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Preface to the Third Edition

This volume completes the third edition of Advanced Dairy Chemistry, a series
which commenced as Developments in Dairy Chemistry in 1982. This book
provides an update of many of the topics covered in the second edition of
Advanced Dairy Chemistry Volume 3, published in 1997, and complements
Volumes 1 and 2 of the third edition (Proteins, 2003 and Lipids, 2006), making
the Advanced Dairy Chemistry series the most comprehensive treatise on the topic.

Six (Chapters 1-4, 6, 7) of the 15 chapters in this volume are devoted to
various aspects of lactose, including its chemical properties, solid and solution
states, its significance in various dairy products, production and utilisation,
syndromes associated with lactose malabsorption and its reaction chemistry. In
recent years, galactooligosaccharides produced from lactose by the transferase
activity of [-galactosidase have become important due to their prebiotic
activity and Chapter 5 is devoted to this topic. The indigenous
oligosaccharides in the milk of various species are discussed in Chapter 8.

The chemistry and technological aspects of milk salts and water are
discussed in Chapters 9 and 11, respectively. The nutritional and health
aspects of lactose, minerals and vitamins are assessed in Chapters 6, 8, 10, 12
and 13. Flavours and off-flavours in dairy products and the physico-chemical
properties of milk are reviewed in Chapters 14 and 15, respectively.

Like its predecessors, this volume is intended for lecturers, senior students
and research personnel working in the field of dairy chemistry and
technology. Each chapter is written by an expert and is thoroughly
referenced to facilitate further study of specific points.

We would like to express our sincere appreciation to the 35 authors from
nine countries who contributed to this volume for sharing so willingly their
knowledge of dairy chemistry, which made our task as editors a pleasure.

P. L. H. McSweeney

P. F. Fox
University College, Cork, Ireland
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Preface to the Second Edition

This book is the third volume of Advanced Dairy Chemistry, which should be
regarded as the second edition of Developments in Dairy Chemistry. Volume 1
of the series, Milk Proteins, was published in 1992 and Volume 2, Milk Lipids,
in 1994. Volume 3, on lactose, water, salts and vitamins, essentially updates
Volume 3 of Developments in Dairy Chemistry but with some important
changes.

Five of the eleven chapters are devoted to lactose (its physico-chemical
properties, chemical modification, enzymatic modification and nutritional
aspects), two chapters are devoted to milk salts (physico-chemical and
nutritional aspects), one to vitamins and one to overview the flavour of
dairy products. Two topics covered in the first editions (enzymes and other
biologically active proteins) were transferred to Volume 1 of Advanced Dairy
Chemistry and two new topics (water and physico-chemical properties of
milk) have been introduced.

Although the constituents covered in this volume are commercially less
important than proteins and lipids covered in Volumes 1 and 2, they are
critically important from a nutritional viewpoint, especially vitamins and
minerals, and to the quality and stability of milk and dairy products,
especially flavour, milk salts and water. Lactose, the principal constituent
of the solids of bovine milk, has long been regarded as essentially worthless
and in many cases problematic from the nutritional and technological
viewpoints; however, recent research has created several new possibilities
for the utilization of lactose.

Like its predecessor, this book is intended for lecturers, senior students and
research personnel; each chapter is written by an expert on the particular
subject and is extensively referenced.

I wish to express my sincere thanks and appreciation to all the authors who
contributed to this book and whose cooperation made my task as editor a
pleasure.

P.F. Fox
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Preface to the First Edition

This volume is the third in the series on the chemistry and physical chemistry
of milk constituents. Volumes 1 and 2 dealt with the commercially more
important constituents, proteins and lipids, respectively. Although the
constituents covered in this volume are of less direct commercial
importance than the former two, they are nevertheless of major significance
in the chemical, physical, technological, nutritional and physiological
properties of milk.

Lactose, the principal component of the milks of most species, is a rather
unique sugar in many respects-it has been referred to as one of Nature’s
paradoxes. It is also the principal component in concentrated and
dehydrated dairy products, many of the properties of which reflect those of
lactose. The chemistry and principal properties of lactose have been
thoroughly researched over the years and relatively little new information is
available on these aspects; this new knowledge, as well as some of the older
literature, is reviewed in Chapter 1.

Although lactose has many applications in the food, pharmaceutical and
chemical industries, not more than 10% of the potentially available lactose is
actually recovered as such. Like other sugars, lactose may be modified by a
multitude of chemical reagents; some of these are reviewed in Chapter 2 and
some applications of the derivatives discussed. The enzymatic hydrolysis of
lactose to glucose and galactose has considerable technological as well as
nutritional significance, and the recent literature on this subject is reviewed in
Chapter 3. Lactose is not digestible by the majority of the world’s population,
and the current views on this nutritionally important problem are discussed in
Chapter 4. A deficiency of either of two enzymes involved in the Leloir
pathway for galactose metabolism leads to the inability to metabolize
galactose produced from lactose (or other galactose-containing sugars) and
causes two relatively rare congenital diseases referred to as galactosaemia, the
literature on which is reviewed in Chapter 5.

Quantitatively, the salts of milk are minor constituents but they play a
disproportionately important role in many of the technologically important

Xi



Xii Preface to the First Edition

properties of milk, some of which have been discussed in Volume 1 of this
series. Recent literature on the rather complex chemistry of the milk salts per
se is reviewed in Chapter 6. Many of the inorganic constituents of milk, some
of which are present only at trace levels, are also of very considerable
nutritional significance. Since a variety of minerals are required for proper
growth and development, and milk is the sole source of these requirements at
a critical stage of infant growth, the significance of milk as a source of dietary
minerals is discussed in Chapter 7.

The flavour/off-flavour of milk and dairy products is undoubtedly
technologically important and extremely complex. This topic could easily
occupy a full volume in this series but a comprehensive summary is presented
in Chapter 8.

Many people may regard milk simply as a source of lipids, proteins,
carbohydrates and minerals, with very little biological activity as such. This, in
fact, is not the case; milk contains a great variety of biologically active species,
some of which, e.g. enzymes, may cause undesirable changes in milk and dairy
products during storage, while others, e.g. vitamins, immunoglobulins, are of
very considerable nutritional and biological significance. Chapters 9, 10 and 11
review the recent literature on the indigenous enzymes in milk, indigenous
antibacterial systems and vitamins, respectively. The importance of at least
some of the indigenous enzymes and vitamins is well established but the
indigenous antibacterial systems may be of much greater significance than
considered heretofore, and it is hoped that Chapter 10 will stimulate further
research in this area.

I wish to thank sincerely the 13 authors who have contributed to this
volume; their cooperation and effort made my task as editor rather simple.

P. F. Fox
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Lactose: Chemistry and Properties

P.F. Fox

1.1. Introduction

The principal carbohydrate in the milk of most mammalian species is the
reducing disaccharide, lactose, which is composed of galactose and glucose linked
by a §1—4 glycosidic bond. Its concentration varies from 0 to ~10%, w/w,
and milk is the only known significant source of lactose. Research on lactose
commenced with the work of Carl Scheele about 1780; its chemistry and its
important physico-chemical properties have been described thoroughly. The
very extensive literature on lactose has been reviewed by Whittier (1925, 1944),
Weisberg (1954), Zadow (1984, 1992), Schaafsma (2008) and Ganzle et al.
(2008) and in all major textbooks on Dairy Chemistry or Technology, includ-
ing Jenness and Patton (1959), Webb and Johnson (1965), Webb et al. (1974),
Walstra and Jenness (1984), Fox (1985, 1997), Wong et al. (1988), Fox and
McSweeney (1998), Walstra (2002) and Walstra et al. (1999, 2006).

There is little new information on the chemistry and properties of lactose
per se but certain aspects, especially its chemical and enzymatic modification
are being studied actively. The objective of this chapter is to provide a general
overview of the chemistry and physico-chemical properties of lactose.
Although the crystallization of lactose has been studied for a long time, it is
still being researched actively and new data on the glass transition of lactose are
reviewed in Chapter 2, its production and applications in the food and other
industries in Chapter 3 and the problems that may be caused by the crystal-
lization of lactose in dairy products are discussed in Chapter 4. The enzymatic
and chemical modification of lactose are discussed in Chapter 5 and its inges-
tion and malabsorption in Chapter 6. The participation of lactose in the
Maillard reaction and the consequences thereof are discussed in Chapter 7.

P.F.Fox « Department of Food and Nutritional Sciences, University College, Cork, Ireland.

Advanced Dairy Chemistry, Volume 3: Lactose, Water, Salts and Minor Constituents.
Edited by P.L.H. McSweeney and P.F. Fox, DOI 10.1007/978-0-387-84865-5_1,
© Springer Science+Business Media, LLC 2009
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The concentration of lactose in milk is inversely related to the concen-
tration of lipids (Figure 1.1) and to the concentration of casein (Figure 1.2)
(Jenness and Sloan, 1970; Jenness and Holt, 1987). The principal function of
lactose and lipids in milk is as a source of energy; since lipids are ~2.2 times
more energy-dense than lactose, when a highly caloric milk is required, e.g. by
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Figure 1.1. Correlation between ash and lactose in the milks of 23 species (based on data
of Sloan and Jenness, 1970).

Lactose, %

Casein, %

Figure 1.2. Correlation between lactose and casein in the milks of 23 species (based on data
of Sloan and Jenness, 1970).
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animals in a cold environment (marine mammals or polar bears), this is
achieved by increasing the fat content of the milk The inverse relationship
between the concentrations of lactose and casein reflects the fact that the
synthesis of lactose draws water into the Golgi vesicles, thereby diluting the
concentration of casein (Jenness and Holt, 1987).

Lactose is synthesized in the epithelial mammary cells from two mole-
cules of glucose absorbed from the blood. One molecule of glucose is
converted (epimerized) to galactose via the Leloir pathway which is wide-
spread in animal tissues and bacterial cells. The galactose is phosphorylated
and condensed with a second molecule of glucose through the action of
a unique two-component enzyme, lactose synthase. One component is
UDP-galactosyl transferase (EC 2.4.1.22) which transfers galactose from
UDP-galactose to any of several acceptor molecules in the biosynthesis of
glycoproteins and glycolipids. The specificity of the transferase is controlled
and modified by one of the principal milk proteins, a-lactalbumin (a-La),
which reduces the Ky for glucose 1000-fold and in its presence, most of the
galactose is transferred to glucose, with the synthesis of lactose (see Brew,
2003). There is a positive correlation between the concentrations of lactose
and a-La in milk; the milk of the California sea lion or the hooded seal
which contains no lactose also lack «-La (Jenness and Holt, 1987).

The concentration of lactose in mature bovine, buffalo, ovine and
caprine milk is about 4.8. 4.8, 4.6 and 4.1%, w/w, respectively; it increases
slightly during the early stages of lactation but then decreases to about 70% of
the maximum at the end of lactation. In contrast, the lactose content of the
milk of equidae (horse, donkey and zebra) increases during lactation, reach-
ing values in the range 6.0-7.4%, w/w, with considerable inter-individual
variation (Oftedal and Jenness, 1988; Doreau and Boulot, 1989). Human
milk contains ~7.5%, w/w, lactose.

Milk contains several sugars in addition to lactose, generally at low
concentrations. These include glucose (~50 mg/L in bovine milk) and N-acet-
ylglucosamine (Bifidus factor I), which stimulates the growth of Bifidobacter-
ium bifidum and is present at quite a high level in human milk. The milk of
most, probably all, species contains oligosaccharides, containing 3—10 mono-
saccharides which may be linear or branched. They are derivatives of lactose,
which occupies the reducing end of the molecule and most contain fucose and/
or N-acetylneuraminic acid. Human milk contains ~130 oligosaccharides at a
total concentration of ~15 g/L; the milk of marsupials, bears and elephants
also contains high levels of oligosaccharides which are believed to play several
important functions, including brain development and bactericidal activity;
they are indigestible, at least by humans, and thus affect the intestinal micro-
flora. The oligosaccharides in milk and their significance are discussed in
detail in Chapter 8.
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Lactose serves two important functions in milk: it is a ready source of
energy for the neonate (it provides 30% of the caloric value of bovine milk)
and is responsible for about 50% of the osmotic pressure of milk, which is
isotonic with blood and hence is essentially constant. The synthesis of lactose
draws water osmotically into the Golgi vesicles and hence affects the volume
of milk and the concentration of casein, which is packaged in the Golgi
vesicles, in milk. There is an inverse correlation between the concentrations
of lactose and casein in milk (Jenness and Holt, 1987).

For milk with a low level of lactose, the concentration of inorganic salts
is high to maintain the osmotic pressure at the desired level. There is a strong
inverse relationship (Figure 1.3) between the concentration (mM) of lactose
and the osmolality (mM) of milk (Holt and Jenness, 1984; Holt, 1985) but for
the milk of 29 species, the inverse relationship between the concentrations (%)
of lactose and of ash is weak (Figure 1.4), probably because much of the ash
arises from colloidal salts. During mastitis or in late lactation, the integrity of
the mammocyte cell membranes is damaged and there is an influx of blood
constituents into milk; consequently, the osmotic pressure increases, and to
adjust this, the concentration of lactose is reduced. This relationship is
expressed as the Koesler number (KN):

KN = % chloride x 100/% lactose,

which previously was used as a diagnostic indicator of mastitis (normally,
milk has a KN <2 and a value >3 is considered abnormal) but since the

140 4

130 1

120 -

110 4

Lactose, mM

100 1

90 - °
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Salt Osmolarity, mM

Figure 1.3. Relationship between concentration of lactose (mM) and osmolarity (mM) due
to salts (redrawn from the data of Holt, 1985).
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Figure 1.4. Correlation between ash and lactose in the milks of 23 species (based on data
of Sloan and Jenness, 1970).

development of rapid methods for the enumeration of somatic cells, the KN is
rarely used as a diagnostic test. However, the electrical conductivity of milk,
which depends mainly on the milk salts and can be measured in-line during
milking, is commonly used as an index of mastitis.

Why milk contains lactose rather than some other sugar(s) is not clear.
The presence of a disaccharide rather than a monosaccharide can be explained
on the basis that twice the mass of a disaccharide as a monosaccharide can be
accommodated in milk for any particular contribution to osmotic pressure,
which is fixed in milk. Maltose, which consists of two molecules of glucose,
would seem to be the obvious choice of disaccharide. Since energy is expended
in converting glucose to galactose, some benefits must accrue from this con-
version; a possible benefit is that galactose or derivatives thereof occur in some
physiologically important lipids and proteins and a galactose-containing sugar
in milk provides the neonate with a ready supply of this important monosac-
charide. This question was discussed by Urashima and Sato (2004).

1.2. Properties of Lactose

The properties of lactose are generally similar to those of other sugars but it
differs in some technologically important respects. Some important character-
istics of lactose are

e Lactose is a reducing sugar, i.e. it has a free, or potentially free,
carbonyl group (an aldehyde group in the case of lactose).
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Like other reducing sugars, lactose exists partially as an open-chain
form with an aldehyde group which can form a hemi-acetal and,
thus, a ring structure. The formation of a hemi-acetal creates a new
chiral centre (asymmetric carbon) which may exist as two isomers
(enanthiomorphs), a or 3. By alternatively opening and forming the
ring structure, the molecule can interchange between « and 3 anom-
ers, a process referred to as mutarotation.

The « and (3 anomers of lactose have very different properties,
the most important of which are specific rotation, [cx]g) (4+89° and+
35° for a-and [-lactose, respectively) and solubility (70 and 500 g/L,
for a- and [-lactose, respectively).

Like all reducing sugars, lactose can participate in the Maillard (non-
enzymatic browning) reaction, resulting in the production of (off-)
flavour compounds and brown polymers. The Maillard reaction
contributes positively to the flavour and colour of many foods, e.g.
crust of bread, toast and deep-fried products, but the effects in dairy
products are usually negative and must be avoided. (The Maillard
reaction and its consequences are discussed in Chapter 7.)

Redox titration using alkaline CuSO, (Fehling’s solution) or
chloramine-T is the principal standard method for the quantitative
determination of lactose, although in large laboratories it is now
usually determined by infrared spectrophotometry. It may also be
determined by polarimetry, spectrophotometry at a visible wavelength
after reaction with phenol or anthrone in strongly acid solution,
enzymatically (using an enzyme assay kit) or by high-performance
liquid chromatography.

Among sugars, lactose, especially the a-enanthiomorph, has low
solubility in water but when in solution, it is difficult to crystallize
which may cause problems in lactose-rich dairy products, e.g.
skimmed milk powder and whey powder, unless precautions are
taken to induce and control crystallization (see Chapter 2).

a- and (-lactose are soluble in water to the extent of about 70 and
500 g/L, respectively, at 20°C; at equilibrium, the ratio of «:3 is
about 37:63, giving a total solubility of about 180 g/L at 20°C. The
solubility of a-lactose is more temperature dependent than that of
the S-anomer and is the more soluble >93.5°C (Figure 1.5). Hence,
a-lactose is the form of lactose which crystallizes <93.5°C and is the
usual commercial form of lactose; [-lactose may be prepared by
crystallization >93.5°C.

a-Lactose crystallizes as a monohydrate while (-lactose forms anhy-
drous crystals; thus, the yield of a-lactose is ~5% higher than that of
(-lactose.
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Solubility, g anhydrous lactose / 100 g water
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Figure 1.5. Solubility of a- and [-lactose as a function of temperature (from Fox and
McSweeney, 1998).

e When milk or whey is spray-dried, any lactose which has not been

pre-crystallized forms an amorphous glass which is stable if the
moisture content of the powder is maintained low. However, if the
moisture content increases to >6%, the lactose crystallizes as
a-hydrate, the crystals of which form interlocking masses and clumps
which may render the powder unusable if very extensive, i.e. inade-
quately crystallized powder is hygroscopic. The problem can be
avoided by adequate crystallization of lactose before drying or by
using effective packaging.

o Interestingly, crystalline lactose has very low hygroscopicity and is

used in icing sugar blends.

Problems related to the solubility, crystallization, mutarotation and

hygroscopicity of lactose are discussed in Chapters 2, 3 and 4:

e Among sugars, lactose has a low level of sweetness; it is only about

16% as sweet as sucrose at 1% in solution and hence has limited value
as a sweetening agent, the principal application of sugars in foods.
However, it is a useful bulking agent when excessive sweetness is
undesirable.
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e Lactose is important in the manufacture of fermented dairy products
where it serves as a carbon source for lactic acid bacteria (LAB)
which produce lactic acid.

1.2.1. Modification of the Concentration of Lactose in Milk Through
Genetic Engineering

There has been considerable interest in modifying the lactose content of
milk by genetic engineering (see Leaver and Law, 2003). Since the concentra-
tion of lactose is controlled by the concentration of a-La in the secretory cells,
the approach to changing the concentration of lactose involves altering the
level of this protein. There is interest in reducing the level of lactose for at least
three reasons:

o Lactose is the least valuable constituent in milk but it costs energy on
the part of the animal to synthesize it; therefore, it would be econom-
ically advantageous to reduce the lactose content of milk.

¢ Since lactose effectively controls the water content of milk and most
dairy processes require the removal of water, it would be advanta-
geous to reduce the amount of water in milk by reducing the level of
lactose. However, if the level of lactose is reduced too much, the
viscosity of the milk will be too high for easy expression of milk; the
viscosity of mouse milk genetically engineered to contain no lactose
was so high that the pups were unable to suckle and died (see Leaver
and Law, 2003). Obviously, this problem could be overcome by
reducing the level of lactose rather than eliminating it. Alternatively,
it may be possible to modify the milk secretory mechanism to pro-
duce a more useful, or at least a less problematic, sugar than lactose,
e.g. glucose, maltose or lactulose (which is a laxative and prebiotic),
or it might be possible to increase the concentration of salts in milk.

e As discussed below, most adult humans are unable to digest lactose.
If the problems arising from high viscosity were resolved, lactose-free
or -reduced milk would be nutritionally desirable.

However, in some cases it would be advantageous to increase the lactose
content of milk. The economic benefits of increasing the milk output of sows
by increasing its lactose content were discussed by Wheeler (2003).

