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1

Introduction
G. Smit, NIZO Food Research, The Netherlands

Milk and the range of dairy products derived from milk have long been central
to diet in both developed and developing countries. Some dairy processing
technologies such as fermentation have been used for thousands of years.
Building on this long lasting foundation, the dairy processing industry continues
to be at the forefront of innovation in the food industry. This important new
collection sums up some of the most important recent developments.

Part | considers key aspects of safety and quality. Chapter 2 provides a
foundation by summarising current knowledge about the major constituents of
milk. The following chapter discusses how factors such as breed and husbandry
practices on the farm influence milk composition. The next three chapters focus
on safety, covering hygienic practices on the farm, developments in
pasteurisation and sterilisation technologies, and the growing use of modelling
to improve these techniques whilst retaining milk quality. A final group of
chapters in Part | consider key aspects of dairy product quality. There are
discussions of the latest research on the control of flavour in milk and other
dairy products, improving texture in fermented dairy products, controlling
stability and shelf-life, and testing the authenticity of milk and milk products.
Building on the traditional nutritional importance of milk, the final two chapters
consider the new generation of functional dairy products.

The second part of the book reviews the range of new technologies that
have emerged recently to improve dairy product quality. The first two chapters
look at on-line techniques to monitor and control various aspects of milk safety
and quality. They are then followed by chapters on extending the shelf-life of
dairy products through such techniques as high pressure processing, the
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production of powdered dairy products and the use of carbon dioxide. There is
also a chapter on developments in separation techniques to maximise returns
by producing a wide range of dairy ingredients. The final part of the book
considers key developments in improving flavour and other qualities in cheese
manufacture.

The quality of dairy products, e.g. taste, texture, health and safety, as perceived
by the consumer should be the prime and ultimate driver for the dairy industry. The
new developments described in this book will certainly add to their achievement.



Part |

Dairy product safety and quality
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2

The major constituents of milk
P. F. Fox, University College Cork, Ireland

2.1 Introduction

Milk and dairy products are major components of the human diet in Western
countries, providing about 30% of dietary proteins and lipids and about 80% of
dietary calcium. Current annual production of milkAs600x 10° tonnes, of
which ~85%, 11%, 2% and 2% are bovine, buffalo, caprine and ovine,
respectively. Although some raw milk is still consumed, the vast majority of
milk is processed to at least some extent. Liquid (beverage) milk is a major food
item in all developed dairying countries, representing0% of total milk
production. The remainder is processed into one of several thousand products —
the dairy industry is probably the most diverse and flexible sector of the food
industry. The flexibility of milk as a raw material resides in the chemical and
physico-chemical properties of its constituents, many of which are unique. The
principal constituents of milk can be modified by enzymatic, chemical and/or
physical methods, permitting the production of new products. However, the
concentrations and properties of milk constituents are variable and hence the
processability of milk and the properties of dairy products are inconsistent,
although much of this variability can be eliminated by modern technology,
which exploits certain features of milk constituents. Today, most milk is
processed in large, highly mechanized and automated factories, where
consistency in processing properties is essential. The resulting products are
distributed through large wholesale and retail outlets, where consistency is,
again, paramount. Consumers expect consistency also. The consistency expectec
by the processor, distributor and consumer can be achieved only if the properties
of milk constituents are understood at the molecular level. This chapter will
describe the principal chemical and physico-chemical properties of the major
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constituents of milk, i.e., lactose, lipids, proteins and salts, and variations in the
concentrations and properties of these constituents.

The natural function of milk is to supply the neonatal mammal, of which there
are ~4500 species, with its complete nutritional and some of its physiological
requirements. Because the nutritional requirements are species-specific and
change as the neonate matures, the composition of milk shows very large inter-
species differences, e.g., the concentrations of fat, protein and lactose range from
1 to 50%, 1 to 20% and 0 to 10%, respectively, and the concentration of each
changes during lactation. Inter-species differences in the concentrations of many
of the minor constituents are even greater than those of the macro-constituents.

