsorb in preference to αs1-casein at low 
protein concentrations (<2.0%), whereas a larger amount of αs1-casein than 
β-casein is present at the interface at high protein concentrations. At all 
concentrations, κ-casein from sodium caseinate appears to be less readily 
adsorbed (Srinivasan et al., 1996, 1999). The concentration dependence of 
the competitive adsorption of αs1-casein and β-casein in sodium caseinate 
emulsions appears to be related to the formation of complexes in solution. 
At low concentrations, β-casein exists as a monomer, but, with increasing 
protein concentration, β-casein aggregates to form micelles, which results 
in the loss of its competitive ability.

When casein is in the highly aggregated form of casein particles, as in 
calcium caseinate or MPC, there is very little competitive adsorption and 
protein exchange (Euston and Hirst, 1999; Srinivasan et al., 1999). In these 
systems, the average surface composition is probably determined by the 
adsorption of protein aggregates of fi xed composition. The whey proteins 
β-LG and α-LA also show no preferential adsorption regardless of the 
protein-to-oil ratio in the emulsion (Hunt and Dalgleish, 1994; Dalgleish, 
1996).

Emulsions stabilized by suffi cient quantities of milk proteins are gener-
ally very stable to coalescence over prolonged storage, but they can be 
susceptible to different types of fl occulation, which in turn leads to enhanced 
creaming or serum separation. When there is insuffi cient protein to fully 
cover the oil–water interface during homogenization, bridging fl occulation 
and/or coalescence of droplets may occur during or immediately after emul-
sion formation. Bridging fl occulation is commonly observed in emulsions 
formed with aggregated milk protein products, such as calcium caseinate 
or MPC, in which the droplets are bridged by casein aggregates or micelles. 
Optimum stability can generally be attained at protein concentrations high 
enough to allow full saturation coverage at the oil–water interface. However, 
at very high protein-to-oil ratios, the presence of excess, unadsorbed protein 
may lead to depletion fl occulation in some emulsions. Both depletion 
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fl occulation and bridging fl occulation cause an emulsion to cream more 
rapidly (Dalgleish, 1997; Dickinson, 1998; Singh, 2005).

Sodium-caseinate-based emulsions show depletion fl occulation 
(Dickinson and Golding, 1997; Srinivasan et al., 2001; Ye and Singh, 2001) 
when the protein content is increased to above 3.0 wt% in a 30% oil emul-
sion. This fl occulation results in a marked decrease in creaming stability, 
but is reversible by shearing or dilution with water. Emulsions formed with 
calcium caseinate, MPC or whey proteins do not show depletion fl occula-
tion and are stable against fl occulation, coalescence and creaming for 
several weeks.

Gelation
Milk proteins have the ability to form heat-induced irreversible gels that 
hold water and fat, and provide structural support in food systems. Gelation 
induced by the addition of acid or rennet to milk has been discussed in 
previous sections. WPC and WPI products can provide gelation under a 
wide range of conditions and are used in a variety of food systems.

Gelation of whey proteins occurs upon heat treatments and involves a 
series of steps, starting with the unfolding of protein molecules, followed 
by aggregation. A gel is formed when the extent of aggregation exceeds 
some critical level; a three-dimensional, self-supporting network that traps 
the solvent in the system is formed (Clark and Ross-Murphy, 1987; Doi, 
1993). It has been shown that the interactions between unfolded protein 
molecules lead to the formation of ‘soluble’ aggregates (McSwiney et al.,
1994a, 1994b; Havea et al., 1998; Schokker et al., 1999), which are the basic 
building blocks leading to the formation of gels. It is generally assumed that 
the driving forces for aggregation are non-specifi c interactions between the 
hydrophobic regions of unfolded polypeptide chains, but sulphydryl–
disulphide interchange reactions and ionic interactions are likely to partici-
pate as well (Clark and Ross-Murphy, 1987; McSwiney et al., 1994a, 1994b).

When the extent of aggregation is below some critical minimum, soluble 
aggregates or a precipitate will form. Therefore, gel formation and the 
properties of the gel depend on the type and the number of protein–protein 
interactions, which in turn are affected by variables such as type of protein, 
protein concentration, temperature, pH, ionic strength and the presence of 
other ingredients such as lactose (de Wit and Klarenbeek, 1984; Kinsella, 
1984). The structure of protein gels can vary widely depending on these 
conditions, and has an impact on gel properties, such as rheological proper-
ties, sensory qualities and water-holding capacity.