1.2.2. Nutritional Problems Associated with Lactose

Mammals cannot absorb disaccharides from the intestine; they are first
hydrolysed in the small intestine to monosaccharides, which are absorbed.
Lactose is hydrolysed by (-galactosidase ((3-gal; also referred to as lactase)
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which is secreted by cells in the brush border of the small intestine. The young of
most mammalian species secrete an adequate level of 3-gal but as the animal
ages, the secretion of (3-gal declines and eventually becomes inadequate to
hydrolyse ingested lactose which enters the large intestine, into which it draws
water, causing diarrhoea, and is metabolized by bacteria with the production of
gas which causes cramps and flatulence. In humans, this may occur at 8-10 years
of age. These problems cause many individuals to exclude milk from the diet.
The problems may be avoided by pre-hydrolysing the lactose using exogenous
[-galactosidase (see Chapters 3 and 5) or removing it by membrane technology
(Chapter 3). The frequency and intensity of lactose intolerance/malabsorption
varies widely among populations from ~100% in south-east Asia to ~5% in
north-west Europe (Paige and Davis, 1985; Mustapha ez al., 1997; Chapter 6).

1.2.3. Production and Utilization of Lactose

Previously, whey, from cheese or casein production, was considered a
waste material which was fed to farm animals, irrigated on land or disposed
into sewers. Economic and environmental considerations now dictate that
whey be used more efficiently. The principal product lines produced from
whey are various whey powders, whey protein products produced mainly by
membrane technology and lactose and its derivatives. Membrane technology
is being used increasingly to concentrate and fractionate milk; the resulting
permeate has a number of applications, including the production of lactose.

Lactose is prepared commercially by crystallization from concentrated
whey or ultrafiltrate. The crystals are usually recovered by centrifugation; this
process is essentially similar to that used for sucrose or other sugars. About
400,000 tonnes of crystalline lactose are produced annually (compared to ~10°
tonnes of sucrose p.a.). Developments and trends in the production and utiliza-
tion of lactose are discussed by de Boer and Dijksterhuis (1998) and in Chapter 4.

Owing to its relatively low sweetness and low solubility, the applications
of lactose are much more limited than sucrose or glucose. Its principal
application is in the production of “humanized” infant formulae based on
cows’ milk (human milk contains ~7% lactose in comparison with ~4.6% in
bovine milk). The lactose used may be a crystalline product or demineralized
whey (for physiological reasons, it is necessary to reduce the concentration of
inorganic salts in bovine whey).

Lactose has a number of low-volume, special applications in the food
industry, e.g. as a free-flowing or agglomerating agent, to accentuate/enhance
the flavour of some foods, to improve the functionality of shortenings, and as
a diluent for pigments, flavours or enzymes. It is widely used in the tabletting
of drugs in the pharmaceutical industry where low hygroscopicity is a critical
property (see Chapter 4).
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1.3. Derivatives of Lactose

Like other sugars, lactose has reactive functional groups and can be con-
verted to several more valuable food-grade derivatives (see Yang and Silva,
1995), of which the following are the most significant:

e Glucose—galactose syrups, which are ~3x as sweet as lactose, can be
produced by hydrolysis by a strong acid but are usually prepared
by [-galactosidase. The technology for the production of glucose—
galactose syrups, by acid or S-galactosidase, is well developed (see
Mahony, 1997; Chapter 5) but the products are not cost-competitive
with other sweeteners (sucrose, glucose, high-fructose syrups or syn-
thetic sweeteners).

e Owing to the several alcohol groups, sugars, including lactose, are
reactive molecules, from which a great variety of derivatives can be
produced (see Thelwall, 1997). However, the chemical derivatives of
lactose are not being produced commercially, probably because
similar products can be produced from other, cheaper, sugars, e.g.
a trichlorinated derivative of sucrose, sucralose, commercialized
under the trade name “Splenda” [E955], is a very successful artificial
sweetener (up to 1000 times as sweet as sucrose or twice as sweet as
saccharine and four times as sweet as aspartame). I am not aware of
studies on the sweetness of chlorinated lactose.

¢ Probably the most commercially successful derivative of lactose is lactu-
lose (galactose—fructose) produced by the epimerization of the glucose
moiety of lactose to fructose under mildly alkaline conditions. Lactulose
has many applications including use as a prebiotic and a mild laxative
(see Timmermans, 1998; Aider and de Halleux, 2007; Chapter 5).

e The carbonyl group of lactose can be reduced to lactitol (the alcohol
of lactose) or oxidized to lactobionic acid. The production and
properties of lactitol were described by Timmermans (1998). Lactitol
can be esterified with various fatty acids and used as emulsifiers
analogous to sorbitans (esters of sorbitol).

o Lactobionic acid is a sweet-tasting acid, which is a very rare property
and can be exploited in processed foods. It can be produced by
electrochemical oxidation (Gerling, 1998), enzymatically, using glu-
cose—fructose oxidoreductase (Satory et al., 1997) or by living micro-
organisms (Murakami et /., 2002a,b). A method for the production
of lactose-free galactosaccharides was described by Splechtna ez al.
(2001); lactose was first treated with (-galactosidase to yield a
mixture of galactooligosaccharides, lactose and monosaccharides.
The residual lactose was oxidized by cellobiose dehydrogenase to
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lactobionic acid, which was removed by ion-exchange chromatogra-
phy and could be used as valuable by-product.

o Tagatose is the keto analogue of galactose. It occurs at a low level in
the gum of the evergreen tree, Sterculia setigera, in severely heated
milk or stored milk powder (Troyano et al., 1992, 1994). It can be
produced by treating 5-galactosidase-hydrolysed lactose with a weak
alkali, e.g. Ca(OH),, which converts galactose to tagatose, which can
be purified by demineralization and chromatography. Tagatose is
nearly as sweet as sucrose, has a good quality sweet taste and
enhances the flavour of other sweeteners. It is absorbed poorly
from the small intestine, serves as a prebiotic and has little effect on
blood glucose. It is fermented in the lower intestine to short-chain
fatty acids, which are absorbed and provide ~35% of the energy
obtained from sugars catabolized in the normal way. Tagatose has
GRAS status and is produced commercially by SweetGredients, a
company formed by Arla Dairies and Nordzuker (Denmark).

e (-Galactosidase is normally a hydrolase but it also has transferase
activity and under certain conditions this activity predominates, with
the production of oligosaccharides, containing 2-10 monosacchar-
ides. These oligosaccharides have interesting physico-chemical prop-
erties and may be useful as food ingredients but most attention today
is focused on their prebiotic properties. The oligosaccharides pro-
duced by [-galactosidase (Chapter 5) should not be confused with
the indigenous oligosaccharides in milk which are described in
Chapter 8.

e Lactose can serve as substrate for the production of various fermen-

tation products of which ethanol, lactic, acetic and propionic acids
are the most important.
The production of ethanol from lactose by fermentation using Kluy-
veromyces lactis or K. fragilis has been at a commercial level for at
least 30 years. If the ethanol is used in potable products, this process
is economically viable but whey-derived ethanol is not classified as
potable in some countries. The increased recent interest in bioenergy
sources will open new opportunities for lactose-derived ethanol but
such applications may not be cost-competitive and will depend
strongly on local taxation policy.

The oxidation of ethanol by Acetobacter aceti to acetic acid for vinegar
or other applications is technically feasible but in most cases is not cost-
effective.

The in situ fermentation of lactose by lactic acid bacteria to lactic acid is
widespread in the production of fermented dairy products. The fermentation
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of lactose to lactic acid for food or industrial applications (including the
biodegradable plastic, polylactic acid) is technically feasible but not cost-
competitive with production by the fermentation of other sugars or by
chemical synthesis.

Lactic acid can be converted by Propionibacterium spp. to propionic
acid (with acetic acid, CO, and H,O as by-products), which is used as a
fungicide in the food industry but like the other fermentation products
described here, this conversion may not be economically feasible.

1.4. Significance of Lactose in Dairy Products

Arising from its low solubility, crystallization behaviour and hygroscoposity,
lactose causes problems in concentrated, dehydrated and frozen dairy products.
These problems can be avoided by the application of appropriate processing
techniques, which have been developed over many years. Developments in these
areas in relation to concentrated milk, milk powders, dulce de leche and ice
cream will be discussed in Chapter 3.

Although commercially less important than in concentrated and dehy-
drated dairy products, these physico-chemical properties of lactose also cause
problems in the production of frozen milk which may be economical under
certain circumstances, especially if the milk is pre-concentrated. However, the
casein micelles are destabilized during frozen storage and aggregate on thaw-
ing. Destabilization is caused by a decrease in pH and an increase in Ca®*,
both due to the formation of Cas(POy), from CaHPO, and Ca(HPO,), on
reducing the amount of solvent water on the formation of ice and which is
reduced further by the crystallization of a-lactose monohydrate (see Fox and
McSweeney, 1998). Destabilization can be avoided by pre-hydrolysing the
lactose or freezing rapidly to <— 30°C. The aggregated casein can be redis-
persed by heating the thawed milk to ~50°C; the properties of the reformed
micelles have not been studied in detail. Interestingly, the cryoprecipitation of
casein may be exploited for the commercial production of casein (see Moon
et al., 1989).

As a reducing sugar, lactose can participate in the Maillard reaction,
principally with the e-amino group of lysine, resulting in the formation of
brown-coloured pigments or volatile flavoured compounds and impaired
functionality and nutritional value. The Maillard reaction is the subject of
Chapter 7. The reaction is particularly severe in heated products but occurs
also in milk powders, especially during storage under adverse conditions of
temperature and humidity (see Chapter 4). It may be a problem in cheese
which is subjected to severe heating, e.g. Mozzarella, or in grated cheese
during storage.
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The use of Streptococcus thermophilus, which cannot metabolize galac-
tose, and galactose-negative strains of lactobacilli may produce sufficient
galactose to cause browning-related problems in certain types of cheese and
especially in whey therefrom during drying. The crystallization characteristics
of galactose are quite different from those of lactose (see Chapter 2) and may
cause problems in whey powders.

The monosaccharides, glucose and galactose, are much more reactive
than lactose, and hence dairy products containing hydrolysed lactose are
particularly susceptible to Maillard browning. The hydrolysis of lactose by
(J-galactosidase markedly increases the heat stability of milk and concen-
trated milk, especially around the pH of minimum solubility; hydrolysis of
> ~20% has a significant effect (Tan and Fox, 1996). The mechanism of
stabilization has not been elucidated fully but is probably due to the carbo-
nyls formed in the Maillard reaction; unfortunately, such lactose-hydrolysed
milk products are very susceptible to intense browning, which may render
them non-viable commercially.

1.5. Conclusion

Lactose is one of the principal naturally occurring disaccharides. For reasons
which are not fully clear, lactose is the principal saccharide in mammalian
milks, which are the only significant sources of lactose. As for other sugars,
the chemical and physico-chemical properties of lactose are well established
after more than 200 years of research. However, lactose continues to be the
subject of considerable research and new discoveries continue to be made and
will be described in the following chapters. Moreover, lactose has become a
valuable commodity, which stimulates further studies.
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Solid and Liquid States of Lactose

Y.H. Roos

Lactose in dairy systems can exist in various crystalline and non-crystalline
forms. These forms affect lactose behaviour, particularly in processing and
storage of low-water dairy foods. Crystalline a-lactose monohydrate and
anhydrous fS-lactose are well-known solid forms of lactose, which are rela-
tively poorly soluble in water. Its occurrence in two anomeric forms, a- and
[-lactose, makes its solubility a complex function of temperature. a-Lactose
has low solubility in water at room temperature, but mutarotation to equili-
brium quantities of the a- and [-forms increases the overall solubility of
lactose which increases rapidly with increasing temperature, with a more
rapid increase in the solubility of a-lactose. Liquid dairy systems contain
dissolved lactose in a complex chemical environment and lactose is likely to
exist in a composition-, temperature- and process-dependent «/(-ratio. On
rapid removal of solvent water from dairy liquids on dehydration or freezing,
lactose molecules retain their solution structure and, therefore, amorphous,
non-crystalline solid forms of lactose are typical of dairy powders and frozen
dairy desserts (Roos, 1995; Hartel, 2001).

Amorphous lactose in dairy solids may often exist in a glassy, solid
state or in a syrup-like, super-cooled liquid state. The apparent glass-like
solid state results from a very high viscosity exceeding 10'? Pa s (White and
Cakebread, 1966). The state transition of amorphous solid- and liquid-like
states occurs over a second-order-type state transition known as the glass
transition (White and Cakebread, 1966), as described in Figure 2.1. The
glass transition involves no latent heat but it can be observed from changes
in heat capacity, thermal expansion coefficient, dielectric properties,
various mechanical and flow properties and molecular mobility (White

Y.H. Roos « Department of Food and Nutritional Sciences, University College,
Cork, Ireland.

Advanced Dairy Chemistry, Volume 3: Lactose, Water, Salts and Minor Constituents.
Edited by P.L.H. McSweeney and P.F. Fox, DOI 10.1007/978-0-387-84865-5_2,
© Springer Science+Business Media, LLC 2009

17



18 Y.H. Roos

74 Anomalous changes
in thermodynamic /
properties depending
H on glass characteristics Liquid
S
AH,,
_--" i Translational mobility |
{ and time-dependent
Glass ystalization
T, range
Crystal -9 R
A47=100°C
T, Tm T

Figure 2.1. A schematic presentation of changes in enthalpy, H, entropy, S, and volume, V'
around glass transition temperature, T, and melting temperature, Ty,. The glassy state is a non-
equilibrium state and the glass transition occurs over a temperature range and results in a change
of a solid-like material to a syrup-like liquid in sugar systems.

and Cakebread, 1966; Lai and Schmidt, 1990; Slade and Levine, 1991;
Kalichevsky et al., 1993a; Roos, 1995). The glass transition of hydrophilic
dairy solids is dominated by that of lactose in which water acts as a softener
or ‘plasticizer’ (Jouppila and Roos, 1994a,b). Plasticization by water can be
observed as a decrease in the glass transition temperature with increasing
water content.

Water plasticization is an important factor contributing to dehydration
characteristics and storage stability of dairy solids. A dramatic and well-
documented decrease in the stability of dairy powders occurs above a critical
water content and corresponding critical water activity (Supplee, 1926; Troy
and Sharp, 1930; Herrington, 1934; Lea and White, 1948; King, 1965; Labuza
and Saltmarch, 1981; Jouppila et al., 1997; Haque and Roos, 2006). These
values of critical water content and water activity correspond to those at
which the glass transition of lactose occurs at the storage temperature
(Figure 2.2). Exceeding the glass transition conditions of lactose results in
dramatic changes in the flow properties of dairy powders and the time-
dependent crystallization of lactose (Roos and Karel, 1991c; 1992; Jouppila
et al., 1997; Paterson et al., 2005; Haque and Roos, 2004; 2006). Many other
physical and chemical changes observed in dehydrated and frozen dairy
system have been shown to result from water plasticization and the glass
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Figure 2.2. Water plasticization and glass transition temperatures of lactose at various water
contents. Depression of the glass transition temperature, T, with water content was predicted by
the Gordon-Taylor equation (1). The critical water content and water activity correspond to
plasticization, depressing 7, to room temperature. Higher water levels result in stickiness, caking,
increased browning rates and time-dependent lactose crystallization. Data from Haque and Roos
(2004).

transition of lactose (Roos and Karel, 1991a; Slade and Levine, 1991; Jouppila
et al., 1997; Hartel, 2001).

The objective of this review is to highlight properties of non-crystalline
lactose and its impact on dairy product characteristics at low water contents
and in the frozen state. The non-crystalline state of lactose is often a non-
equilibrium state showing time-dependent characteristics which may be
observed, for example, from changes in flow properties and time-dependent
lactose crystallization.

2.1. State Diagram of Lactose

A state diagram may be considered as a ‘map’ which describes conditions at
which non-crystalline systems appear as solid glasses or as super-cooled
liquids at various water contents and temperatures. State diagrams describe
water plasticization behaviour of hydrophilic amorphous solids and the
concentration dependence of the glass transition of solutes taking into
account ice formation (solvent crystallization) and its effect on solute
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Figure 2.3. State diagram of lactose. The glass transition temperature (T}) curve at high solids
content explains the physical state dependence on temperature and water plasticization. Solvent
water crystallization is controlled by equilibrium freezing as defined by solute concentration and
kinetically by vitrification at solute concentration of C,’ with a glass transition of a maximally
freeze-concentrated lactose at T;;' and onset temperature of ice melting at 77,

concentration at low temperatures. The state diagram of lactose (Figure 2.3)
is useful for characterization of the physical state and physical properties of
common dehydrated and frozen dairy foods.

State diagrams have been used by Levine and Slade (1988a, 1989) to
characterize the effects of frozen storage temperature on food quality which
is particularly important to understand the frozen state properties of ice
cream and other dairy desserts. State diagrams are available for lactose,
milk powders with various fat contents and with hydrolysed lactose (Jouppila
and Roos, 1994b; Roos, 2002), lactose protein mixtures (Haque and Roos,
2006) and lactose-salt systems (Omar and Roos, 2006a,b). It appears that
lactose governs the solid state of lactose-containing powders but the hydrolysis
of lactose results in a significant change to solid properties. This change is a
result of the hydrolysis of lactose to glucose and galactose which differ
greatly in their sensitivity to water from that of lactose (Jouppila and
Roos, 1994a,b). It is also important to note that the glass transition of
dairy solids is a property of the hydrophilic, miscible components, often
dominated by lactose or its mixtures with added sugar components and
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products of lactose hydrolysis. Water plasticization occurs only in the solids-
non-fat fraction, and state diagrams describe the solids-non-fat properties of
dairy systems.

The lactose—water system is a binary solute—solvent mixture. Water, as
a small molecular mass solvent, acts as a strong plasticizer and a significant
depression of the glass transition temperature, T,, occurs at low water con-
tents (Slade and Levine, 1991). The plasticization behaviour of amorphous
polymer—solvent systems is often modelled using the Gordon-Taylor rela-
tionship (Gordon and Taylor, 1952), which allows modelling of the glass
transition temperature depression with increasing water content. The Gor-
don-Taylor relationship is shown in equation (1), where w and w, are weight
fractions of solids and water, respectively, T; and T, are the glass transition
temperatures of respective components and & is a constant:

T Wi T +kwa T
&£ wy + kwy

(1)

The constant, k, in equation (1) can be derived from experimental data
for T, at various water contents (Roos, 1995). Water plasticization of lactose
has been shown to follow this equation which allows its use for establishing
the glass transition curve in the state diagram of lactose (Roos and Karel,
1991a). The Gordon-Taylor equation has also been applied to predict water
plasticization of dairy powders (Jouppila and Roos, 1994b; Haque and Roos,
2006), casein (Kalichevsky et al., 1993a,b) and a number of other food
systems (Roos, 1995). Although numerous values have been reported for
the glass transition temperature of non-crystalline water, the glass transition
temperature for amorphous water is often taken as —135°C (Sugisaki et al.,
1968). Several equations other than the Gordon-Taylor relationship are
available for predicting the effects of water plasticization and composition
on the T, of dairy solids (Roos, 1995).

Most state diagrams show equilibrium melting temperatures of ice at
various water contents and kinetic limitations for ice formation. Ice formation
ceases at temperatures where the equilibrium ice melting temperature
approaches the glass transition of the freeze-concentrated solutes in an unfro-
zen solute matrix. Kinetically limited ice formation may be described as non-
equilibrium ice formation, which is a typical phenomenon in rapidly cooled
carbohydrate solutions and probably the most common form of ice formation
in frozen dairy systems, including ice cream and frozen yoghurt. One of the first
studies reporting non-equilibrium freezing was that of Troy and Sharp (1930),
who found that rapid freezing of ice cream resulted in freeze-concentration and
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super-saturation of lactose which, at a sufficiently low temperature, would not
crystallize. Several sugars, including lactose, and sugar—protein mixtures form
such super-saturated amorphous matrices in frozen systems (Bellows and
King, 1973; Roos and Karel, 1991a; Slade and Levine, 1991; Goff et al.,
1993; Roos, 1993; Goff, 2002; Singh and Roos, 2005).