Milk from domesticated animals has been used by humans since at least 8000
BC. Although sheep and goats were the first domesticated dairy animals, because
they are more easily managed than cattle, the latter, especially certain breeds of
Bos taurus are now the dominant dairy animals. Total recorded world milk
production is~ 600 x 10° tonnes per annum, of whick85% is bovine, 11% is
buffalo and 2% each is from sheep and goats. Small amounts of milk are
produced from camels, mares, reindeer and yaks in certain regions with specific
cultural and/or climatic conditions. This chapter will concentrate on the
constituents and properties of bovine milk. Although the constituents of the milk
of the other main dairy species are generally similar to those of bovine milk,
they differ in detail and the technological properties of the milk of these species
differ significantly.

Milk is a very flexible raw material from which several thousand types of
dairy products are produced around the world in a great diversity of flavours and
forms, including=1000 varieties of cheese. The proportions of total world milk
production used for the principal dairy products are: liquid (beverage) milk,
~39%; cheese»33%; butter~32%; whole milk powderz6%; skimmed milk
powder, ~9%; concentrated milk productsy2%; fermented milk products,
~2%; casein,~2%; and infant formulae~0.3%. (The sum value exceeds
100%; this is due to ‘double accounting’, e.g., butter and skim milk powder, and
the standardization of fat content, e.g., for liquid milk, cheese, etc.) This
flexibility and diversity are a result of the properties, many of them unique, of
the constituents of milk, the principal of which are easily isolated from milk,
permitting the production of valuable food ingredients. Milk is free of off-
flavours, pigments and toxins, which is a very important feature of milk as a raw
material for food ingredients.

The processability and functionality of milk and milk products are
determined by the properties and concentrations of its principal constituents:
proteins, lipids, lactose and salts. Many of the principal problems encountered
during the processing of milk are caused by variability in the concentrations and
properties of these constituents arising from several factors, including breed,
individuality of the animal, stage of lactation, health of the animal, especially
mastitis, and nutritional status. Synchronized calving, as practised in New
Zealand, Australia and Ireland to avail of cheap grass, has a very marked effect
on the composition and properties of milk (see O'Briginal., 1999a, 1999b,



The major constituents of milk 7

1999c; Mehreaet al., 1999). Much of the variability can be offset by standard-
izing the composition of milk or by modifying the process technology. Genetic
polymorphism of milk proteins has a significant effect on the concentration and
type of protein in milk. The chemical and physical properties of the principal
constituents of milk are well characterized and described, including in the
following textbooks: Walstra and Jenness (1984), Wong (1988), Fox (1992,
1995, 1997), Jensen (1995), Fox and McSweeney (1998, 2003) and Wlstra
al. (1998).

2.2 Lactose

Bovine milk contains about 4.8% lactose. Because lactose is responsible for
~50% of the osmotic pressure of milk, which is equal to that of blood and is
nearly constant, the concentration of lactose in milk is independent of breed,
individuality and nutritional factors but decreases as lactation advances and
especially during mastitic infection, in both cases due to the influx of NaCl from
the blood.

Chemical and physico-chemical properties of lactose

Lactose is a reducing disaccharide comprised of glucose and galactose, linked
by a 31-4-O-glycosidic bond. Among sugars, lactose has a number of distinctive
characteristics, some of which cause problems in milk products during
processing and storage; however, some of its characteristics are exploited to
advantage.

» The aldehyde group on the C-1 of the glucose moiety exists mainly in the
hemiacetal form and, consequently, C-1 is a chiral, asymmetric carbon.
Therefore, like all reducing sugars, lactose exists as two anomeasd 3,
which have markedly different properties. From a functional viewpoint, the
most important of these are differences in solubility and crystallization
characteristicsa-lactose crystallizes as a monohydrate while crystalg-of
lactose are anhydrous.

e The solubility of - and -lactose in water at 20°C is7 g and~50g per
100 ml, respectively. The solubility af-lactose is much more temperature
dependent than that of-lactose and the solubility curves intersect at
~93.5°C.