The most outstanding microstructural feature of the gels formed from 
whey proteins is the presence of a homogeneous network of connected 
protein particles, usually referred to as ‘fi ne-stranded’ gels, or aggregates 
that form a three-dimensional matrix with the interstices fi lled by a liquid 
or aqueous solution, usually referred to as ‘particulated’ gels (Langton and 
Hermansson, 1992; Stading et al., 1993). The gels that are formed on heating 
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whey protein solutions at pH 4–6 are opaque, whereas translucent gels are 
formed above and below this pH range. Opaque gels have been described 
as soft and creamy and they tend to lose water during compression. The 
transparent gels formed at pH below 4 are weak (low values for fracture 
stress) and brittle (low values for fracture strain) whereas those formed 
at pH above 6.0 are strong and rubbery, with high fracture stress and 
strain values. The variations in gel properties with pH are attributed to 
variations in electrostatic interactions and disulphide bonding (Stading and 
Hermansson, 1990).

Generally, heating a whey protein solution above the minimum dena-
turation temperature of the constituent proteins is required for gel forma-
tion. The strength of whey protein gels is affected by the concentration and 
purity of the protein. A protein concentration of 7.5% or greater is needed 
to form a strong gel from WPC at pH 7.0 upon heating for 10 min at 100°C. 
Pure solutions of β-LG and BSA can form gels at 5 and 4% protein, respec-
tively, after heating for 15 min at 90°C. When other factors are maintained, 
gel hardness increases with increasing heating temperature and time. The 
heating rate also affects the gelation process; slow heating allows the pro-
teins enough time for unfolding and aggregation, resulting in much stronger 
gels.

Salts have a major effect on the properties of whey protein gels, espe-
cially at pH values far from the isoelectric point where the proteins carry 
a large net charge. Addition of NaCl or CaCl2 to a dialysed solution of WPC 
or WPI results in an increase in gel strength until maximum values are 
reached, and the gel strength then decreases at higher salt concentrations 
(Kuhn and Foegeding, 1991; Tang et al., 1993). Calcium ions infl uence 
protein–protein interactions by shielding electrostatic repulsion and also by 
forming calcium bridges between protein molecules. In general, divalent 
calcium ions have a much greater effect on gel properties than monovalent 
sodium or potassium ions (Havea et al., 2002).

Calcium caseinate solutions at protein concentrations greater than 15% 
form reversible gels upon heating to 50–60°C. The gelation temperature 
increases with protein concentration from 15 to 20% and with pH in the 
range 5.2–6.0. Upon cooling, these gels are changed into viscous liquids.
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immune milk  270 279 

immunoaffinity chromatography 275 

Immunocal  246 

immunoglobulin-like lectins see Siglecs 

immunoglobulins 182 238 241 486 

 applications 277 
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   pathogens 279 
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   tract 277 

 bovine immunoglobulins 273 
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 future trends 284 
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 properties 270 
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   properties 270 

 schematic representation 183 272 

 structure of five classes of 

   immunoglobulins 273 

immunostimulatory peptides 55 

Inalco   636 

insolubility index 35 

insulin   224 
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  amino acid residues of bovine 

   CMP 172 
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Lewis   318 
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 applications 638 
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phosphatidylcholine 349 353 

phosphatidylethanolamine 349 353 

phosphatidylinositol 349 

phosphatidylserin 349 357 

Phospholac 600 93 

phospholipids 348 357 483 552 

phosphorylation sites 172 195 

photokeratitis 298 
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Romano   472 
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Shigella flexneri 280 293 

short chain fatty acids 331 472 

short-path distillation 82 

sialic acid  174 325 

sialyl-di-Lewis 318 

sialyl Lewis  321 322 
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Spherix   636 
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spray dried lactose 127 
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  future trends 47 
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steric effect  523 

sterols   350 483 
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table spreads  490 
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 general reactions 399 

transmission electron microscopy 423 
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triglycerides  70 345 356 

trisodium citrate 498 499 
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trypsin   239 278 291 
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tumour necrosis factor-alpha 296 
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uniform transmembrane pressure 17 

 microfiltration fractionating milk 

   proteins 19 

 processing scheme 18 

urea    353 662 

UV-B irradiation 298 
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   precipitation 110 

 chromatography purification 116 

  Donnan exclusion of minerals 117 
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   or resin adsorption 118 

 electrodialysis 114 

 feedstock for lactose manufacture 107 
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 ion exchange demineralisation 114 

 nanofiltration 112 
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 films  592 

 immunoglobulins 182 

  schematic representation 183 

 ingredients 486 

 interactions with polysaccharides 374 
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 lactoferrin 179 
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 products  656 
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whipping ability 489 

whole milk powder 445 448 459 463
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  see also dried milk 
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Y 
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   coagulated milk manufacture 426 
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