State diagrams show the T, at various water contents. Freezing of water
results in separation of ice and concentration of solutes in unfrozen water.
Freezing of water ceases as the glassy state of the unfrozen water—solute phase
is approached. The glass transition temperature of the maximally freeze-con-
centrated solute (temperature at which ice formation ceases) with corresponding
solute concentration, C’,, onset temperature for ice melting in the maximally
freeze-concentrated solution, 77, equilibrium ice melting temperature, T,
curve, and solubility, are often included in state diagrams. The state diagram
of lactose with transition temperatures and corresponding lactose concentrations
is shown in Figure 2.3. The most precise C,’ values and corresponding unfrozen
water contents, I, can be derived from state diagrams established with experi-
mental 7, values (Roos and Karel, 1991b). The solute concentration of maxi-
mally freeze-concentrated solute matrices, including that of non-fat milk solids,
has been found to be about 80% (w/w), i.e. the unfrozen water content (W) is
20% (w/w). These values correspond to solute and water concentrations, respec-
tively, at which ice formation may not occur in freezing, i.e. ice formation is not
possible in a system composed of 20% (w/w) water and 80% (w/w) solutes (Roos
and Karel, 1991a,b; Roos, 1993; Jouppila and Roos, 1994b). Higher levels of
unfrozen water may exist in maximally freeze-concentrated matrices of food
polymers such as starch and proteins due to their much higher 7", values (Roos
and Karel, 1991d; Roos, 1995; Singh and Roos, 2005).

2.2. Stickiness and Caking

Stickiness and caking are phenomena which may occur when amorphous
powder components are plasticized thermally as a result of heating or by
exposure to high humidity, resulting in water sorption and plasticization
(Peleg, 1977, 1983; Roos, 1995; Lloyd et al., 1996; Paterson et al., 2005;
Fitzpatrick et al., 2007). Stickiness and caking of dairy powders are often
related to water plasticization of amorphous lactose. Water plasticization
may result in glass transition and viscous flow of the non-crystalline lactose at
particle surfaces which is observed as stickiness and caking. The surface viscos-
ity of particles is an important property of amorphous powders. Downton ez al.
(1982) showed that surface viscosity governs the flow properties, stickiness
and caking of amorphous powder particles. Levine and Slade (1988b) suggested
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that as the viscosity decreased rapidly above the glass transition, amorphous
solids could undergo numerous time-dependent structural transformations.
These changes in food systems included stickiness and caking of powders,
plating of particles on amorphous granules and structural collapse of dehy-
drated structures.

Williams et al. (1955) found that the viscosity of amorphous glucose
above its glass transition was similar to the viscosity of other inorganic and
organic glass-forming compounds. Viscosity was related to relaxation times
above T, and followed an empirical relationship known as the William—
Landel-Ferry (WLF) equation (2), which was derived from the viscosity
data for a number of compounds.

log— = —————~ 2)

where 7 is viscosity at temperature, T, 7, is viscosity at a reference tempera-
ture, T, and C; and C, are constants.

The main cause of stickiness is water or thermal plasticization of
particle surfaces, which allows a sufficient decrease in surface viscosity and
enhances liquid-like behaviour and the development of surface tension for
adhesion. Downton et al. (1982) suggested that an increase of temperature or
water content caused the formation of an incipient liquid state of a lower
viscosity at the particle surface, which resulted in stickiness. Downton et al.
(1982) proposed that particles sticked together if sufficient liquid could flow
to build strong enough bridges between the particles and that the driving
force for the flow was surface tension, which was confirmed for dairy systems
by Adhikari et al. (2007).

Stickiness is a time-dependent property. Since viscosity in the glassy
state is extremely high, the contact time must be very long to allow adhesion.
A dramatic decrease in viscosity above T, reduces the contact time and causes
stickiness which can be related to the time scale of observation. Downton
et al. (1982) estimated that a surface viscosity lower than 10°-10® Pa s at a
contact time of 1-10 s was sufficient for stickiness. The sticky point was found
to decrease with increasing water content. The critical viscosity for stickiness
was almost independent of water content, ranging from 0.3 x 107 to 4.0 x
107 Pa s, which agreed well with the predicted viscosity range. Wallack and
King (1988) reported that the critical viscosity range applied also to other
amorphous powders.

Stickiness and caking may also be related to the hygroscopicity of non-
crystalline sugars. Brennan et al. (1971) studied stickiness properties of
powders in spray drying and they pointed out that two approaches may be
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used to reduce the thermoplasticity and hygroscopicity and therefore to solve
problems caused by wall deposition in spray drying, i.e. the use of additives as
drying aids and the use of specially designed equipment. The sticky point,
which describes particle adhesion and stickiness temperature, of amorphous
food solids against water content follows an isoviscosity curve with about a
constant temperature difference from 7, (Downton et al., 1982; Roos and
Karel, 1991a), and the measurement of the sticky point by the method of
Lazar et al. (1956) can be considered as a method which, in fact, locates the
glass transition of the food solids (Chuy and Labuza, 1994).

Dairy solids-non-fat are plasticized by both temperature and water.
Water at a constant temperature may affect the physical properties similarly
to temperature at a constant water content. Assuming that the WLF-type
temperature dependence applies, the viscosity at a constant water content
decreases with increasing temperature. The WLF equation with the ‘uni-
versal’ constants C; = —17.44 and C, = 51.6, when T, is the reference
temperature (Williams ez al., 1955), predicts that an isoviscosity state of
107 Pa s exists at about 20°C above Ty, which agrees with the experimental
and predicted critical viscosity values for stickiness reported by Downton
et al. (1982). The particular importance of the relationship between the
sticky point and 7y is that the T, of amorphous dairy powders can be used
as a stability indicator. Thus, knowledge of the T, and its dependence on
water content can be used to evaluate causes of stickiness problems, espe-
cially in the production and storage of dairy and other amorphous powders,
as described in Figure 2.4.

Caking of sticky powders occurs when sufficient time is allowed for
surface contact. According to Peleg (1977), liquid bridging is one of the main
inter-particle phenomena which result in caking of food powders. Factors
that may cause liquid bridging include water sorption, melting of component
compounds (e.g. lipids), chemical reactions that produce liquids (e.g. non-
enzymatic browning), excessive liquid ingredients, water released due to
crystallization of amorphous sugars and wetting of the powder or equipment.
The most common caking mechanism in food powders is plasticization due to
water sorption and subsequent inter-particle fusion (Peleg and Mannheim,
1977; Peleg, 1983). Caking of amorphous powders often results from the
change of the material from the glassy to a less viscous liquid-like state,
which allows liquid flow and the formation of inter-particle liquid bridges.
Peleg (1983) pointed out that humidity caking’ is the most common mechan-
ism of caking. Humidity caking is a consequence of an increasing water
content, plasticization and depression of T, to below ambient temperature
(e.g. Slade and Levine, 1991). The close relationships between stickiness and
glass transition suggest that caking also occurs above the 7, with rates which
are defined by the temperature difference, 7-T, which for dairy powders is
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Figure 2.4. Glass transition temperature, 7T, of skim milk with a schematic representation of
liquid droplets during dehydration. Dehydration to a glassy state is required for free-flowing
lactose systems. The presence of lower molecular weight sugars would reduce the stickiness zone
to lower temperatures and water contents while a shift to higher temperatures can be achieved by
mixing lactose with higher molecular weight components. In the wet and semi-dry droplets,
lactose exists as a liquid which becomes increasingly viscous as the water content decreases.

highly dependent on solids composition which is particularly important to
systems with hydrolysed lactose or modified sugar composition (Jouppila and
Roos, 1994a,b; Vega et al., 2005).

2.3. Crystallization and Recrystallization

The non-crystalline state of lactose is a non-equilibrium condition with a high
level of super-cooling and a large driving force towards the crystalline,
equilibrium state. Lactose crystallization and recrystallization in dairy pow-
ders and frozen desserts are glass transition-related, time-dependent phenom-
ena which are governed by the mobility of lactose molecules. Crystallization
in the solid, glassy state may not occur as translational mobility of lactose is
not possible and crystallization is kinetically limited. Molecules in the glassy
state are not able to change their spatial arrangement to the highly ordered,
crystalline equilibrium state. At temperatures and water contents exceeding
the critical values for the glass transition, molecular mobility increases
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rapidly and results in lactose crystallization in various forms, depending on
temperature and water content (Haque and Roos, 2005).

Crystallization of amorphous lactose in dairy powders and in ice cream
during storage is one of the principal causes of loss of product quality
(Supplee, 1926; Troy and Sharp, 1930). Supplee (1926) reported that milk
powders sorbed large amounts of water at low storage relative humidities.
This water often induced changes in properties of the powder, and the water
content decreased at higher humidity conditions due to crystallization. Troy
and Sharp (1930) reported that drying of milk and whey by spray drying and
roller drying produced a glass, composed of a non-crystalline mixture of a-
and (-lactose. Water sorption by whey powders caused plasticization and
subsequent hardening of the material owing to lactose crystallization.

Herrington (1934) found that lactose glasses were stable at room tem-
perature if they were protected from water. The existence of lactose in the
glassy state in dairy products and lactose crystallization at high storage
humidities have been confirmed in numerous studies. These studies have
used polarized light microscopy, electron microscopy, differential scanning
calorimetry (DSC), nuclear magnetic resonance (NMR) and X-ray techni-
ques to analyse the physical state of lactose in dairy powders (King, 1965; Lai
and Schmidt, 1990; Roos and Karel, 1990; Jouppila et al., 1997; Haque and
Roos, 2005). As shown in Figure 2.5, water sorption by most dehydrated
dairy products, which contain lactose, shows a characteristic break in the
sorption isotherm, indicating lactose crystallization (Berlin et al., 1968a,b;
Jouppila and Roos, 1994a,b; Haque and Roos, 2006).

The crystallization behaviour of amorphous lactose in milk products is
also temperature dependent. Berlin et al. (1970) observed that the relative
humidity at which the break in sorption isotherms appeared was dependent
on temperature, which was confirmed by Warburton and Pixton (1978). An
increase in storage temperature shifted the break to a lower relative humidity.
The temperature dependence of the water sorption properties of crystallizing
amorphous sugars can be explained by changes in their physical state. DSC
thermograms of milk powders show a glass transition and a crystallization
exotherm for the amorphous lactose fraction (Jouppila and Roos, 1994b).
Water plasticization decreases the T, of lactose and a higher water content
causes lactose crystallization at a lower temperature. Water plasticization of
non-crystalline lactose and associated depression of the 7, to a lower tem-
perature indicates that the break in the lactose sorption isotherm is both
temperature and time dependent.

Amorphous lactose may crystallize in a complex manner in a number of
crystalline forms and the form produced depends on the relative humidity and
temperature. According to Vuataz (1988), lactose crystallizes as the anhy-
drous g-form at relatively low water activities or as a-lactose monohydrate
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Figure 2.5. Sorption isotherm of amorphous lactose. A break in water sorption occurs as a
result of lactose crystallization above the critical water content. Crystallization can be observed
at varying rates at different storage relative humidities. Recrystallization of anhydrous crystals
to a-lactose monohydrate crystals may be observed at higher water activities (Haque and Roos,
2005).

above a,, 0of 0.57 at room temperature. At higher temperatures, crystallization
behaviour may change according to the stability of the crystalline form at the
crystallization temperature. As shown in Figure 2.5, at intermediate water
contents recrystallization of § and «/f mixed forms seems to occur and
produce higher amounts of a-lactose monohydrate during storage (Haque
and Roos, 2005). Various other components in milk, e.g. proteins and salts,
also affect the crystallization properties and the crystalline form produced at
different temperature and water conditions (Haque and Roos, 2006; Omar
and Roos, 2006a,b).

The kinetics of crystallization at a constant temperature above T, can
be related to water content and water activity, which define the temperature
difference, 7-T,. Therefore, lactose crystallization may occur above a critical
water content or water activity at a constant temperature at a rate defined by
the corresponding 7-7, (Roos and Karel, 1992). The rate of lactose crystal-
lization in dairy powders increases also with increasing relative humidity of
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Figure 2.6. Relative nucleation () and crystallization (0) rates for lactose at various water
activities at room temperature. The glass transition of lactose is defined by water activity, and
crystallization occurs above the critical water activity. The rate of nucleation at a low water
activity is high but crystal growth occurs slowly which results in a low overall rate of crystal-
lization. The maximum rate and extent of crystallinity (---) is achieved around 0.7 a,, (Jouppila
etal., 1997).

storage environment (e.g. Saltmarch and Labuza, 1980; Vuataz, 1988; Joup-
pila et al., 1997). Increasing relative humidity increases water sorption and
water activity, which causes water plasticization and increases the tempera-
ture difference, 7-7T,. The T-T, of lactose defines the rate of crystallization,
as shown in Figure 2.6.

Jouppila and Roos (1994b) determined glass transition temperatures
for freeze-dried milk powders, which contained various amounts of fat. The
T, of non-fat solids at various water contents was almost the same as that of
lactose (Figure 2.2). The water sorption properties of the non-fat solids were
not affected by the fat component. Jouppila and Roos (1994b) developed
state diagrams for milk powders, which defined critical values for water
content and water activity for stability. Combined 7, and water sorption
data suggested that a water content of 7.6 g/100 g of non-fat solids depressed
T, to 24°C. The corresponding water content for pure lactose was 6.8 g/100 g
of solids. The critical a,, was 0.37. These values, being similar to those shown
in Figure 2.2, are in good agreement with several studies which have found
critical water contents and storage relative humidities for milk powders based
on water sorption properties (e.g. Warburton and Pixton, 1978).
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Milk powders with lactose hydrolysed to galactose and glucose show no
break in their sorption isotherms (San Jose et al., 1977; Jouppila and Roos,
1994a). It was suggested that crystallization of individual sugars in the pro-
tein—glucose—galactose mixture was delayed in comparison to lactose crystal-
lization in skim milk and whey powders. Skim milk powders containing
hydrolysed lactose showed a T;, well below that of amorphous lactose. Powders
produced from skim milk containing galactose and glucose as a result of
enzymatic hydrolysis of lactose had an anhydrous 7, at 49°C and a water
content of 2.0 g/100 g of solids reduced the 7, to 24°C (Jouppila and Roos,
1994b). Haque and Roos (2006) have shown that the 7, of lactose-containing
anhydrous skim milk powders is close to that of lactose at 105°C. However, a
number of T, values for amorphous lactose have been reported, which reflect
the sensitivity of the transition to composition and water. Various criteria are
also used to locate the transition temperature in DSC thermograms and it may
be taken from the onset or mid-point of the transition.

Galactose and glucose show glass transitions at 30 and 31°C (Roos, 1993),
respectively. Although Kalichevsky ef al. (1993a,b) found that sugars had only a
small effect on the T, of casein, the 7, of milk powders containing hydrolysed
lactose seems to be higher than is suggested by the 7, values of the component
sugars. The T, of milk powders is significantly reduced by lactose hydrolysis,
which presumably is the main cause of stickiness during processing and storage,
as well as of hygroscopic characteristics and higher susceptibility of the powder
to non-enzymatic browning reactions. It should also be noted that although
lactose is a reducing sugar, the hydrolysis of one mole of lactose produces two
moles of reducing sugars, i.e. one mole of galactose and one mole of glucose.

Lactose crystallization in dairy powders results in increasing rates of
non-enzymatic browning and other deteriorative changes (Labuza and
Saltmarch, 1981; Saltmarch et al., 1981; Miao and Roos, 2004). Saltmarch
etal. (1981) found that the rate of browning at 45°C increased rapidly above a,,
of 0.33 and showed a maximum between a,, of 0.44 and 0.53. The maximum
rate of browning occurred at a lower a,, than was found for other foods. The
maximum rate was coincident with extensive lactose crystallization which was
observed from scanning electron micrographs. The rate of browning was
significantly lower in a whey powder which contained precrystallized lactose.
The loss of lysine was also found to be most rapid at water activities which
allowed lactose crystallization (Saltmarch et al., 1981). Crystallization of
amorphous lactose in closed containers increases water activity very rapidly
and accelerates the browning reaction in comparison with the rate of the
reaction at the same temperature but at a constant water activity (Kim et al.,
1981). Compositional factors and crystallization behaviour of different sugars
may also enhance lipid oxidation (Shimada ef al., 1991) and browning reactions
(Miao and Roos, 2004; Nasirpour et al., 2006).
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2.4. Crystallization and Recrystallization in Frozen Systems

The viscosity of a freeze-concentrated solute phase affects time-dependent
crystallization phenomena, ice formation and material properties. Levine and
Slade (1988a) pointed out that the retarding effect of added maltodextrins on
ice recrystallization in ice cream is due to the elevation of the glass transition
of a maximally freeze-concentrated solute phase, 7'

At a sufficiently low temperature, the viscosity of a freeze-concentrated
solute matrix becomes high enough to retard diffusion and delay ice forma-
tion (Roos and Karel, 1991b). Maximum freeze-concentration may occur at
temperatures slightly below the onset temperature of ice melting, 7},,/, in the
maximally freeze-concentrated material (Figure 2.3). Generally, the T,' and
T, increase with increasing molecular weight of the solute fraction (Slade
and Levine, 1991; Roos and Karel, 1991d).

Lactose crystallization in frozen dairy systems may occur above the glass
transition temperature of the maximally freeze-concentrated solute matrix, 7'
Lactose is one of the least soluble sugars and the loss of quality, including a
sandy mouthfeel, resulting from lactose crystallization is well known (Troy and
Sharp, 1930; White and Cakebread, 1966). The solubility of lactose at 0°C is
only about 12 g/100 g of water and it decreases substantially below the freezing
temperature of water as a result of freeze-concentration (Nickerson, 1974). The
solubility of lactose also decreases in the presence of other sugars, e.g. sucrose
(Nickerson and Moore, 1972), which may significantly facilitate lactose crystal-
lization in frozen dairy desserts and ice cream. However, crystallization of
freeze-concentrated solutes can be retarded and greatly reduced by the use of
sugar blends and syrups and by the addition of polysaccharides (Hartel, 2001).

Both lactose crystallization and recrystallization of ice in frozen desserts
can be reduced by the addition of stabilizers which increase the viscosity of the
unfrozen, freeze-concentrated solute phase. Singh and Roos (2005) also showed
that in blends of polysaccharides, proteins and sugars, the 7}’ was decreased but
the T,/ increased as a result of retarded ice formation. The polysaccharide,
protein (including) polysaccharide and protein stabilizers) and sugar composi-
tion seem to be the most important factors in formulation of frozen dairy foods
with improved stability against solute crystallization and ice recrystallization.
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Significance of Lactose in Dairy
Products

Lactose is the principal solid constituent in bovine milk, representing ~35%
of the totals solids in normal milk, and is the principal constituent in many
dairy products, ranging from about 40% in whole milk powder to ~70% in
whey powder. Therefore, the properties of several dairy products, especially
concentrated and dehydrated products, are dominated by certain properties
of lactose, especially its solubility, crystallization behaviour, mutarotation
properties and its propensity to Maillard browning.

In this chapter, the significance of lactose in evaporated and sweetened
condensed milk, ice cream and milk powders will be considered, each in
separate sections.
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I. Manufacture of Sweetened Condensed Milk
and the Significance of Lactose Therein

R. Tan

l.1. Introduction

Gail Borden (1801-74) developed sweetened condensed milk (SCM) in 1856.
The idea for a portable, shelf-stable canned milk product came to him during
a long transatlantic trip in 1852, when cows on board the ship became too
seasick to be milked and an infant died from lack of milk. He patented the
process for making SCM in 1856 and founded a company known as Borden
Milk Products in Burrville (CT) in 1857.

Borden did not have immediate success; his first two factories failed
because the milk curdled and/or scorched. Later, inspired by the vacuum
pan used by the Shaker community to condense fruit juice, he was successful
in a third factory at Wassaic, NY. Historical records indicate that milk was
heated first in a heating-well to about 97°C by passing a jet of live steam into
it and holding for about 5 min. Sugar was then added and the mixture held
in a vacuum pan at <60°C for 1-1.5 h until the batch was finished (Baldwin,
1924).