« At equilibrium in aqueous solution, lactose exists as a mixture: @ind 5
anomers in the approximate ratio 37:63. When an excess-lattose is
added to water~7g per 100ml dissolve immediately, some of which
mutarotates to give an:g ratio of 37:63, leaving the solution unsaturated
with respect to bothy- and g-lactose. Further-lactose dissolves, some of
which mutarotates tgs-lactose. Solubilization and mutarotation continue
until two conditions exist, i.e527 g of dissolvedh-lactose per 100 ml and an
a8 ratio of 37:63, giving a final solubility 0&18.2 g per 100 ml.
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When -lactose is added to watex50 g per 100 ml dissolve initially but
~18.5 g of this mutarotate ta-lactose, which exceeds its solubility and
therefore some-lactose crystallizes. This upsets thgs ratio and mores-
lactose mutarotates ta-lactose, which crystallizes. Mutarotation ¢f
lactose and crystallization ef-lactose continue unti7 g and~11.2 g of

«a- and g-lactose, respectively, are in solution.

Although lactose has low solubility in comparison with other sugars, once
dissolved, it crystallizes with difficulty and forms a supersaturated solution.
a-Lactose crystallizes spontaneously from highly supersaturated solutions,
but if the solution is only slightly supersaturated, it crysallizes slowly as
sharp, tomahawk-shaped crystals. If the dimensions of the crystals exceed
~15um, they are detectable on the tongue and palate. Crystaidaiftose

are smaller and monoclinical in shape. In the metastable zone, crystallization
of lactose is induced by seeding with finely powdered lactose.

Since a-lactose is less soluble than tiieanomer below 93.5°C, it is the
normal commercial form.

When concentrated milk is spray-dried, there is not sufficient time for lactose
to crystallize and an amorphous glass is formed. If the moisture content of the
powder is kept low, the lactose glass is stable, but if the moisture content
increases to about 6%, e.g., on exposure of the powder to a high humidity
atmosphere, the lactose will crystallize aslactose monohydrate. If
extensive crystallization occurs, an interlocking mass of crystals is formed,
resulting in ‘caking’, which is a particularly serious problem in whey
powders owing to their high content of lactose70%). The problem is
avoided by extensive crystallization of lactose before drying, induced by
seeding the solution with finely powdered lactose.

Spray-dried milk powder has poor wettability because the small particles
swell on contact with water, blocking the channels between particles. The
wettability (often incorrectly referred to as ‘solubility’) of spray-dried milk
powder may be improved by modifying the drying process to produce milk
powder with coarser, more easily wetted particles. This is achieved by
agglomerating the fine powder particles, in effect by controlling lactose-
induced caking; such powders are said to be ‘instantized’.

The crystallization of lactose in frozen milk products results in destabilization
of the casein, which aggregates when the product is thawed. In this case, the
effect of lactose is indirect. When milk is frozen, pure water freezes and the
concentration of solutes in the unfrozen water is increased. Since milk is
supersaturated with respect to calcium phospha€s$e and~57% of the Ca

and PQ, respectively, are insoluble and occur in the casein micelles as
colloidal calcium phosphate; see Section 2.6), when the amount of water
becomes limiting, soluble Ca@RQ,), and CaHPQ crystallize as
(Ca)(POy),, with the concomitant release of 'Hand a decrease in pH to
~5.8. Unless the temperature is maintained bele®0°C, lactose will
crystallize asx monohydrate during frozen storage, thus reducing the amount
of solvent water and aggravating the problems of calcium phosphate solubility
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and pH decline. Thorough crystallization of lactose before freezing alleviates,
but does not eliminate, the problem. Pre-heating milk prior to freezing also
alleviates the problem, but pre-hydrolysis of lactose to the more soluble
glucose and galactose usifggalactosidase appears to be the best solution.

» Although lactose is hygroscopic when it crystallizes, properly crystallized
lactose has very low hygroscopicity and, consequently, it is a very useful
component of icing sugar.

» Lactose has low sweetness (16% as sweet as sucrose as a 1% solution). This
limits its usefulness as a sweetener (the principal function of sugars in foods)
but makes it is a very useful diluent, e.g., for food colours, flavours, enzymes,
etc., when concomitant sweetness is undesirable.