Today, there are considerable variations in the methods and equipment
used to manufacture SCM. The stages of the process include heat treatment,
homogenization, addition of sugar (liquid or dry, before or during concen-
tration), concentration (or hydration if powder is used), seeding and cooling
(Figure 1.1). The principles involved in these stages are discussed in many
publications, including Hunziker (1946) and Niewenshuije (2003). Except for
seeding and cooling, the sequence of these stages varies from one processor to
another and it is quite common to carry out the heat treatment, and/or

R.Tan « 908, S. Vine St., Orrville, OH 44667, USA..
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Figure I.1. Flow diagram for the manufacture of sweetened condensed milk.

concentration, in multiple stages. Different processing sequences yield pro-
ducts with different viscosity and age-thickening properties. Each manufac-
turer has its own proprietary secrets, aimed at making a product with a slight
caramelized flavor, good initial viscosity and well-controlled age thickening.
The initial viscosity and, especially, the rate of age thickening, depend on the
stage at which sugar is added, the stage at which milk is homogenized, the
extent of preheating or subsequent heating, its shear history and the storage
temperature. The rate of age thickening can be logarithmic or polynomial in
the order of 2-6.
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.2. Variants of Sweetened Condensed Milk

Typical SCM contains 8% milk fat, 20% milk-solids-non-fat (SNF), 45%
sucrose and protein not less than 34% of the SNF (Table 1.1). However,
there are a few variants of SCM that contain vegetable fat or have lower
milk solids. These are often called “filled SCM”, “coffee whitener” or “bev-
erage creamer”. “Bonnet Bleu” (made in the Republic of Cameroon, Africa) is
a SCM containing 48-49% sucrose, ~7% fat and only ~15% milk-solids-non-
fat. Milk caramel or “dulce de leche” is caramelized SCM.

Filled sweetened condensed milk is SCM in which milk fat is replaced by
vegetable fat to reduce its cost. This product was very unpopular initially; the
“Filled Milk Act” was passed by the US Congress (21 USC Ch. 3, § 61-63) in
1923 to prohibit inter-state and foreign shipments of such products. After
that, several states and countries, e.g., Australia in 1959, introduced their own
versions of the Filled Milk Act, but several protests and lawsuits also fol-
lowed. By 1970s, the drive to reduce the intake of cholesterol in the diet
resulted in an increased demand for filled milk products. The “Filled Milk
Act” was repealed in November, 1972, when a US District Court ruled that
the Filled Milk Act violated the Constitution (Milnot Co. vs Richardson.
Federal Supplement 350:221). The Australian Filled Milk Act was repealed in
1980 by Act No. 45.

1.3. Standards for Sweetened Condensed Milk

The USA’s Code of Federal Regulation (Title 21 Section 131.120) defines
SCM as a “food obtained by partial removal of water only from a mixture of
milk and safe and suitable nutritive carbohydrate sweeteners. The finished
food contains not less than 8% by weight of milk fat, and not less than 28% by
weight of total milk solids. The quantity of nutritive carbohydrate sweetener
used is sufficient to prevent spoilage. The food is pasteurized and may be
homogenized.” Addition of fruit juices or concentrates, coloring, natural or
artificial flavors is permitted.

Filled sweetened condensed milk has been available since the 1970s, but
its standard was drafted only recently (5th Session of the Codex Committee
on Milk and Milk Products — April 2002 and 25th Codex Alimentarius
Commission — June 30 to July 5, 2003).

For standardization or protein adjustment purposes, Codex Standard
A-4-1971 Rev 1-1999 allows the addition of milk, milk powders, cream and
cream powders, milk fat products, milk retentate or permeate and lactose, in
such a way as not to alter the whey protein to casein ratio of the milk.
Permitted ingredients include buffering salts (stabilizers, acidity regulators)
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up to 0.2% when added singly, or 0.3% when added in combinations. Carra-
geenan (up to 0.015%) and lecithin (emulsifier) are also allowed. In limiting
the concentration of lactose in SNF, a few regulations around the world limit
the added lactose seed to 0.03% (Welsh Statutory Instrument — 2003 No.
3053 W.291, and England — 2003 No. 1596).

l.4. Limitations of Lactose in Foods

Lactose has limited applications in foods because it is not very soluble (about
18 g/100 g water at room temperature). In frozen or low-moisture foods, its
crystallization causes grittiness. The crystallization to a-lactose monohydrate
sequesters moisture, causing instability of the casein system.

In ice cream, the so-called “MSNF factor” is used to limit the concen-
tration of milk- solids-non-fat (MSNF), thus limiting the amount of lactose
and avoiding sandiness. In the manufacture of concentrated milk products,
however, seeding techniques are used to control the size of lactose crystals to
prevent grittiness or sandiness. In the spray drying or fluidized bed drying of
concentrated whey or milk, seeding techniques are also used to improve the
properties and stability of powder, and also to increase yield.

Although SCM and caramelized SCM (dulce de leche) have been
known since the 1850s and 1960s, respectively, it took years of study and
trial and error to eliminate sedimentation and sandiness caused by the crystal-
lization of lactose. The earliest studies on sandiness in SCM were probably
those of Hunziker (1946) and Foster et al. (1957). In certain parts of the world
where % protein-in-SNF is not regulated, processors who mastered the
technique of seeding (controlling lactose crystallization) have been making
low-cost SCM or caramel, by replacing most of the milk-solids-non-fat with
lactose using whey powder (70% lactose). In caramelized SCM, phosphates
and/or bicarbonates are added frequently not only to inhibit protein gelation
and to catalyze browning but also to increase the solubility of lactose (see
Guu and Zall, 1991). Corn syrups or maltodextrins also inhibit lactose
crystallization, but they are added primarily to increase the viscosity or to
replace sucrose and thus to reduce cost. Calcium nitrate, bromide or chloride
has been shown to increase the solubility of lactose (Nickerson, 1974). Phos-
phates also increase the solubility of lactose (Guu and Zall, 1991), and
surface-active substances, in general, affect its crystallization or solubility
(Polyanskii, 1987; Hartel, 1993). The effect of pH on the solubility of lactose
is insignificant (Smart, 1988), but the nature of the solvent and the presence of
salts or other sugars influence both the rate of solubilization and mutarota-
tion of lactose (Harper, 1992). In SCM, the presence of milk colloids at high
concentration impedes the rate of lactose crystallization, its high viscosity
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also reduces the rate of diffusion of lactose to the surface of lactose crystals
(Hunziker, 1946).

Studies on the solubility of lactose have been published by several authors,
in water (e.g., Hudson, 1908 (see Visser, 1982); Herrington, 1934; Visser, 1982),
in ethanol (Machado et al., 2000; Tze-Shuong, 2004) or in solution containing
sucrose also (Hartel, 1993).

I.5. Crystallization of Lactose in Sweetened Condensed Milk
and Related Products

Lactose in milk powder, spray-dried lactose or inhaler-grade lactose usually
occurs as a combination of a-hydrate crystals, anhydrous S-crystals and
amorphous lactose “glass”. Amorphous lactose is formed during rapid eva-
poration or drying, along with the «- and (-lactose present initially in the
concentrate. The glass form of lactose is also formed in ice cream during its
rapid cooling and storage below its glass transition temperature (7, ~—-30°C).

[-Lactose is obtained when crystallization occurs from ethanol (at
various concentrations and temperatures; Olano ef al., 1983), or from water
above 93.5°C. When dried in clusters, 3-lactose looks like an uneven-sided
diamond (Holsinger, 1988); when suspended in saturated solution, it looks
like bundled straws. It is sweeter and much more soluble than «-lactose.

In solution, (-lactose exists in equilibrium with «a-lactose. At room
temperature, §- and a-lactose co-exist at a ratio of 1.6:1 (or 61% (3, 39% «).
Despite the greater proportion of (-lactose, the usual crystalline lactose in
intermediate-moisture foods is a-lactose. This is because its solubility is much
lower than that of -lactose (below 93.5°C). On supersaturation, it crystal-
lizes from solution as a-lactose monohydrate, leaving §-lactose in solution.
On mutarotation, the concentration of a-lactose in solution is replenished, as
(B-lactose is converted to a-lactose. Mutarotation and crystallization continue
as long as the solution is supersaturated and stop when the saturation point is
reached.

a-Lactose monohydrate (C;,H»,0;;.H,0) crystals are typically toma-
hawk in shape when grown in supersaturated lactose solution. In SCM or in
supersaturated lactose solution containing 62% sucrose, however, the crystals
are no longer tomahawk in shape, but resemble short, truncated pyramids
with flat rhomboid bases and apices (Hunziker, 1946). The volume of lactose
crystals in SCM is equal to that of a sphere with its diameter (D) calculated as
L/1.33, where L is the longest axis of the crystal (Hunziker, 1946).

The crystals are sparingly soluble in water and are hard and gritty in the
mouth. According to Zhizhin et al. (1971), SCM becomes powdery in mouth-
feel when crystals of lactose exceed 16 um, but Kruk ez al. (1974) reported that
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sandiness is perceived only when crystals are greater than 30 pum. Hunziker
(1946) and Hough et al. (1990) related quantitatively the number and size of
crystals with the degree of sandiness in caramelized SCM. According to
Hunziker (1946), sandiness occurs only when there are more than 4x10°
crystals/g of food, but according to Hough et al. (1990), the perception of
sandiness results from a combination of the number and size of crystals.
Crystals up to 105 pm are not detectable when the number of such crystals
is less than 4x10%/g, up to 45 um when number is less than 10°/g, or up to
15 um when number is less than 107/g (Hough et al., 1990). In fact, the size and
number of crystals are interdependent because both depend on the solubility
of lactose.

I.6. Seeding Sweetened Condensed Milk with Lactose

In order to control crystal size and to avoid grittiness in SCM, it is necessary
to control the number of crystals by adding an appropriate number or
amount of small lactose crystals (called “seed”) that act as nuclei to initiate
subsequent growth. In order to ensure proper growth of the nuclei to the
desired size, seeding must be done at the optimum temperature for crystal
growth, and sufficient time and agitation must be provided for sufficient heat
transfer and distribution of the seed. Depending on the speed of agitation and
on the size of the tank, agitation may require as long as 24 h.

A few seeding procedures have been recommended but the rationale for
their recommendation is unclear. Hunziker (1946) recommended seeding
with the previous day’s product (no quantity given) or seeding with 0.063%
(w/w) lactose powder at 30°C with vigorous agitation for more than 1 h,
followed by cooling to 18°C. Foster et al. (1957) recommended seeding with
0.05% lactose powder at 30°C with vigorous agitation for 1 h, followed by
cooling to 15°C for SCM packed in tins or 21°C for bulk product. Niewen-
shuije (2003) recommended adding 0.02-0.05% (w/w) lactose powder or 10°
to 10° 1-1.5 um crystals per ml SCM.

In making caramelized SCM, Martines et al (1990) recommended
seeding at 0.03% and agitating for 15 min, while Hosken (1969) recommended
adding previous day’s product as seed. Martines et al. (1990) further recom-
mended seeding at 50°C because such product is very viscous at lower
temperatures.

As a rule of thumb, lactose crystals smaller than 10 um are desired
(Niewenshuije, 2003) to avoid not only the perception of sandiness but also
the sedimentation of lactose. In order to limit the crystal size to less than
10 pm, lactose crystals used for seeding should be 1-1.5 um (Niewenshuije,
2003). However, lactose crystals available commercially are much larger
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than 1 um and are not uniform in size. In the case of fluidized bed drying of
milk powder, the ideal size of crystals for optimum drying is, in fact, much
larger (200-250 pm). For this reason, it becomes important for processors to
know what is the correct amount of seed to use to control crystal size, or to
know what crystal size to expect in the product, given a certain size of the seed
used. For instance, if crystals in the seed used are 3 um, 0.20% (w/w) lactose
should be added in order to limit crystal growth to <10 um (see below).

When the concentration of lactose in the product, its solubility and the
specific gravity of its crystals are known, the number and size of lactose
crystals in the final product can be estimated using simple mathematical
calculations. Empirical equations derived from these calculations are useful
for quick determination of the number and final size of lactose crystals in
SCM. Similar equations can be derived for any other food product when the
concentration of lactose (in excess of its solubility) is known.

Lactose crystal size (um) in SCM (after growth)

= 0.4106 x size of seed (um) x % seeding 3%

Maximum number of crystals/mm’ in SCM
= (5.84 x 10° x % seed)/specific gravity of lactose crystals x (size of
seed inpm?) or

=3.78 x 10° x % seed/(size of seed in um?),
since the specific gravity of lactose crystals is 1.545

Example: Using the equations given above, 280, 051 crystals with dimensions
of 9.8 um per mm?® are expected when the seed used is 3 um and 0.20% is added.
Final lactose size = 9.8 um = 0.410613 x 3 x (0.20%) *****
Maximum number of crystals = 3.78 x 10° x 0.20%/3>
= 280,051 /mm’
These empirical equations are based on three parameters:

1) The solubility of lactose in SCM (15 g/100 g water; Hunziker, 1946)
2) Specific gravity of a-lactose (1.545)
3) Volume of a-lactose crystals found in SCM ('/s © d°)

where diameter d is the longest axis of the crystal divided by 1.33
(Hunziker,1946)



R. Tan 45

1.6.1. Derivation of Equations

The solubility of lactose in water is 18 g per 100 g at 20°C.
According to Nickerson (1974), the solubility of lactose is reduced by
40-80% of its usual value when the concentration of sucrose also present
is 40-70%. According to Hunziker (1946), its solubility in SCM, as well
as in whole milk containing 62% sucrose, is reduced to 15 g per 100 g
water at 18°C. SCM (at 20% milk-solids-non-fat, 27% moisture) contains
~10.8% lactose, so the amount of lactose in 100 g water is ~40 g; which
means the remaining 25 g are expected to crystallize, i.e., ~6.8% of the
SCM by weight.

Since the density of SCM is 1.3 mg per mm?, 0.09 mg of lactose per mm?
SCM (6.8% of 1.3 mg) is expected to crystallize.

If the size of lactose seed is 3 pm (0.003 mm), its volume would be 6.009 x
10 mm?®, weighing 9.284 x 10~ mg per crystal (i.e., 6.009 x 10 mm’ x
specific gravity of the lactose, see column B in Table 1.2).

If the amount of seed added to SCM is 0.20%, the amount would be 2.6 x
10~ mg per mm® of SCM (i.e., 0.2% of 1.3 mg); the number of seed crystals
would be about 280,000 per mm?® of SCM (2.6 x 10%/9.284 x 10, see column
D in Table 1.2). These are the seeds for the 0.09 mg of lactose mentioned above
to grow upon; each seed would grow to 3.21 x 10" mg (i.e., 0.09/280,000, see
column E in Table 1.2); size of which is 9.8 pm.

Volume of each grown crystal (v)
=3.214 x 10 "mg/(1.545 mg/ mm> ) = 2.08 x 10~" mm? (see column
F in Table 1.2), where 1.545 is the specific gravity of lactose crystal.

Crystal size (L, after growth)
1.33 L = d = cube root of (volume x 6/m)
L =0.0098 mm = 9.8 um (see column G in Table 1.2)
Where (L) = diameter of a sphere/1.33 (Hunziker, 1946), and
volume of sphere = /¢ 7 d®

Using the same method of calculation shown above, a spreadsheet like
that in Table 1.2 can be generated for different sets of data, i.e., different
starting seed size, different levels of seed added (number of nuclei) and
different expected final growth size. These data can then be used to derive
graphically empirical equations like the example shown above, which are for
SCM.

These calculations help processors to understand that when the size
of seed is, say 1 um, addition of as little as 0.025% is needed. If the available
seed is larger, the level of addition can be adjusted to control or limit the
final size of lactose crystals in the product. If the perception of sandiness is
indeed a combination of both the number and size of crystals (Hough
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Table 1.2. Various seed sizes, level of seed added, and final crystal size in sweetened
condensed milk

Size of
Volume crystals
Size of Number  Weight (mg) (mm?) of in
seed Weight of Pecentage  ofnuclei  of each each crystal finished
crystal each seed of seed per mm’ crystal (after  (after product
(um)* crystal (mg) added product growth) growth) (um)*
A B C D E F G
1 3.43853 x 1071°  0.025 945171 9.522x107%  6.163x 1078 6.52
1 0.05 1890341 4761 x 1078 3.082x 1078 5.17
1 0.10 3780682  2.381x107°%  1.541x10°% 4.11
1 0.15 5671023  1.587x10°%  1.027x107% 3.59
1 0.20 7561364  1.190x 107 7.704 x 107° 3.26
3 9.28404 x 10™°  0.025 35006 2571 x 107 1.664x107° 19.6
3 0.05 70013 1.285x 107 8.320x 1077 15.5
3 0.10 140025 6.427 x 107°  4.160 x 1077 12.3
3 0.15 210038  4.285x107°  2.773x 1077 10.8
3 0.20 280051 3.214x107%  2.080 x 1077 9.8
5 429817 x107%  0.025 7561 1.190 x 107°  7.704 x 107 32.6
5 0.05 15123 5951 x107%  3.852x107¢ 259
5 0.10 30245 2976 x 107  1.926x107° 20.5
5 0.15 45368 1.984x 107 1.284x10°° 17.9
5 0.20 60491 1488 x 107 9.630x 1077 16.3
10 3.43853 x 1077 0.025 945 9.522x 107> 6.163x107° 65.2
10 0.05 1890 4761x107°  3.082x107° 517
10 0.10 3781 2381 x107°  1.541x107°  41.1
10 0.15 5671 1.587x107°  1.027x107° 359
10 0.20 7561 1.190 x 107> 7.704 x 107° 32.6
20 2.75083 x 10°®  0.025 118 7.618x107* 4931 x107* 1304
20 0.05 236 3.809x 107*  2.465x107*  103.5
20 0.10 473 1.904 x 107 1.233x107*  82.1
20 0.15 709 1270 x 107 8218 x 1075  71.7
20 0.20 945 9.522x 107>  6.163x107° 65.2

* longest axis of a-lactose monohydrate crystal (um).

et al., 1990), then it should be acceptable to have a product with a crystal
size above the norm of 10 pm, as long as the number of crystals does
not exceed its corresponding limits. For instance, if sandiness is not
detectable when the number of 15 pm crystals is less than 10’/g SCM,
then it should be acceptable to use 3 pm seed, as long as up to 0.05% is

added (see Table 1.2).
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I.7. Effect of Crystal Size on the Viscosity of Sweetened
Condensed Milk

Properties of lactose related to its solubility also affect the density, viscosity,
water activity, freezing and melting points and the susceptibility of the food
product to browning. Apart from the concern about sandiness, there are
other aspects related to the crystal size that need further consideration, i.e.,
sedimentability of the crystals and the effect of the number of crystals on the
viscosity of the finished product. Generally, sedimentation of lactose crystals
in SCM occurs within 1 month when the viscosity of product is less than
5000 mPa s (5000 cps) and crystal size is greater than 40 um.

According to Stokes’ law, the rate of sedimentation of lactose (v) is affected
more significantly by its crystal size than by the viscosity of the medium (n). v is
proportional to r*, where  is the radius of the crystal. For instance, the rate of
sedimentation is increased four times when crystal size is doubled, but only
twofold when viscosity is halved. The two combined (doubling crystal size and
reducing viscosity by 50%) increases the rate of sedimentation by eightfold.

Stokes’ law

L2 glop =)
91
where

v is the rate of sedimentation, r the radius of the particle, g the gravita-
tional acceleration, p,—p, the difference in density between particle
and medium and 7 the viscosity of the medium.

Stokes’ equation indicates that the sedimentation of lactose reduces the
viscosity of the system, and the reduction in the viscosity increases the rate of
sedimentation; both are affected by crystal size.

The effect of crystal size on viscosity can be observed during the crystal-
lization of lactose in SCM or milk concentrates. Viscosity increases to a
maximum during the first half of the crystallization process because lactose
crystals are still very small (large specific surface) and the mother liquor still
has a relatively high solids content, which means that the friction between the
crystals and the mother liquor is high. As lactose crystals grow and the solids
content of the mother liquor decreases, viscosity decreases.

1.7.1. Heat Treatment Before Evaporation

Even though the size and number of lactose crystals affect the viscosity
of SCM, heating during processing has a greater effect. Factors that affect the
viscosity of SCM during processing include preheating of milk before
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concentration, temperature of evaporation and condensation, time and tem-
perature of heating after concentration, the stage at which sugar is added
(prior to preheating or after concentration), homogenization pressure and the
stage at which milk or its concentrate is homogenized, its pH, its level of fat,
minerals and solids content (see Bienvenue et al., 2003), its lactose crystal size,
its storage temperature, shear history, shear rate applied during the measure-
ment of viscosity and its age. It appears that preheating is one of the main
factors that affect the final viscosity of SCM, probably due to its greater effect
on age thickening.

Several studies have shown the effects of preheating at various tempera-
tures, but preheating in the range of 80-85°C has, in general, been shown to
have desirable effects on viscosity. The viscosity of milk, and of the concen-
trate made from it, increases to a maximum on preheating at 80-85°C for
15-25 min (which corresponds to the complete denaturation of whey pro-
teins). Beyond this, and up to several hours (before the milk starts to thicken
and gel), the viscosity drops to a plateau value, which is below the maximum
but above the level of non-preheated milk. Preheating at temperatures higher
than 80-85°C also results in lower viscosity when preheating time goes well
beyond complete denaturation of whey proteins.

Preheating below 80-85°C or for <15-25 min results in a “low-heat”
product with lower initial viscosity, more pronounced pseudoplasticity and
thixotropicity, more sensitivity to storage temperature, greater propensity to
age thickening on storage at warmer temperatures (above 18°C) and, accord-
ing to Hunziker (1946), thinning results on storage at lower temperatures.

The optimum preheating conditions appear to be 80-85°C for
>15-25 min, for the desired initial viscosity with slow age thickening. Perhaps
due to such a long holding time, some manufacturers of SCM preheat milk at
105-110°C for 1-5 min. According to Hunziker (1946), preheating at a
temperature higher than 110-120°C causes age thinning (holding time not
given).

In addition to preheating, most manufacturers further control the visc-
osity of their SCM by either homogenization and/or by another heat treatment,
after the product has been concentrated or partially concentrated. In addition
to the increase in viscosity due to the emulsification of fat, homogenization
increases the sensitivity of milk proteins to heat (decreases its heat stability);
therefore, homogenization before heating, as opposed to homogenization after
heat treatment, and homogenization of milk, as opposed to homogenization of
concentrated or partially concentrated milk, have different effects on the
viscosity of SCM. Heating increases the viscosity through protein gel formation
(see “cooling after complete crystallization of lactose”; 1.8.2). Heating is done
either by tempering the finished product slowly in a temperature-controlled
warehouse for several days or rapidly by heating in a hotwell tank. The latter
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offers the advantage of pre-forming protein gels while the product is still in a
tank. The effect of subsequent shearing (which happens during the canning
process) is discussed below.

I.8. Controlling Lactose Crystal Size by Cooling

Lactose can be supersaturated by increasing the concentration of lactose in
relation to water content by evaporation or by reducing its solubility through
cooling.

When a solution is cooled to produce a supersaturated solution and to
cause crystallization, the heat that must be removed is the sum of the sensible
heat necessary to cool the solution and the heat of crystallization. Theoreti-
cally, the heat of crystallization is equal to the heat of solubilization plus the
heat of dilution, but the heat of dilution is small and can be ignored. The heat
of solubilization for lactose monohydrate is—15,500 kJ mol ' or—43.1kJ kg .
In order to achieve maximum heat transfer, agitation must be effective.

The most common crystallizer used in SCM manufacture is a simple
open tank or vat in which the solution loses heat to its surroundings. Since
cooling in this fashion is slow and not very effective, large crystals are
generally produced. To reduce crystal size or increase the rate of cooling,
cooling coils or jackets can be added and these crystallizers can be made
continuous.

Continuous crystallizers used in the food industry are usually cylindri-
cal, scraped-surface heat exchangers, similar in design to those for plasticizing
margarine and cooking fats, and for crystallizing ice cream. It is essentially a
double-pipe heat exchanger fitted with an internal scraper. The material is
pumped through the central pipe and agitated by the scraper, with the cooling
medium flowing through the annulus between the outer pipes.

1.8.1. Seeding/Cooling Temperature

The removal of a-lactose from the solution due to crystallization means
that the ratio between «- and [-lactose changes, so that the solution contains
more (-lactose than a-lactose during crystallization. Due to mutarotation,
the solution of a-lactose becomes supersaturated again, and crystallization
continues. This process continues for as long as the solution is supersaturated.

The rate of mutarotation is influenced directly by the temperature of the
solution; it proceeds faster at high temperatures and very slowly at tempera-
tures near the freezing point. Thus, temperature has the opposite effects on
mutarotation and crystallization. This means that by cooling the concentrate
too fast or to a very low temperature, crystallization proceeds quickly but the
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completion of crystallization takes longer; slow mutarotation results in a
small amount of (-lactose being transformed into a-lactose for further
crystallization.

In practice, concentrate (lactose solution, SCM or whey) is cooled
rapidly to 30°C in a flash cooler connected to the evaporator after which
the concentrate is seeded with fine lactose and allowed to cool rather slowly
(1-3°C/h) to about 20°C in the tank. This allows mutarotation and crystal-
lization to proceed at reasonable rates. Throughout the crystallization pro-
cess, it is very important to agitate the concentrate in the crystallization tank
vigorously and continuously, in order to transport supersaturated solution to
the surface of the crystals. Agitation also prevents the viscosity of the thixo-
tropic suspension from becoming too high, which would reduce the rate of
diffusion and mutarotation, and the distribution of seeds. In a study on SCM,
Kruk et al. (1974) showed that the percentage of lactose crystals greater than
30 um increases with an increase in viscosity, resulting in sandiness.

The optimum seeding temperature for SCM is 25-30°C because the
concentration of lactose in solution (prior to crystallization) is in the “inter-
mediate region” (Figure 1.2). The percentage of total lactose in this product

g lactose/ 100 g water
200

100 4

401

20 +

10 1

0 20 40 60 80 100
°c

Figure 1.2. The solubility of a- and S-lactose, the final solubility of lactose (line 1), and
supersaturation by a factor of 1.6 and 2.1, respectively (modified from Walstra & Jenness, 1984).
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(containing 27% water) is about 10.8%; its concentration in 100 g water is
about 40 g. Below 20°C (labile region), lactose crystallizes instantaneously
without the presence of seed. As the temperature is increased from 30 to 50°C
(the meta-stable region), less lactose can crystallize and the nuclei (seed) grow
slowly. At above 50°C, all lactose is in solution, and all added lactose
dissolves.

In some lactose solubility diagrams (Figure 1.3), no distinction is made
between the intermediate and meta-state region of solubility. Another way of
expressing lactose concentration is “% lactose in water”, which is about 28%
w/w in SCM (10.8/(10.8+27) x 100). At this concentration, the meta-stable
region is also at 20-30°C. Below 20°C (labile region), lactose crystallizes
instantaneously, while above 50°C, lactose is completely in solution.

Despite seeding at the optimum temperature (25-30°C), crystallization
in the storage tank (with subsequent cooling to 20°C) requires about 24 h for
completion in SCM. This is evidenced by a rapid change in water activity
within 12 h of seeding, and a slow change afterwards. Its water activity (73%
total solids, 45% sucrose, 10.8% lactose) starts at ~0.800 and reaches <0.840
upon completion of crystallization. This crystallization process can also be
monitored by measuring changes in the refractive index of the concentrate

F
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Figure 1.3. Solubility of lactose (modified from Hunziker, 1946).
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(Mimouni et al., 2005) or by centrifugation and measuring the concentration
of lactose in the supernatant (Zhizhin et al., 1971).
Since SCM contains ~10.8 g lactose per 100 g, and 8.37 g are expected
to crystallize, a maximum of 77.5% of the lactose is expected to crystallize.
Since the microbial stability of SCM depends solely on its water activ-
ity, the knowledge that final water activity of SCM is reached only upon
complete crystallization of lactose becomes very important.

1.8.2. Cooling After Complete Crystallization of Lactose

The viscosity of SCM increases rapidly during the first 4-12 h after
seeding, followed by a less rapid increase during the next 24 h, and a slower
increase during subsequent storage. In the absence of seed, there is also an
increase in viscosity during the first few hours after manufacture, but the
magnitude is much smaller. Hence, in addition to the increase caused by
lactose crystallization, there are other changes that contribute to such
increases in its viscosity. In a study on concentrated milk, where the effect
of lactose crystallization was not considered, Bienvenue ez al. (2003) showed
that the viscosity increased steeply after 4 h of storage and was largely
reversible under high shear, but it became progressively less reversible upon
longer storage. The appearance of yield stress suggests the presence of rever-
sible flocculation arising from weak attraction between casein micelles, but as
concentrated milk ages, there is a progressive transition from reversible to
irreversible aggregation; particle size analysis confirmed irreversible aggrega-
tion and fusion of casein micelles during storage of concentrated milk (see
Bienvenue ef al., 2003). Hence, as SCM ages, it loses its ability to recover from
shear thinning.

Since gel network formation and its transition to irreversible aggrega-
tion increases with temperature, the ability of SCM to recover from shear
thinning is reduced by storage at higher temperatures. Hunziker (1946)
reported that storage at or below 15°C retarded age thickening, and on
storage at or below 7°C, it retained its initial viscosity permanently.

Since pumping of product from the tank to the canning line causes
significant shear thinning, it is prudent to chill the product soon after the
crystallization of lactose has reached completion. In addition, chilling the
product may be desirable because it increases its viscosity, thereby reducing
its tendency to foam; but the increase in viscosity must be such that it does not
become too viscous to pump.

The longer the SCM remains in the tank, or the later the product is packed
into cans, the greater will be the shear thinning (irreversible recovery of gel
structure). The viscosity of SCM is always 20-50% lower throughout storage
when it was packed 48 h after manufacture than when packed after 12-24 h.
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1.8.3. Effect of Lactose Crystallization on the Water Activity
of Sweetened Condensed Milk

The typical composition of SCM is sucrose (44-46%), lactose (10-12%),
milk salts (0.25-0.35%), fat (8%), proteins (8-9%) and moisture (26-28%).
The corresponding ay, is less than 0.840 upon equilibration at 25°C after
seeding, or less than 0.800 before crystallization of lactose. The increase in
ay, from 0.800 to 0.840 is due mainly to the crystallization of lactose (rather
than possible changes to the milk salts equilibrium) because the a,, remains
low (e.g., at 0.800) even after 24 h, if SCM is left undisturbed and not seeded.
Similar behavior is observed in whole milk powder (Thomsen et al., 2005); its
ay, increased from 0.23 to 0.46 (after 147 days of storage), upon gradual
transition of lactose glass to e-monohydrate.

The sucrose in SCM is undoubtedly the primary solute responsible for
lowering its a,. The desired S/(S+W) ratio (S =% sugar, W =% water) is
0.625:0.645. At a ratio of 0.625, the corresponding ay, is less than 0.85. Below
aratio of 0.625, a,, will be higher than 0.850 (microbiologically unstable) and
above 0.645, sucrose will crystallize out of solution, especially when the
product is stored below room temperature.

According to the British Columbia Centre of Disease Control (1997),
the a,, of a sucrose solution can be estimated using an empirical equation:
ay, = 1.00/(1+ 0.27n), where n is the number of moles of sucrose in 100 g water
(1 mole sucrose is 342 g). Based on this, the contribution of sucrose alone, to
the a,, of SCM, is 0.884 (45% sucrose in 27% water or 167 g sucrose per 100 g
water). It follows that the further reduction to 0.800 (prior to lactose crystal-
lization) or to 0.840 (after crystallization) is contributed by lactose and other
solutes (milk salts and proteins).

1.8.4. Effect of Lactose Crystallization on the Measurement
of Moisture/Total Solids in Sweetened Condensed Milk

As explained above, lactose crystallizes as c-monohydrate on concen-
tration or drying. As a result, the total solids (TS) in SCM are increased by the
water of hydration in the monohydrate crystals. Depending on the conditions
of drying, the measured value can become very high, when compared to
values obtained by the Karl Fisher (wet) titration method (non-drying).

Conceivably, rapid drying encourages lactose to dry in a glassy form,
so there would be little or no lactose monohydrate to increase the TS.
However, due to the high concentration of sucrose in SCM, and depending
on the sample size relative to the drying surface area, sucrose glass, when
formed on the surface of the drying sample, can significantly inhibit com-
plete drying.
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The official AOAC 920.115 method requires drying a diluted sample of
SCM in the presence of sand. The CEM (microwave) method requires drying
a diluted sample on a glass fiber pad. The use of sand or a fiber pad provides a
large surface area for sucrose glass formation, thus reducing the “blanketing”
effect of sucrose glass on the complete drying of the sample. The use of the
Mojonnier TS method, on the other hand, is very tricky (rapid drying in an
open pan with no sand or pad); depending on the dilution and the sample size,
the value obtained by this method can overestimate TS by as much as 1.7%.

Reproducibility of test results using the AOAC method depends on the
diligence of the analyst in making sure that the surface of the sample (prior to
complete drying) is mixed periodically with the sand. Since this method
requires 5 h for complete drying, it is not suitable for industrial application.
The Karl Fisher method, on the other hand, is very reproducible and accu-
rate, provided that the sample has been pre-conditioned with 2-3 parts dry
formamide at 60°C for 2-3 min to facilitate the release of water held tightly by
the solutes, prior to the titration in dry methanol media (see Bruttel and
Schlink, 2003).

1.8.5. Effect of Water Activity on the Microbial Stability of Sweetened
Condensed Milk

Many microorganisms have been found in SCM produced around the
world, but the a,, or composition of these products are not known. Today,
more and more emphasis is given to water activity (a,,) in foods; a,, is now the
primary criterion for defining the so-called “non-potentially hazardous food”
(2005 Food Code of US FDA). An a,, above 0.88 is considered “potentially
hazardous” for non-acid foods.

Sweetened condensed milk is a low-acid, pasteurized product (as opposed
to high-acid or sterilized products). Its microbial stability at room temperature
is due to the preservative action of the sugar it contains. With the right level of
sugar (a,, below 0.85), only molds and osmophilic yeasts and bacteria can spoil
the product. Since molds and osmophilic yeasts are typically very heat labile
(readily destroyed by proper heat treatment), their presence in the product is
due mainly to post-process contamination. With a sufficient level of sugar (a,,
below 0.85), organisms other than osmophilic yeasts and molds should never
grow in SCM to such numbers that cause spoilage.

The number of organisms required to cause spoilage varies with the
food item and the type(s) of microorganisms growing in it. As a rule of thumb,
107 bacteria/g, 10° yeast/g or visible mold signals the end of microbiological
shelf life. In SCM, however, various organisms die within weeks or months of
storage (Rao and Ranganathan, 1970; Koroleva et al., 1975; Farrag et al.,
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1990; Chernyaeva, 1994) or grow only very slowly to a limited extent
(Yankov, 1971; Jarchovska et al., 1970).

Staphylococci are widespread in food plants. Some species (e.g., Sta-
phylococcus succinus, S. xylosus, S. pasteuri) are more osmoresistant than
others. S. aureus is the only known pathogen that can survive at a,, close to
that of SCM but when present in SCM, it cannot produce toxins (Lukasova,
1972). It cannot grow or produce toxins at a,, below 0.864 and it needs to be
present at 107 cells/g to cause food poisoning (Lotter and Leistner, 1978). It is
highly sensitive to heat and most sanitizing agents; thus, the presence of this
bacterium or its enterotoxins in processed foods or on food processing
equipment is generally an indication of poor sanitation.

Zygosaccharomyces (yeasts) are osmophilic, suggesting that they live
only in high solute or sugar environments (source of contamination). It has
been identified in fruit concentrates and juices, jams, jellies and preserves, as
well as in ketchup, salad dressings, relishes and pickles (Thomas and Daven-
port, 1985). Of those recognized species of Zygosaccharomyces, Z. bailii,
Z. bisporous, Z. rouxii and Z. florentinus have been isolated from grape
must and wine. Z. rouxii has been reported to grow at a,, of 0.62 in fructose,
0.65 in sucrose/glycerol solution or 0.86 in NaCl (Corry, 1978). However,
Zygosaccharomyces has not been reported in SCM.
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Il. Lactose in Dulce de Leche

E. Hynes and C. Zalazar

II.1. Introduction

Dulce de leche (DL) is a typical product of the Rio de la Plata region, in South
America. The main producer countries are Argentina and Uruguay, where
DL is consumed as a dessert or used as an ingredient in confectionery and
other food products. The consumption in Argentina is about 2.70 kg per caput
per annum, with a stable production of 109,000 tonnes/year (Schaller, 2007).
Uruguay has a minor share of the market, with the production of 9,000
tonnes/year (Zalazar, 2003); the product is also consumed in other Latin
American countries but at a lower level. Recently, the export of DL to the
USA and Europe has started successfully; in developed countries, DL is used
almost exclusively as an ingredient for ice cream or desserts produced on an
industrial scale. A small amount of DL is currently produced in Italy for this
purpose.

Dulce de leche is a creamy and viscous dairy product prepared by
concentrating a mixture of milk and sucrose to a solids content of 70%
(Codigo Alimentario Argentino, 2007). The rheological behaviour of DL is
intermediate between a concentrated solution and a gel, depending on the
type and the solids content (Pauletti et al., 1990; Navarro et al., 1999). As a
consequence of the composition of the blend and the conditions of manufac-
ture, extensive non-enzymatic browning occurs (Maillard reactions, carame-
lization of sugars). These reactions are responsible for the typical attributes of
the product: a light, reddish-brown colour, creamy texture and pleasant
caramel-like aroma. The water activity of DL is below 0.85, as a consequence

E. Hynes and C. Zalazar « Instituto de Lactologia Industrial, Universidad Nacional del
Litoral/CONICET, Santiago del Estero 2829, S3000AOM, Santa Fe, Argentina.
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of the high content of sugars and low moisture (Ferramondo et al., 1984);
therefore, the shelf life of this product is several months. Several types of DL
are available, the most popular of which, called “Familiar”, is consumed
mainly at homes. Other types are intended for confectionery, ice cream and
other industrial uses; DL varieties with added cream, chocolate, fruits, etc.
are permitted (Codigo Alimentario Argentino, 2007).

Il.2. Technology

In the manufacture of DL, the initial mixture is composed of milk and
sucrose. The fat content is adjusted by the addition of cream, and the solids
content is often increased by adding whole or skimmed milk powder, in order
to reduce the concentration time. A few additives are allowed: neutralizers to
maintain the pH of milk during concentration, glucose in “Familiar”-type DL
for partial substitution of sucrose (up to 40%), vanillin or ethylvanillin as
flavours and potassium sorbate (maximum 600 mg kg™!) as a fungicide
(Codigo Alimentario Argentino, 2007).

The quantity of nutritive sweeteners added to the milk is calculated to
give 68-70% total solids in the final product, of which milk solids account for
at least 24%. Sucrose is most commonly used in Argentina, but glucose may
also be used, in particular for “Familiar”-type DL, because it results in a
glossier product and is less expensive than sucrose. The technological advan-
tages and drawbacks of glucose addition will be discussed later.

The mixture of milk and sugars is first neutralized with Ca(OH), or
NaHCOj; to obtain a pH of 7.0 or a titratable acidity equivalent to 2-10 mg
lactic acid 100 mL™" according to the type of DL (Arobba ez al., 2002).
Neutralization avoids the destabilization of casein micelles as a consequence
of the decrease in pH during evaporation, which in turn is due to the
concentration of calcium phosphate, the formation of organic acids from
lactose degradation and hydrolysis of phosphoric esters of caseins (Zalazar,
2003). Failures in DL manufacture with the separation of phases (solid
proteins and liquid “whey”) are due mainly to inadequate neutralization.
The amount of alkali needed for neutralization is calculated taking into
account the pH of the milk, and is added as a solid powder or, preferably,
as an aqueous solution to improve homogeneity. The neutralized blend is
transferred to the evaporation kettle where water is evaporated and the
reactions leading to colour and aroma development occur.