» Being a reducing sugar, lactose can participitate in the Maillard reaction, with
very undesirable consequences in all dairy products, e.g., brown colour, off-
flavours, reduced solubility and reduced nutritional value.

Food applications of lactose

The amount of whey produced annually as a by-product of the manufacture of
cheese and casein contam8 x 1(P tonnes of lactose. About 400 000 tonnes of
lactose are produced per annum. In addities® 000000 tonnes of whey
permeate powder, which serves as a source of lactose for certain applications,
e.g., infant formulae, are produced annually.

Owing to many of its properties, especially low sweetness, the market for
lactose is limited; it is, therefore, often regarded as a waste product and in the
past caused disposal problems. However, some of the properties of lactose make
it a valuable ingredient for pharmaceutical and food applications. Lactose is
most valuable when used in the pharmaceutical industry where it is widely used
as a diluent in pelleting operations.

The principal application of lactose in the food industry is in the
humanization of infant formulae — human milk contair&% lactose in
comparison withr4.8% in bovine milk. Demineralized whey powder (DWP) is
very suitable for this purpose — it is cheaper than lactose and in addition to
supplying lactose, DWP supplies whey proteins and adjusts the casein:whey
protein ratio to a value closer to that in bovine milk (40:60 compared to 80:20 in
bovine milk). It is necessary to demineralize bovine whey since it contains
approximately four times as much minerals as human milk.

Lactose is also used as an agglomerating/free-flowing agent in foods, in the
confectionery industry to improve the functionality of shortenings, as an anti-
caking agent at high relative humidity, in icing mixtures or as a reducing sugar if
Maillard browning is required. The low sweetness of lactose is an advantage in
many of these applications. Lactose absorbs compounds and may be used as &
diluent for food flavours or pigments or to trap food flavours.

Lactose derivatives
A number of more useful and more valuable products may be produced from
lactose. The most significant are:
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¢ Lactulose (galactos@1-4 fructose): this sugar, which does not occur in
nature, is produced from lactose by heating, especially under slightly alkaline
conditions. It is not hydrolysed by intestinglgalactosidase and enters the
large intestine where it promotes the growthBifidobacteriumspp. It is a
mild laxative and is used fairly widely for this purpose. More than 20 000
tonnes are produced annually.

¢ Glucose—galactose syrups, produced by acid or enzymadi@lactosidase)
hydrolysis: the technology for the production of such hydrolysates has been
developed but the product is not cost-competitive with other sugars (sucrose,
glucose, glucose—fructose).

e Galactooligosaccharidess-galactosidase has transferase as well as
hydrolytic activity and under certain conditions, the former predominates,
leading to the formation of galactooligosaccharides, which have bifidogenic
properties and are considered to have promising food applications.

e Ethanol is produced commercially by the fermentation of lactose by
Kluyveromyces lactis

e Other derivatives which have limited but potentially important applications
include lactitol, lactobionic acid, lactic acid, acetic acid, propionic acid,
lactosyl urea and single-cell proteins.

Nutritional aspects of lactose

Lactose is involved in two enzyme-deficiency syndromes: lactose intolerance and
galactosemia. The former is due to a deficiency of intesfihghlactosidase which is

rare in infants but common in adults except north-west Europeans and a few African
tribes. Since humans are unable to absorb disaccharides from the small intestine,
unhydrolysed lactose enters the large intestine where it is fermented by bacteria,
leading to flatulence and cramp, and to the absorption of water from the intestinal
mucosa, causing diarrhoea. These conditions cause discomfort and may be fatal.
Individuals suffering from lactose intolerance avoid the consumption of milk and
lactose-containing dairy products. Hydrolysis of lactoseskyalactosidase renders
such products suitable for lactose-intolerant individuals. Hydrolysis may be
performed at the dairy using soluble or immobilizédgalactosidase or by the
consumer at home. Lactose-hydrolysed products enjoy limited commercial success
in western countries but have not resulted in a substantial increase in the
consumption of dairy products in Asia, which is a very large potential market for
dairy products but where lactose intolerance is very widespread.