DL can be produced by the traditional process in open kettles or by
semi-continuous or continuous processes. The first is used most frequently
and consists of a classic batch process, which renders the best quality DL
(Figure II.1). The blend is prepared in a mixing tank and then gradually
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Figure Il.1. Batch production of dulce de leche in open kettles. Adapted from Zalazar (2003).

transferred to the evaporating kettle. The volume in the kettle is low initially
(20% of its capacity); when boiling has caused some concentration, the rest of
the blend is fed slowly into the kettle while boiling continues. A stirrer fitted
with heat-resistant plastic scrapers is used to prevent the product sticking to
the wall of the kettle and to improve the release of vapour from the hot mass
of DL. As the solids content increases, Maillard and other non-enzymatic
browning reactions occur and the product attains its typical colour and
flavour. Cooking is stopped when the solids content is 68%, which is assessed
by refractometry. Legislation requires 70% total solids but this target value is
normally attained during the following steps of the process, discharge of hot
DL and cooling. After that, the product is pumped to a homogenizer, where it
is homogenized to avoid clumps and improve texture. Finally, the product is
packaged while still hot (60°C), to avoid microbiological contamination, in
plastic containers (0.25, 0.5 and 1 kg). Glass containers are also used but they
are not very common and are usually reserved for premium DL. Paste-board
packages of 10 or 20 kg are used for bakery and confectionery purposes.

In the semi-continuous process, the mixture of sugar and milk is con-
centrated in a multiple-effect evaporator to improve the efficiency of the
evaporation step; afterwards, the final solids content is obtained by boiling
in the open kettle, where the colour and flavour develop. In the continuous
process there is an inversion of the steps, as colour development is first



E. Hynes and C. Zalazar 61

attempted in a heat exchanger by heating and rapid cooling while the product
is still liquid; the control of several variables such as temperature and pH is
critical in order to obtain the desired colour. The coloured blend is then fed
into a multiple-effect evaporator and finished in a scraped-surface evaporator
before cooling to 60°C in a tubular heat exchanger. The production of DL by
the continuous process is relatively small and has not increased in recent years
as the traditional batch process provides a finished product with better
sensory characteristics (Zamboni and Zalazar, 1994; Zalazar, 2003).

1.3. Significance of Lactose in Dulce de Leche

I.3.1. Lactose Crystallization
11.3.1.1. Texture

DL is a concentrated dairy product and the crystallization of lactose can
occur as the moisture in DL is supersaturated with lactose. If the crystals of
a-lactose monohydrate grow to exceed 10 um, they will be perceived in the
mouth, giving the product a defective texture called “sandiness” or
“grittiness”.

Taking into consideration the average composition of the raw milk (fat:
3.3%, total proteins: 3.0%, lactose: 4.7%), and the usual concentrations of the
most commonly added sugars (172.7 kg sucrose + 41.4 kg of glucose syrup,
70%, wlv, per 1000 L of milk), DL will have the composition shown in
Table I1.1.

These values are in agreement with those reported by Ferramondo et al.
(1984), and imply that the concentration of sugars in the moisture of DL is
121%, 29% and 33%, w/w, for sucrose, glucose and lactose, respectively.
Among these three sugars, lactose has the lowest solubility in water, ~18%,
w/w, in pure water at 20°C. Even without considering the presence of glucose

Table Il.1. Typical composition of commercial dulce de leche

Component Percentage (w/w)
Sucrose 36.3
Glucose 8.7
Lactose 9.9
Fat 6.9
Total proteins 6.3
Moisture 30.0
Ash 2.0

Adapted from Zalazar (2003).
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Figure Il.2. Lactose solubility curves. DL: dulce de leche. Adapted from Fox and McSweeney
(1998).

and sucrose in the system, the aqueous phase of DL would be supersaturated
with lactose, with a concentration ca. 1.94 times higher than saturation
solubility. This concentration of lactose places the aqueous phase of DL in
the intermediate equilibrium zone, defined by the solubility curves of lactose
(Figure I1.2). In this case, lactose crystallization may be inducted by seeding
with lactose crystals; however, spontaneous crystallization hardly ever occurs
or it is very slow (Holsinger, 1997).
In DL, the anomeric forms of lactose mutarotate to an equilibrium:

a2 f

The equilibrium ratio of «:(-lactose is 1.68. If the total (typical) concen-
tration of lactose (o + ) in DL is 9.9%, w/w, the concentration of c-lactose in
DL would be 3.7%, w/w, while that of 3-lactose would be 6.2%, w/w.

On the other hand, taking into account the final solubility of lactose
(i.e., 18 g/L), 15 g of lactose (i.e., 33—18 g) would be available for crystallization
from 100 g of the aqueous phase of DL; this is equivalent to 4.5 g of lactose
per 100 g DL. With these considerations, 5.4 g of lactose would eventually
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remain soluble in 100 g DL after the crystallization of the excess lactose.
From the value of the equilibrium ratio, it can be calculated that of the 5.4 g
of lactose in solution, 2.02 g would be a-lactose and 3.38 g B-lactose. Summar-
izing: 3.70-2.02 = 1.68 g of a-lactose would crystallize and 6.2-3.38 =2.82 g of
(B-lactose would first mutarotate to a-lactose and then crystallize. In this
context, the rate of crystallization of lactose in DL depends not only on the
rate of crystal formation itself but also on the mutarotation rate, and the
slowest reaction will limit the crystallization kinetics.

The presence of salts and sugars in the system impacts on the kinetics of
mutarotation in opposite directions. Citrate and phosphates, at the concen-
trations found in milk, accelerate mutarotation to a rate twice as high as in
pure water, whereas in contrast, concentrated sucrose slows down the muta-
rotation reaction. This latter effect is only slight up to 40% (w/v) sucrose, but
above this level, the mutarotation rate decreases and the catalytic impact of
milk salts is counteracted (Holsinger, 1988). Temperature and pH also influ-
ence the mutarotation rate. This effect of pH is minimum in a range of 2.5-7.5
but increases dramatically both at lower and higher pH values. The effect of
temperature is shown in Table I1.2.

Taking into account the environmental conditions in DL and the data
above, rate of lactose mutarotation in DL should be low, as sucrose is highly
concentrated, the pH is between 5.57 and 5.97 and the storage temperature is
always below 20°C (Ferramondo et al., 1984; Codigo Alimentario Argentino,
2007).

On the other hand, the formation of lactose crystals in the intermediate
zone (Figure I1.2) may be very slow. In this zone, seeding with lactose crystals
can induce crystallization but otherwise supersaturated solutions will be
stable (Holsinger, 1997).

Either way, the slow or rate-limiting step may be mutarotation or
crystallization, depending on the characteristics of the system containing
the lactose. Haase and Nickerson (1966a,b) found that mutarotation is very
fast and consequently crystal formation is the rate-limiting step under the
environmental conditions that exist in most dairy products. Under other
conditions, for example, when an extensive nucleation area is available for
lactose crystallization, it has been observed that neither of the two steps can
be clearly identified as the rate-controlling step (Tweig and Nickerson, 1968).

Table Il.2. Effect of temperature on the rate of lactose mutarotation

Temperature, °C 75 25 15 0
Reaction completion (% in 1 h) 100 (instantaneous) 51.7 17.5 34

Adapted from Holsinger (1988).



64 Il. Lactose in Dulce de Leche

The discussion presented above is only an approach to the problem of
lactose crystallization in DL; in the real food matrix, the situation is even
more complex than described. Mutarotation, for example, as well as crystal
formation, may be impaired in DL because of the high viscosity of the
medium. In contrast, the high concentration of sucrose and glucose may
reduce the solubility of lactose significantly, increasing its rate of crystal-
lization. In fact, a sucrose concentration of 70% has been reported to reduce
lactose solubility to 42% of its solubility in water (Nickerson and Moore,
1974) but the combined impact of sucrose and glucose on lactose solubility
has not been studied. In addition, the influence of the products of the
Maillard reaction on the rates of lactose mutarotation and crystallization
has not been reported to date. The available knowledge on lactose crystal-
lization in DL is mainly empirical, based on decades of observation and
experience, but systematic studies on the subject are lacking.

In good quality DL, manufactured according to the standard process,
the formation of lactose crystals larger than 10 pm and detectable in the
mouth does not occur before 120 days of storage at room temperature
(always below 25°C). Consequently, industry has adopted this period as the
usual shelf life for the product. However, due to a high demand, the food is
generally consumed earlier.

On the local market, DL is most often retailed in plastic packages.
When packaged in this way, it has been observed that the occurrence of
plastic flavour in the DL is the first observed sensory defect and determines
the shelf life of the product, before the appearance of gritty texture or
“sandiness”. Garitta et al. (2004) reported that the sensory shelf life was
limited to 146 days after storage at 25°C as a consequence of a plastic flavour
note developing in the DL; sandiness was not reported in the product during
this period. Premium DL, on the contrary, is often packaged in glass contain-
ers and the shelf life is generally required to be longer (180 days). In this type
of product, sandiness probably determines its sensory shelf life, and its
development should be delayed as much as possible.

One of the most commonly used approaches to avoid lactose crystal-
lization is the enzymatic hydrolysis of lactose to glucose and galactose, which
is performed before manufacture by adding the enzyme, (-galactosidase, to
the milk and incubating for several hours. The hydrolysis of 30% of the
lactose is sufficient to avoid crystallization during a 180-day period. Glucose
and galactose are sweeter than lactose and contribute as nutritive sweeteners
to DL, reducing somewhat the costs; however, §-galactosidase is expensive
and its use is justified only when a premium product with a relatively high
price is manufactured.

It has been reported that lactose crystallization can be retarded by
increasing the proportion of glucose in DL (Ferramondo et al., 1984;
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Navarro et al., 1999; Arobba et al., 2002). Glucose increases viscosity, thus
reducing the rate of growth of the lactose crystals. However, there is little
evidence to support this strategy and the use of glucose may be disadvanta-
geous for the colour of the product due to excessive browning.

Another technological approach to avoid sandiness in DL is seeding
with a certain quantity of finely divided lactose crystals as nuclei for crystal-
lization, in order to accelerate the process and produce a large number of very
small, undetectable crystals. The seeding with lactose crystals is usual in
sweetened condensed milk where it is added at a level of 0.5% after evapora-
tion (Early, 1998), but it is not a common practice in DL (Zamboni and
Zalazar, 1994).

Finally, another approach has been proposed: by maintaining DL at
T>93.5°C to favour the crystallization of -lactose which proceeds in the
form of uneven-sided diamond-shaped crystals too small to be perceived in
the mouth (Holsinger, 1997). However, it is not known how long it would
take (-lactose to crystallize above 93.5°C, and maintaining a batch of DL for
a long period at such a high temperature is highly inefficient.

1.3.2. Non-enzymatic Browning Reactions

Unlike most food products, milk contains both proteinaceous mate-
rial and a reducing sugar, which leads to non-enzymatic browning and
changes in the nutritional value of the food when it is heated even at mild
levels (Holsinger, 1997). In DL, in addition, sucrose and glucose are
usually present; while sucrose is a non-reducing sugar, glucose readily
reacts with proteins according to the Maillard reaction. It has been sug-
gested that a small proportion of sucrose is hydrolyzed to its reducing
monomers, glucose and fructose, during the cooking of DL in the kettle
(Rozycki, 2003); however, such transformation is not significant during
manufacture as environmental conditions are not favourable (Malec ez al.,
2005). Neither fructose nor galactose, from the hypothetical hydrolysis of
the disaccharides sucrose and lactose, has been detected in DL
(Ferramondo et al., 1984).

Lactose is usually the main reducing sugar in DL, depending on the
proportion of sucrose that is replaced by glucose syrup in the initial blend,
and together with milk proteins, is the main reactant for Maillard reactions.
Non-enzymatic browning in DL also includes caramelization reactions, in
this case, sucrose has been reported to be the main sugar involved, although
lactose may contribute also (Rozicky, 2003). Caramelization and Maillard
reactions continue during the storage of the product after manufacture
(Garitta et al., 2004).
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11.3.2.1. Colour and Flavour

A typical reddish-brown colour and caramel-like flavour are major
sensory attributes of DL that impact on consumer acceptability of the pro-
duct. Colour, as well as typical texture, correlates positively with the overall
acceptance of DL (Garitta et al., 2004; Ares et al., 2006). However, an
excessively dark brown colour can lead to product rejection (Garitta et al.,
2004).

The negative changes in the level of a desirable attribute, like colour,
may be due to the composition of DL or time of storage. The techniques most
frequently adopted in industry to avoid texture defects (sandiness) involve
higher amounts of reducing sugars in the system. Hydrolysis of lactose with
(-galactosidase leads to the liberation of two molecules of reducing sugars
(glucose and galactose) from each molecule of lactose.

On the other hand, if part of the sucrose is replaced by glucose, the
Maillard reaction is favoured and the colour of the product may become
too dark. In addition, some studies on colour formation in casein—sugar
systems have shown that when glucose is present, the Maillard reaction
is faster (Morales and van Boekel, 1998) although variable results have
been reported using different indices of non-enzymatic browning, such as
fluorescence accumulation (Morales and van Boekel, 1997; Rozycki
et al., 2007). An alternative method to avoid the excessive darkening of
DL is to reduce the proportion of glucose or add the glucose syrup later
during manufacture, after the solid content of DL reaches 55-60%
(Zalazar, 2003).

A high pH of DL after neutralization (pH > 7.50) may also cause too
dark a colour in the product due to the catalytic effect of alkaline conditions
on the Maillard reaction and brown product formation (O’ Brien, 1997
Rozycki and Pauletti, 2002; see Chapter 7).

Finally, DL can darken during storage due to continuing of non-enzy-
matic browning in the finished product at room temperature. However,
acceptability tests have shown that the colour changes during storage for
the usual period (up to 180 days) are not determinants for product rejection
by the consumers (Garitta et al., 2004).

11.3.2.2. Nutritional Value

The impact of lactose on the nutritional properties of DL may be
evaluated from two different points of view, the principal of which is the
loss in nutritive value by damaging essential amino acids by Maillard reac-
tions. The second aspect is the nutritional concern for lactose-intolerant
people, as DL is rich in lactose.
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In traditional DL, prepared only with sucrose as nutritive sweetener,
70% of the lysine remains available at the end of the manufacture, whereas the
replacement of 10% of sucrose by reducing sugars significantly reduces the
level of available lysine. This is due not only to the increase of the molar ratio
of reducing sugar:lysine, but also to the fact that the monosaccharides,
especially glucose, are more reactive than lactose (Malec et al., 2005).

As for lactose-intolerant people, no reports on the effects of DL are
available. However, the product is usually consumed in low amounts (average
serving is about 20 g), and along with other foods; in addition, the consistency
and rich composition of the food probably favour the tolerance of lactose
(Mustapha et al., 1997). Finally, the hydrolysis of lactose for technological
purposes helps to reduce the concern about the nutritional disadvantages of
the disaccharide.

11.4. Conclusions

The role of lactose in DL is related to texture quality, colour and nutritional
value. The technological approaches intended to reduce costs and to improve
texture and the visual aspect of DL by replacing sucrose by glucose syrup, or
to retard the appearance of sandiness by hydrolysis of lactose, impact on
important properties of the product such as its colour and nutritional value.
Consequently, a balance should be found between the proportion of non-
reducing sugars, lactose and monosaccharides in DL. Besides, the shelf life of
the food should be realistically fixed as lactose crystallization will eventually
occur.

References

Ares, G., Giménez, A., Gambaro, A. 2006. Preference mapping of texture of Dulce de Leche.
J. Sens. Stud. 21, 553-571.

Arobba, M.P., Rumbado, F.M., Intorno, G. 2002. Guia de Aplicacion de Buenas Prdcticas de
Manufactura en Dulce de Leche. Authors publication. Buenos Aires. ISBN N° 987-43-4347-8.

Cébdigo Alimentario Argentino. 2007. Administracion Nacional de Medicamentos, Alimentos y
Tecnologia Médica, Secretaria de Politicas, Regulacion y Relaciones Sanitarias,
Ministerio de Salud, Republica Argentina. www.anmat.gov.ar/codigoa/aal.htm, accessed
27/02/2007.

Early, R. 1998. Milk concentrates and milk powders. In The Technology of Dairy Products, 2nd
edn. (R. Early, ed.), pp. 228-297, Blackie Academic & Professional, London.

Ferramondo, A., Chirife, J., Parada, J.L., Vido, S. 1984. Chemical and microbiological studies on
Dulce de Leche: a typical Argentine confectionery product. J. Food Sci. 49, 821-823.

Fox, P.F., McSweeney, P.L.H. 1998. Dairy Chemistry and Biochemistry, Blackie Academic &
Professional, London.



68 Il. Lactose in Dulce de Leche

Garitta, L., Hough, G., Sanchez, R. 2004. Sensory shelf life of Dulce de Leche. J. Dairy Sci. 87,
1601-1607.

Haase, G., Nickerson, T.A. 1966a. Kinetic reactions of alpha and beta lactose. I. Mutarotation.
J. Dairy Sci. 49, 127-132.

Haase, G., Nickerson T.A. 1966b. Kinetic reactions of alpha and beta lactose. II. Crystallisation.
J. Dairy Sci. 49, 757-761.

Holsinger, V.H. 1997. Physical and chemical properties of lactose. In Advanced Dairy Chemistry,
2nd edn. Vol. 3 (P.F. Fox, ed.), pp. 1-31, Chapman & Hall, London.

Holsinger, V.H. 1988. Lactose. In Fundamentals of Dairy Chemistry, (N.P. Wong, R. Jenness, M.
Keeney, E. Marth, eds.), pp. 296-300, Van Nostrand, Reinhold & Co., New York, USA.

Malec, L.S., Llosa, R.A., Naranjo, G.B., Vigo, M.S. 2005. Loss of availably of lysine during
processing of different Dulce de Leche formulations. Int. J. Dairy Technol. 58, 164-168.

Morales, F.J., van Boekel, M.A.J.S. 1997. A study on advanced Maillard reaction in heated
casein/sugar solutions: fluorescence accumulation. Int. Dairy J. 7, 675-683.

Morales, F.J., van Boekel, M.A.J.S. 1998. A study on advanced Maillard reaction in heated
casein/sugar solutions: colour formation. Int. Dairy J. 8, 907-915.

Mustapha, A., Hertzler, S.R., Savaiano D.A. 1997. Lactose: nutritional significance. In Advanced
Dairy Chemistry, 2nd edn., Vol. 3 (P.F. Fox, ed.), pp. 127-147, Chapman & Hall, London.

Navarro, A.S., Ferrero, C., Zaritzky, N. 1999. Rheological characterization of Dulce de Leche by
dynamic and steady shear measurements. J. Texture Stud. 30, 43-58.

Nickerson, T., Moore, E. (1974). Alpha lactose crystallisation rate. J. Dairy Sci. 57, 160-164.

O’ Brien, J. 1997. Reaction chemistry of lactose: non-enzymatic degradation pathways and their
significance in dairy products. In Advanced Dairy Chemistry, 2nd edn., Vol. 3 (P.F. Fox, ed.),
pp. 155-216, Chapman & Hall, London.

Pauletti, M.S., Venier, A., Sabbag, N. and Stechina, D. 1990. Rheological characterization of
Dulce de Leche, a confectionery dairy product. J. Dairy Sci. 73, 601-603.

Rozycki, S.D. 2003. Influencia de la etapa transiente de calentamiento sobre los parametros
cinéticos de desarrollo de color en Dulce de Leche. Rev. Argentina Lactol. 21, 9-20.

Rozycki, S.D., Pauletti M. S. 2002. Comparacion de funciones de color como variables cinéticas
para la expresion de la velocidad de las reacciones de pardeamiento en Dulce de Leche. Rev.
Argentina Lactol. 21, 45-55.