Galactosemia is caused by the inability to catabolize galactose owing to a
deficiency of either of two enzymes, galactokinase or galactose-1P:uridyl
transferase. A deficiency of galactokinase leads to the accumulation of galactose
which is catabolized via alternative routes, one of which leads to the accumula-
tion of galactitol in various tissues, including the eye, where it causes cataract. A
deficiency of galactose-1P:uridyl transferase leads to abnormalities in mem-
branes of the brain and to mental retardation unless galactose is excluded from
the diet within a few weekpost partum Both forms of galactosemia occur at a
frequency of 1 pers50 000 births.
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Lactose in fermented dairy products

The fermentation of lactose to lactic acid by lactic acid bacteria (LAB) is a
critical step in the manufacture of all fermented dairy products. The
fermentation pathways are well established (see Cogan and Hill, 1993). Lactose
is not a limiting factor in the manufacture of fermented dairy products — only
~20% of the lactose is fermented in the production of fermented milks.
Individuals suffering from lactose intolerance may be able to consume
fermented milk products without ill-effects, possibly because LAB prodiice
galactosidase and emptying of the stomach is slower than for fresh milk
products, thus delaying the release of lactose into the small intestine.

In the manufacture of cheese, most (96—-98%) of the lactose is removed in the
whey. The concentration of lactose in fresh curd depends on its concentration in
the milk and on the moisture content of the curd and varies o, w/w, in
fresh Cheddar curd te=2.5%, w/w, in fresh Camembert. The metabolism of
residual lactose in the curd to lactic acid has a major effect on the quality of
mature cheese (see Fex al., 1990, 2002). The resultant lactic acid may be
catabolized to other compounds, e.g., carbon dioxide and water by the surface
mould in Camembert, or to propionic acid, acetic acid and carbon dioxide in
Emmental-type cheeses. Excessive lactic acid in cheese curd leads to a low pH,
a strong, acidic, harsh taste, and a brittle texture. In Cheddar and related
varieties, the_-lactic acid produced by the starter bacteria is racemizenl to
lactic acid; Cap-lactate is less soluble than Cdactate and if its concentration
is too high, it will crystallize on the surface of the cheese, giving it an
undesirable appearance. Excess residual lactose may also be fermented by
heterofermentative lactobacilli, with the production of carbon dioxide, leading to
an open texture.

In the manufacture of some cheese varieties, e.g., Dutch cheeses, the curds
are washed to reduce their lactose content and thereby regulate the pH of the
pressed curd te<5.3. In most other varieties, e.g., Cheddar and Emmental, the
level of lactose, and hence of lactic acid, in the curd is not controlled by
washing. Hence, changes in the concentration of lactose in milk may affect the
quality of such cheeses. The concentration of lactose in milk decreases
throughout lactation, e.g., from4.8% to <4.0%. When synchronized calving is
practised, there is a marked seasonal change in the lactose content of milk and
hence of cheese, which may have a significant effect on quality. To overcome
seasonal variations in the lactose content of milk, the level of wash water used
for Dutch-type cheeses is varied according to the concentrations of lactose and
casein in the milk. Ideally, the lactose-to-protein ratio should be standardized,
e.g., by washing the curds, to minimize variations in the level of lactic acid, the
pH and the quality of cheese.

The curds for acid-curd cheeses are washed free of lactose to improve their
keeping quality. Thus, acid-coagulated and mature rennet-coagulated cheeses
may be consumed by lactose-intolerant individuals without ill-effects.
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2.3 Lipids

Definition and variability

Lipids are defined as those compounds in foods and tissues that are soluble in
apolar solvents (ethyl/petroleum ether or chloroform/methanol). The lipid
fraction of milk is comprised mainly of triglycerides (98%), witk1%
phospholipids and small amounts of diglycerides, monoglycerides, cholesterol,
cholesteryl esters and traces of fat-soluble vitamins and other lipids. The lipids
occur as globules, 0.1-20n in diameter, surrounded by