Rozycki, S.D., Pauletti, M.S., Costa, S.C., Piagentini, A.M., Bruera, M.P. 2007. The kinetics of
colour and florescence development in concentrated milk systems. Inz. Dairy J. 17, 907-915.

Schaller, A. 2007. Dulce de Leche. Direccion de Alimentos. Secretaria de Agricultura, Ganaderia,
Pesca y Alimentos, Repuiblica Argentina. www.alimentosargentinos.gov.ar, accessed 27/02/
2008.

Tweig, W., Nickerson, T. 1968. Kinetics of lactose crystallization. J. Dairy Sci. 51, 1720-1724.

Zalazar, C.A. 2003. Concentrated milk products. Dulce de Leche. In Encyclopedia of Dairy
Sciences (H. Roginski, J.W. Fuquay, P.F. Fox, eds.), pp. 503-509, Academic Press, London.

Zamboni, E.F., Zalazar, C.A. 1994. Fundamentos de la elaboracion de Dulce de Leche. In
Ciencia y Tecnologia de los Productos Lacteos, pp. 311-336. Diagramma S.A. Santa Fe.



lll. Significance of Lactose in Ice Cream

H. Douglas Goff

lll.1. Overview of Ice Cream Ingredients and Manufacture

This section will present a brief review of the sources and functionality of
lactose in ice cream. The major issues surrounding lactose in ice cream include
freezing point depression, lactose crystallization and lactose digestibility.
Readers are referred to previous chapters on ice cream in the Advanced
Dairy Chemistry series for specific information related to proteins (Goff,
2003) and lipids (Goff, 2006) or to more general references on ice cream
technology (Berger, 1997; Marshall ez al., 2003; Goff and Tharp, 2004) for
further information.

The term “ice cream” in its generic sense is used here to include all
whipped dairy products that are manufactured by freezing and are consumed
in the frozen state, including ice cream that contains either dairy or non-dairy
fats, premium, higher fat versions, light , lower fat versions, ice milk, sherbet
and frozen yogurt. Ice cream mix formulations specify the content of fat, milk
solids-non-fat (MSNF), sweeteners, stabilizers, emulsifiers and water that are
desired (Figure III.1). Dairy and other ingredients used to supply these
components are chosen on the basis of availability, cost, legislation and
desired quality. Common ingredients include cream, butter or vegetable
fats, as the main sources of fat; condensed skim or whole milk, skim milk
powder and/or whey powder or whey protein products, as the sources of
concentrated MSNF; sucrose and/or corn starch hydrolysates as the sweet-
eners; polysaccharides, such as locust bean gum, guar gum, carboxymethyl
cellulose and/or carrageenan, as the stabilizers; mono- and di-glycerides and
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polysorbate 80, as the emulsifiers; and milk or water as the main sources of
water in the formulation to balance the total solids of the components
(Marshall et al., 2003). Usually, one mix is used for the production of a
variety of flavours.

The manufacturing process for most of these products is similar and
involves the following steps (Figure III.1): preparation of a liquid mix by
blending of ingredients, pasteurization (65°C for 30 min or 80°C for 255),
homogenization, cooling to 4°C and ageing of the cold, liquid mix for 4-24 h;
concomitantly whipping and freezing this mix dynamically under high shear
to a soft, semi-frozen slurry with an air phase volume of 45-52% (overrun of
80-110%) at a temperature of about —5°C; incorporation of flavouring ingre-
dients to this partially frozen mix; packaging the product; and further quies-
cent freezing (hardening) of the product in blast air to —30°C (Marshall et al.,
2003). Homogenization is responsible for the formation of the fat emulsion
by forcing the hot mix through a small orifice under a pressure of 14—18 MPa,
perhaps with a second stage of 3-4 MPa. Ageing allows for hydration of milk
proteins and stabilizers (some increase in viscosity occurs during the ageing
period), crystallization of the fat globules and a membrane rearrangement
due to competitive displacement of adsorbed proteins by small-molecule

Formulation
—Fat, 10-16% —Sweetener, 14-16% —Emulsifier, 0.1-0.2%
—Milk SNF, 9-12%  —Stabilizer, 0.1-0.2% —Water, 60-64%

_>| Batch Pasteurization I—DI Homogenization |—>| Cooling I—

Blending

T —>| Continuous Pasteurization/Homogenization/Cooling |_>
liquid dry
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Storage/Distribution |—>

Figure lll.1.  Flow diagram for the production of ice cream (SNF=solids-non-fat).

Packaging
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Ice Cream Mix (x10,000) Ice Cream (x1000)
3-D fat

mixed membrane of:
casein micelles
whey protein
emulsifier

micelles

solution of
dissolved
solutes

partially-crystalline freeze-concentrated
fat globule unfrozen phase

Figure lll.2. Highly schematic illustration of the structure of ice cream mix and ice cream. Ice
cream mix contains the partially crystalline fat globules and casein micelles as discrete particles in
a solution of sugars (including lactose), salts, dispersed whey protein and stabilizers, etc. The
surface of the fat globule demonstrates the competitive adsorption of casein micelles, globular,
partially denatured whey proteins, -casein and added emulsifiers. Ice cream contains ice crystals,
air bubbles and partially coalesced fat globules as discrete phases within an unfrozen serum
containing the dissolved material (including lactose). The partially coalesced fat agglomerates
adsorb to the surface of the air bubbles, which are also surrounded by protein and emulsifier, and
link the bubbles through the lamellae between them.

surfactants. The concomitant aeration and freezing process involves numer-
ous physical changes, including the action of proteins and surfactants in
forming and stabilizing the foam phase; partial coalescence of the fat emul-
sion, causing both adsorption of fat at the air interface and the formation of
fat globule clusters that stabilize the lamellae between air bubbles; and freeze-
concentration of the premix by the removal of water from solution in the form
of ice. The structure of ice cream is illustrated in the diagram in Figure 111.2
(Goff, 2002). Lactose is dissolved in the unfrozen phase (see further discus-
sion regarding freezing point depression and freeze-concentration below).

II.2. Sources of Lactose in Ice Cream

Lactose enters into mix formulations with the MSNF ingredients. Tradition-
ally, the best sources of MSNF for high-quality products have been fresh
concentrated skimmed milk or spray-dried low-heat skim milk powder.
Others include those containing whole milk protein (e.g., condensed or
sweetened condensed whole milk, dry or condensed buttermilk), those
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containing casein (e.g., sodium caseinate) or those containing whey proteins
(e.g., dried or condensed whey, whey protein concentrate, whey protein
isolate) (Marshall ez al., 2003). Dried whey has been investigated as an
ingredient for ice cream for many years, principally due to reduced cost
(Leighton, 1944; Neilsen, 1963; Parsons ez al., 1985). However, it is high in
lactose (~75-80%), which is a major limitation. It has now become quite
common to supplement the traditional sources of MSNF (condensed skim
milk or skim milk powder) with blended MSNF products that contribute
excellent functionality from the protein (emulsification, foaming and water
holding), while at the same time reducing total protein content in the dry
blended ingredient from 36%, as found in skim milk powder, to 20-25%, to
maintain mix costs lower than they would be if skim milk powder was used.
Ingredients in the blends include milk or whey protein concentrates or iso-
lates, perhaps modified chemically or via fermentation, perhaps also some
caseinates, and whey powder or lactose, for standardization. Much experi-
ence has been gained at blending these ingredients (Goff, 2003; Marshall
et al., 2003) and the quality of ice cream resulting from their use can be very
good. However, since most legal jurisdictions require a minimum total solids
level in ice cream mix formulations, care must be taken to ensure that the
lactose content in the formulation is not too high when formulating with
these high-lactose ingredients, due to issues of freezing point depression and
lactose crystallization.

ll.3. Contribution of Lactose to Freezing Point Depression

Freezing point depression is a colligative property, governed by Raoult’s law
and influenced by the collective number of moles of solute in solution. Thus,
freezing point depression is a function of both the concentration of all the
solutes and their molecular weight. Consequently, in an ice cream mix, the
major contributors to freezing point depression are the sugars and milk salts
(Leighton, 1927; Smith and Bradley, 1983; Smith er al, 1984; Baer and
Keating, 1987; Jaskulka et al., 1993, 1995). Lactose is a disaccharide, mole-
cular weight 342 Da, and is present at a significant concentration (~6%), thus
it contributes approximately 30% (although this varies with formulation) of
the total freezing point depression of a mix (Marshall et al., 2003). As the mix
is frozen, solvent is removed with the conversion of water to ice, so that the
effective concentration of solutes in the unfrozen phase continues to rise with
decreasing temperature, leading to the process of freeze-concentration and
establishing the equilibrium ratio of ice to water as a function of temperature
(see Figure I11.2). This is plotted as a freezing curve (Figure II1.3), which is
unique to each formulation (Bradley and Smith, 1983; Bradley, 1984; De
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® The lower the freezing curve, the less water frozen at drawing from the barrel
freezer (30% for mix B compared to 45% for mix A), hence more water to freeze
out during hardening, which is the slower process yielding larger ice crystals.

© The lower the freezing curve, the softer the ice cream in the retail cabinet (60%
water frozen in mix B compared to 75% for mix A), hence more susceptible to
heat shock.

* In looking at freezing curves, on the flatter part of the curve (warmer temperature
range), a given temperature change (e.g., 4°C) involves more water melting and
refreezing (hence more recrystallization), while on the steeper part of the curve
(lower temperature range), the same temperature change involves less water
melting and refreezing (less recrystallization); for mix A, a=b but x > y.

Figure IIl.3. Typical freezing curve for ice cream mixes of varying composition showing the
percentage of water frozen at various temperatures.

Cindio et al., 1995; Livney et al., 2003; Whelan et al., 2008). The significance
of freezing point depression and freeze-concentration is that it dictates the
harness of the ice cream as a function of temperature. In scooping or retailing
operations, it is extremely important to have all ice creams close to the same
degree of hardness. Hence, formulations must be adjusted to account for
variable levels of sugars and/or types of sugars to ensure constancy in
hardness.

Lactose is not very sweet and is contributed by the MSNF ingredients,
as discussed above, rather than being considered as a sweetener. Nevertheless,
an excess of lactose, for example with a high concentration of whey powder,
can lead to ice cream that is too soft for typical storage/distribution tempera-
tures and retail operations. As the amount of unfrozen water increases, the ice
cream becomes more prone to problems like ice recrystallization and the
development of coarse or icy textures, more prone to lactose crystallization
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(see below) and more prone to shrinkage or loss of air, all which limit its shelf
life (Marshall ez al, 2003). These are all a result of enhanced mobility of
constituents within the ice cream structure. This is one of the major limita-
tions of the use of a high level of lactose in ice cream/frozen dairy dessert
formulations.

lll.4. Potential for Lactose Crystallization

The crystallization of lactose in general has been well studied and is reviewed
in Chapters 1, 2 and 3.1. The crystallization of lactose in ice cream has also
been well studied over many decades because, in this specific application,
crystallization leads to the serious texture defect known as sandiness (Zoller
and Williams, 1921; Nickerson, 1954, 1956, 1962; Livney et al., 1995). The
solubility of a-lactose is 7 g/100 g water at 20°C, while the solubility of
(B-lactose is 50 g/100 g water. The mutarotation equilibrium is 1.6 3:1.0 «,
so the final total solubility of lactose is 18.2 g/100 g water at 20°C at this ratio
(Fox and McSweeney, 1998). Solubility and mutarotation are both a function
of temperature, so at 0°C the solubility of a-lactose is approximately 2-3 g/
100 g water to provide a total lactose solubility closer to 11 g/100 g water
(Nickerson, 1956) and solubility continues to decline into the sub-zero region.
The initial concentration of lactose in ice cream may be expected to be
approximately 9-10 g/100 g water, depending on formulation (Marshall ez al.,
2003). However, the process of freeze-concentration due to the formation
of'ice is critical to an understanding of lactose crystallization in ice cream, as it
contributes much more strongly to supersaturation than does decreasing
temperature in the absence of freezing. Solutes become freeze-concentrated
in an ever-decreasing volume of solvent as the temperature is lowered and
more ice is formed. The water in this unfrozen phase forms an equilibrium
ratio with ice at any given temperature. The removal of solvent (water) by
freezing results in a doubling of the lactose concentration at the temperature
of extrusion from the ice cream freezer (—5°C) and concentrations of 3-5x
at —10 to —20°C as freeze-concentration continues.

It should be obvious from the above discussion that lactose has greatly
exceeded its solubility (saturation) level in frozen ice cream and, from a
thermodynamic point of view, could easily crystallize. Increasing supersa-
turation favours crystallization (Hartel and Shastry, 1991; Hartel, 2001).
However, the first step of crystallization is nucleation of the lactose and this
process is constrained kinetically by both high viscosity and low temperature
in the unfrozen phase, thus maintaining lactose in the supersaturated, non-
crystalline state. This increased viscosity and decreased temperature, which
decreases the driving force for crystallization, overwhelms the effect of
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increased supersaturation, which would increase the driving force (Hartel and
Shastry, 1991; Hartel, 2001). If a-lactose does nucleate, then there exists a
threshold size of detection (crystals of 16-30 um; Nickerson, 1954; Hartel,
2001; Marshall et al., 2003) beyond which the textural defect of sandiness
becomes increasingly evident. The typical trapezoidal wedge (tomahawk)
shape of the a-lactose crystals is readily detected as a very sharp, rough
particle (Figure I11.4), which are easily differentiated from ice crystals as the
lactose crystals do not readily melt in the mouth or between fingers. Once
nucleation has occurred, crystallization can proceed quite quickly and once
this level of lactose crystallization has been exceeded in packaged and
flavored ice cream, then disposal is the only recourse. Therefore, it is impera-
tive that formulation, processing and storage conditions are all optimized to
inhibit completely the nucleation of lactose.

The mix formulation is the first consideration for the minimization of
lactose crystallization. The more the lactose present, the greater the degree of
supersaturation and the more prone the ice cream to crystallization. Recom-
mendations regarding maximum levels of total MSNF to avoid lactose

Figure lll.4. Lactose crystal protruding through an air bubble in “sandy” ice cream as seen by
cryoscanning electron microscopy (width of photograph=150 um).
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crystallization have been suggested to ice cream manufacturers for many
years (Sommer, 1944; Nickerson, 1962); however, the modern use of poly-
saccharide stabilizers, as discussed below, renders obsolete some of the older
recommendations for MSNF in formulations. Lactose content is certainly a
consideration in the use of MSNF ingredients, such as whey powder, perme-
ate or other MSNF sources that contain an elevated level of lactose.
Nickerson and Moore (1972) showed that increasing sucrose concentration
reduces lactose saturation, exacerbating the propensity for crystallization. On
the other hand, sucrose may inhibit the lactose nucleation process, thereby
promoting supersaturation (Livney et al., 1995). Ingredients like dextrins
from low DE corn syrup solids, soluble milk proteins and polysaccharide
stabilizers, all of which promote solution viscosity, would be expected to have
an inhibitory effect on lactose crystallization. This is one of the important
contributions of the polysaccharide stabilizers to ice cream quality (Marshall
et al., 2003). Some flavours, especially those with nuts, seem to be associated
with a higher incidence of lactose crystallization (Nickerson, 1954, 1962;
Marshall et al., 2003). Explanations may be the inclusion of fine particles
that act as nucleation sites for lactose or localized differences in water con-
centration as nuts absorb water during storage. The most important storage
parameter is temperature. Livney et al. (1995) showed that the induction time
for lactose crystallization was reduced to a minimum (highest propensity for
sandiness) as the temperature was lowered from —5° to —12°C but the induc-
tion time increased again at temperatures lower than —12°C. Increasing super-
saturation increased the driving force as temperature was reduced but at
—12°C this was offset by increasing viscosity. Crystal growth rate also fol-
lowed a similar trend. Nickerson (1962) and Livney ef al. (1995) also showed
the increasing effect of temperature fluctuation on lactose crystallization
which is completely inhibited as the unfrozen phase approaches or enters
into the amorphous solid (glassy) state, at approximately —25 to —30°C.

lll.5. Development of Lactose-Reduced Products

The consumption of lactose can be problematic for many people, due to
lactose malabsorption or intolerance (see Chapter 6). Consequently, there is
a significant market for reduced-lactose ice creams and frozen dairy des-
serts. The two approaches are enzymatic hydrolysis of lactose, either in the
mix itself or from the use of lactose-hydrolyzed ingredients, and the selec-
tion and blending of milk fat and MSNF ingredients to reduce the level of
lactose.

Hydrolysis of lactose either in the mix or in MSNF ingredients for use in
ice cream has been studied by several researchers (Guy, 1980; Young et al.,
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1982; Huse et al., 1984; El-Neshawy et al., 1988; Lindamood et al., 1989;
Morr and Barrantes, 1998; Matak et al., 2003). Lactose hydrolysis makes the
products digestible for those who are lactose-intolerant and also is a strategy
to reduce the potential for the development of lactose crystallization (sandi-
ness); however, hydrolyzed lactose causes twice the freezing point depression
of an equal concentration of lactose, so that softness at storage or retailing
temperatures and greater rates of ice recrystallization become the issues to
overcome if hydrolysis is to be considered. Levels of lactose hydrolysis can be
controlled easily from 25 to 100% based on source and activity of the -
galactosidase preparation, concentration, time and temperature of treatment
(Lindamood et al., 1989; Matak et al., 2003). The sweetness of lactose-
hydrolyzed ice cream is increased compared to its unhydrolyzed control (El-
Neshawy et al., 1988; Lindamood ez al., 1989), and this fact allows for some
reduction in sucrose or blending of alternative sweeteners, such as sugar
alcohols, to obtain the optimal formulation for sweetness and freezing
point depression.

It is possible to formulate a lactose-free (or reduced) or a sugar-free
product by selection of anhydrous milk fat or butter as the dairy fat source, or
vegetable fats as the non-dairy fat source, together with high-concentration
milk protein concentrates, either whole milk proteins or caseinates, as the
MSNF source (Parsons et al., 1985; Lee and White, 1991; Geilman and
Schmidt, 1992; Rossi et al., 1999; Alvarez et al., 2005; Whelan et al., 2008).
With such a formulation, the presence of lactose in the product can be
avoided. For lactose-free (or reduced) formulae, cream should not be used
to supply fat and milk should not be used to supply water for formulation
balancing, as these also contain lactose. The milk protein concentrate or
caseinate blend must supply all of the desired functionalities of the proteins,
including emulsification of the fat, aeration of the foam and water-holding
capacity in the unfrozen phase.
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IV. Significance of Lactose in Milk Powders

P.M. Kelly

The expression “milk powders” is generally understood to embrace common
commodity-traded dairy products such as skim milk powder, whole milk
powder and whey powder, as well as an ever-increasing range of dried
ingredients derived from milk, such as demineralized whey powders, delac-
tosed whey powders, whey protein concentrate (WPC), milk protein concen-
trates (MPC) and permeate powders. In addition, fat-filled variations of
many of these ingredients are produced. Lactose in isolated form is harvested
by crystallization from either whey or permeate and dried after washing into
forms suitable for food use (edible-grade lactose) or further purified for
pharmaceutical applications as a drug-carrying excipient during tablet or
capsule production (see Chapter 4).

Lactose occurs in an amorphous state in skim and whole milk powders —
the rapid rate of concentration and spray drying does not allow sufficient time
for lactose to crystallize. Hence, it is “trapped” in a relatively unstable glassy
state which for the most part does not affect the free-flowing nature of spray-
dried milk products provided that appropriate environmental and packing
conditions are adhered to. Otherwise, because of the hygroscopic nature of
lactose in the amorphous state, such powders will absorb moisture and set in
train a series of physical changes that will ultimately impair product quality.
Occasionally, problems may arise at an earlier stage during drying when
“stickiness” is evident as powder particles adhere to the side walls of the
drying chamber. Generally, the manufacture of whole and skim milk powders
is not a problem in terms of significant powder deposit formation for lactose
concentrations in the range 35-48%, w/w. However, the extensive range of
spray-dried dairy ingredients now being manufactured from milk frequently
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includes higher levels of lactose and, possibly, other carbohydrates which
may present greater challenges during processing.

IV.1. Milk Protein Standardization

The adoption in 1999 of a new Codex Standard for Milk Powders and Cream
Powder, CODEX STAN 207-1999, provides, if desired, for the protein con-
tent of milk intended for powder production to be standardized to a mini-
mum prescribed limit. In practical terms, this allows lactose to be added to the
manufacturing milk as a means of adjusting the protein in non-fat solids to
not less than 34%. The ingredients permitted for this purpose are restricted to
milk permeate (i.e., permeate produced by ultrafiltration of milk), lactose or
mixtures of both.

The figure of 34% was reached after the International Dairy Federation
(IDF) conducted surveys of protein and solids-non-fat (SNF) levels of milks
in individual countries (Higgins et al., 1995). With some countries experien-
cing variations in protein as a percentage of SNF in the range 34-42%,
CODEX STAN 207-1999 avoids instances where milk powders with a low
level of protein would not be recognized in international trade. On the other
hand, considerable quantities of lactose are required by those countries which
have higher milk protein values and wish to pursue protein standardization.
Thus, in virtually all instances, downward adjustment of the protein content
is required for standardization according to CODEX STAN 207-1999 using
permitted ingredients (i.e., milk permeate and/or lactose), in order to produce
skim milk powder with 34% protein.

The consequences of milk protein standardization on milk quality were
judged to be minimal by IDF experts at the time of submission to Codex. It
was felt that the practice of standardizing the fat content of milk had already
been in place in the early 1900s without any negative consequence. However,
it is to be expected that over time owing to the diversity of functional
applications encountered in the market for milk powders, it is certain to
encounter some subtle change in functionality as a result of protein
standardization.

IV.2. Behaviour of Lactose During Spray Drying

Early success in the mid-1900s with the introduction of spray drying as a
mainstream unit process in dairy plants for skim and whole milk powder
production saw this technology being extended later to drying whey. How-
ever, greater stickiness encountered with whey drying was attributed to the
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impact of higher lactose levels. Pallansch (1972) established a direct relation-
ship between the temperature of sticking and the degree of crystallization of
lactose, so that by achieving up to 80% crystallization, the temperature in the
spray drying chamber can now operate at normal levels without causing
problems. In a further development, the acid content of whey was also
found to have a negative effect on sticking temperature, which presents
additional challenges when drying whey obtained from cheeses drained at a
low pH (Cottage, Quarg, etc.) and acid casein production.

Today, whey powder is usually offered on the market in either standard
or non-hygroscopic specifications. Extensive lactose pre-crystallization steps
are implemented during the final stages of whey concentration and after
subsequent discharge from the evaporator when non-hygroscopic powder is
intended. The heat of lactose crystallization during whey powder manufac-
ture is considerable, 10.63 kcal/kg, and needs to be factored into the cooling
calculations during the design of crystallization tanks (Pisecky, 1997). Addi-
tional post-drying crystallization may also be factored into the process,
especially when handling acid whey. In this case, powder is removed from
the drying chamber onto a drying belt in order to allow time for further
crystallization to occur (Knipschildt, 1986).

IV.2.1. Hygroscopicity

Since the rapidity of the spray drying process limits the opportunity for
lactose to crystallize as its concentration is increased, the resulting amor-
phous lactose in powders is hygroscopic and will attract water. A sharp
increase in moisture content is observed in amorphous milk powders during
storage at a relative humidity (RH) >50% (Thomas et al., 2004). This is, by
and large, manageable during the manufacture and subsequent storage of
skim and whole milk powders. In the case of whey powders, in which lactose
can be as much as 70% of the dry matter, hygroscopicity manifests itself
immediately during spray drying by excessive levels of stickiness of powder
adhering to the chamber walls. Successful remedial measures that may be
incorporated into the manufacturing process include pre-crystallization of
lactose in whey concentrates before drying and post-crystallization of the
spray-dried powder as it emerges from the drying chamber (Roetman, 1979).
Powder hygroscopicity and caking are, thus, brought under control by
lowering the level of amorphous lactose. Up to 50-75% crystallinity (i.e.,
extent of lactose crystallization) may be achieved in whey powder by pre-
crystallization, and this may be increased close to 95% by combining pre- and
post-crystallization treatments. This technological approach has enabled
“non-hygroscopic” whey powders to be marketed commercially. There are
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suggestions that powders may be labelled as “non-caking” at >75% crystal-
linity; however, there is no guarantee that lactose and milk powders that are
free from amorphous lactose will not cake.

IV.2.2. Lactose Crystallization in Milk Powders

The behaviour of lactose in milk powders has important consequences
for other physical and functional properties. First, powder composition and
storage conditions influence crystallization changes. Secondly, it is now
widely accepted that the surface composition and morphology of powder
particles, more than their internal microstructure, are major factors which
dictate inter-particle interaction and behaviour. Thirdly, manipulation of
surface properties during microencapsulation and spray drying is desirable
when attempting to protect sensitive ingredients during subsequent storage
and delivery.

Because of their hydration behaviour, the presence of milk proteins in
powders tends to delay lactose crystallization due to competition for available
water. Crystallization in pure lactose and milk powders starts at 40% and 50%
RH, respectively (Thomas et al., 2004). In the case of whole milk powder,
lactose crystallization does not occur until >66.2% RH, due to the role of
milk fat which is believed to act as a hydrophobic barrier and limits the
diffusion of hydrophilic molecules and the growth of lactose crystals.

The migration of internal fat to the surface of particles during the
storage of milk powders is believed to be facilitated when lactose crystal-
lization creates an internal network of capillary interstices. Morphological
changes, such as surface deformation, also occur due to the build-up of
lactose crystals (Thomas et al., 2004). The fat content of powder has a
positive influence on the surface fat coverage of powder particles, with the
most dramatic effect being evident for powders in the 0-5% fat range (skim
milk powder category), giving rise to a surface fat of 0-35 % (Nijdam and
Langrish, 2006). Nijdam and Langrish (2006) also considered that protein
along with fat preferentially migrate to the surface of particles during drying
on a laboratory scale dryer at an air inlet temperature of 120°C. The
migration of lactose increased when the experimental drying was conducted
at an industrially realistic air inlet temperature of 200°C. However, the
release of water during crystallization is likely to increase viscous flow on
particle surfaces, induce lactose migration and further crystallization to the
point that particle bridging and agglomeration occurs. Deformation of the
surface of particles is related to uneven shrinkage of atomized droplets
during the early stages of spray drying. The surface properties of high-
protein powders prepared from skim milk are known to be dependent on
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lactose content — the higher the lactose content, the more wrinkled the
surface (Mistry et al., 1992). Rosenberg and Young (1993) found that the
structure of whey protein isolate (WPI)-based spray-dried microcapsules
differed from that of other milk-derived powders. Deformation was evident
in WPC-based particles, but not when WPI was used, which suggests that
lactose (present only in the former ingredient) was also a contributory
factor. The physical effects appear to be due to the solidification of particle
wall solids before completion of expansion during droplet/particle dehydra-
tion. Higher drying temperatures eliminated the tendency towards the for-
mation of shallow deformations. Rosenberg and Young (1993) believe that
there is a critical viscosity determining the tendency for dents to occur,
below which surface tension-driven effects are sufficient to smooth out
morphological irregularities. Hence, high concentrations of whey proteins
and fat in product formulations play roles in limiting surface folds.

Lactose glass is recognized as the main encapsulant of milk fat in whole
milk powder (WMP) and spray-dried dairy-like emulsions made with WPC
and WPI (Buma 1971; Young et al., 1993a,b). Lactose is proving to be useful
in microencapsulation studies aimed at optimization of ingredient formula-
tion and process technology (homogenization; spray drying) to yield spray-
dried powder particles with defined characteristics in terms of active
ingredient (e.g. sensitive oil/fat) protection (Kelly, 2007). The selection of
“wall” materials and the manner in which they solidify during powder particle
dehydration is key to determining the amount of free fat formed, especially in
the case of high-fat powders. The porosity of such “wall” materials may be
critical when protecting sensitive materials such as fish oils (Keogh et al.,
2001). While protein is the principal emulsifying agent at the concentrate
preparation stage, the presence of carbohydrate is additionally important
during the subsequent spray drying step of whey protein-based emulsions.
Lactose in its amorphous state acts as a hydrophilic filler or sealant that
significantly limits diffusion of solvent through the wall towards the micro-
encapsulated anhydrous milk fat droplets (Young et al., 1993a). Crystalline
lactose, on the other hand, reduces microencapsulation efficiency by facil-
itating better diffusion of solvent.

IV.3. Microstructure of Milk Powders

The surface of skim and whole milk powder particles is typically character-
ized by an irregular shape, shrunken appearance and shrivelled-looking sur-
face. Puffed-looking powder particles may also occur if the powder has been
exposed to unfavourable temperatures during drying. Such occurrences cause
entrapped air to expand when heated and lead to rupture of the surface. When



P.M. Kelly 85

the lactose content of milk was depleted, e.g., use of ultrafiltration to produce
MPC, the surface of the resulting powder particles after spray drying was
smoother than skim milk powder particles (Mistry, 2002). Hence, lactose
would seem to be a major determinant of the surface morphology of spray-
dried particles in milk powders, and as a result has consequences for shelf-life
properties at or above ambient temperature. However, a very low air inlet
temperature (120-125°C) to the spray dryer was used during that particular
study.

IV.4. Phase Transitions During Milk Drying

After years of technological innovation, food material science is now being
applied increasingly to improve our understanding of what happens during
spray drying. The material in this instance is dominated by the behaviour of
the amorphous glass structure of rapidly solidified lactose (5:« ratio of
1.2-1.4) during the conversion of milk concentrate to powder. This amor-
phous lactose coats the protein and fat globules in spray-dried milk powder
particles. Thus, by combining material phase transitions with physico-
chemical changes, a more effective approach to optimizing concentration
and spray drying is envisaged. The phase diagram of milk may now be
augmented by tracking changes in glass transition (7). A graphical repre-
sentation by Roos (2002) of hypothetical powder particle temperature during
spray drying on a plot of T, vs. water content provides guidance on the
identification of appropriate conditions for optimal operation, e.g., use of
integrated static beds within the primary drying chamber and promotion of
agglomeration. Vuatez (2002) studied sorption isotherms in conjunction with
glass transition as a function of concentration for both whole milk and skim
milk, and proposed a universal relationship between glass transition tempera-
ture and water activity. The same author established differences in phase
transitions during lactose crystallization in whole milk and skim milk. With
whole milk, phase transitions were evident during nucleation of (i) a-hydrate
lactose crystals in a supersaturated milk concentrate and (ii) S-anhydrous
crystals in a rubbery glassy powder, while in the case of skim milk nucleation
of a mixture of anhydrous /- and a-lactose occurred.

The physical state of skim powders is effectively determined by lactose;
Jouppila and Roos (1991) showed that the T, of such powders was almost
equal to that of pure lactose (see Chapter 2). Stickiness is also recognized as a
surface phenomenon that is governed by the 7, behaviour of lactose. Hence,
current research aims to produce “sticky curves” in conjunction with 7-7,
plots in order to identify sticky and non-sticky conditions.
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IV.4.1. Glass Transition

The glass transition represents a change between the solid- and liquid-
like states of an amorphous phase, and hence is useful to describe the
physical changes taking place in lactose and lactose-containing powders,
especially as the non-equilibrium nature of their amorphous lactose is time
dependent. The glass transition temperature (7,) of lactose is identified by a
characteristic change in heat capacity (ACp) at the interface between solid-
and liquid-like states as measured by differential scanning calorimetry
(DSC) when such powders are exposed to a range of storage temperatures
under defined humidity conditions. For example, at room temperature, the
T, of amorphous lactose occurs at a water content of 6.8%, expressed on a
lactose basis, which corresponds to an equilibrium relative humidity of 37%
and a,, of 0.37 (Roos, 2002).

Depending on the lactose concentration, the 7, of milk powders has
been found to be very similar to that of pure lactose (Jouppila and Roos,
1994). During spray drying, the glass transition of spray-atomized powder
increases as the water content is reduced towards the end of the drying
operation, and in reality, particle temperature rises in the advanced stage of
dehydration and will approach that of the dryer outlet air if the residence time
permits. Hence, two- and three-stage spray drying interrupt this process by
separating the slower stage of dehydration from that which occurs in the
primary drying zone (spray dryer chamber) and facilitates the secondary
drying of particles at a slower pace and lower temperature in either a static
integrated bed or external fluidized bed. High temperatures or residual water
contents at the later stages of drying may cause stickiness, caking, browning
and adhesion of powder particles to the drying chamber (Roos, 2002). Sticki-
ness and caking tend to occur at approximately 10°C above T, as measured
by DSC (Roos, 2002). The effect of water content on 7, may be predicted
using the Gordon—Taylor equation:

T — W1 Tg1 + szng
& wy + kwy

where T, is the glass transition temperature of a mixture of solids with a
weight fraction of wy, anhydrous T, and water with a weight fraction of w,
and glass transition temperature of Ty, for pure water (frequently assumed to
be -135°C) and k is a constant.

When T, data are combined with that of water sorption properties,
insights into the extent of water plasticization of milk powders are generated
for various storage conditions (Roos, 2002). Such information may be used to
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differentiate between the critical water content of isolated lactose and skim
milk solids of 6.8 and 7.6 g/100 g solids, respectively.

The effect of non-lactose solids on the T, of powder may be predicted
using the extended Couchman-Karasz equation, i.e., more than three
constituents (water, amorphous lactose, glucose and galactose, casein
and whey proteins) are considered (Schuck, 2005). The Couchman-Karasz
equation for tertiary mixtures (casein, carbohydrates and water) takes
the form

_WACK T + WaACpa Tp + W3ACps Ty

T
¢ W1ACpr + WrACps + W3ACp; ’

where Ty is the glass transition temperature (K) of component i, ACp; is the
change in heat capacity (J/kg/°C) of this component at T and Wi s its weight
fraction.

IV.4.2. Caking

Caking is a problem that arises when a low-moisture, free-flowing
powder first becomes lumpy, then agglomerates into a solid and finally
transforms into a sticky mass. These physical and microstructural changes
take place during caking of skim milk powder while equilibrated at 43-94%
RH (Aguilera et al., 1995). Initial changes are evident when powder reaches
>54% RH while at >74% RH, lactose crystallization as well as bridging
between particles occurs. The caking of milk powder is preceded by viscous
flow on the surface of particles as amorphous lactose becomes sticky on
exposure to humid air. Viscous flow was measured as an increase in density
of lactose plugs within a cylindrical compaction apparatus after incubation
under defined temperature/time conditions (Lloyd et al., 1996). The onset
temperature of viscous flow decreased with increasing a,, and corresponded
to the onset temperature of T, (Lloyd et al., 1996). Viscous flow at 7' > T,
increases the potential for caking to occur. It is speculated that other forms
of lactose (a-lactose monohydrate, anhydrous a-lactose and the compound
crystals of S/a-lactose) in addition to electrostatic forces between particles,
the presence of mineral salts and proteins, surface wetting followed by water
equilibration or cooling and pressure also play significant roles. In the case
of fat-containing powders, fat-induced caking becomes a problem when
total or surface fat exceeds 41 and 12.6%, respectively (Foster et al., 2005).
The caking in this instance is attributed to fat crystallization in the liquid
bridges between particles, crystallization being triggered by cooling of the
powder.
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Methods for quantifying the degree of caking (flowability test, shear
and tensile strength measurement, visual observation of lumps, microscopic
and image analyses, penetration force test and crushing test) are largely
empirical, and not always reproducible. A caking index, developed by
Aguilera et al. (1995), is defined as the state of the system at any time relative
to that of the initial state. Two morphological indicators of the state of the
system are the ratio of the porosity of the instant system to that of the initial
system p(,/po; and the ratio of inter-particle bridge diameter to particle
diameter, Dyrigge /Dpariicle- These authors proposed that bridging occurs at
the onset of caking as a result of surface deformation and sticking at contact
points between particles, without a measurable decrease in system porosity.
During this early phase, small inter-particle bridges may disintegrate under
even mild shaking. Agglomeration follows and involves an irreversible con-
solidation of bridges but the high porosity of the particulate system is main-
tained. The compaction that occurs at an advanced stage of caking is
associated with a pronounced loss of system integrity as a result of thickening
of inter-particle bridges owing to flow, reduction of inter-particle spaces and
deformation of particle clumps under pressure.

Many methods have been proposed for eliminating, minimizing or
controlling caking, e.g. (i) controlling storage conditions below a,, 0.57 if no
amorphous lactose is present, and below a,, 0.25 if it is present (Bronlund,
1997); (i1) avoiding mixing of particles with different initial humidity and
temperature (Fito ez al., 1994); (iii) cooling the product immediately to an
appropriate temperature, well below T, before packaging (Bronlund, 1997;
Bhandari and Howes, 1999); (iv) minimizing temperature variation in
different parts of powder silos or bags during storage (Fito et al., 1994);
(v) conditioning of powders by ventilation in silos during storage (Bagster,
1970; Lenniger and Beverloo, 1975); (vi) adding a glidant or flow conditioner
to improve powder flow (Lai et al., 1986), high molecular weight carbohy-
drates (e.g., maltodextrin) in infant formula (Aguilera ez al., 1995) to raise the
T, of the samples, and dessicant, e.g., silicon dioxide and sodium silicoalu-
minate (Lai et al., 1986) to improve dehydration characteristics and to reduce
stickiness (Chuy and Labuza, 1994).

Technological options (i)-(iv) above target the stabilization of amor-
phous lactose during storage. These are common techniques to delay caking
but they do not prevent it. The availability of accurate data on free moisture,
water of crystallization and amorphous lactose in lactose powders may assist
in selecting the suitable parameters for processing and storage conditions for
controlling caking. Method (v) is intended to eliminate any amorphous
material and to allow sufficient time for the removal of bound moisture in
bulk powder. The final attempt (vi) is desirable to reduce caking and to
improve the physical properties of milk and lactose powders.
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IV.4.3. Stickiness and Caking of Milk Powders

Adhesion of powder particles to dryer chamber walls during processing is
generally referred to as the stickiness behaviour of a product. Excess stickiness
gives rise to product loss, fouling of process surfaces, risk of compromising
product quality because of increased residence of deposits which may be
dislodged and re-entrained with product flow and a risk of spontaneous
combustion within the drying chamber (Ozmen and Langrish, 2002).

Stickiness of powders arises from plasticization of particle surfaces.
Adsorbed water in contact with the surface of powder particles has a plasti-
cizing effect by lowering T, and also reducing viscosity. Direct methods for
measuring stickiness are based on the use of physical indices, such as resis-
tance to shear, viscosity and optical properties (Schuck et al., 2006). T, can be
correlated indirectly with stickiness. In fact, T, measured by DSC is virtually
the same as the sticky point temperature measured using a thermo-mechan-
ical test (Ozmen and Langrish, 2002). Using a blow tester-based method,
Patterson et al. (2005) used the parameter (7-T,) to characterize the rate of
stickiness development for a range of conditions (37-67°C and 0.15-0.35 a,),
and found that at a given 7-T, value, the level of stickiness increased linearly
with time. Patterson et al. (2007) also showed that stickiness curves for
powders run above and parallel those for the T, of amorphous lactose, and
succeeded in establishing a critical point (7-7}).r to characterize the initia-
tion of powder stickiness.

Caking follows when inter-particle liquid bridges provide an environ-
ment for dissolution of milk components and the resulting lactose crystal-
lization transforms these interfaces into solid bridges (Thomas et al., 2004).
Sticking is typically a problem encountered during drying, while caking is
more prevalent during the subsequent storage of powder (Schuck ez al., 2005).
Stickiness and caking of whole and skim milk powders are different due to the
significant difference in their surface compositions (Ozkan et al., 2002). The
high-fat surface coverage and its melting behaviour was associated with
stickiness occurring at a lower temperature in whole milk powders, while
the higher temperature at which cakiness occurred in skim milk powder was
influenced by 7>T, so that the rubber phase transition to the crystalline
phase facilitated the formation of strong junctions between skim milk powder
particles (Ozkan et al., 2002).

A close relationship appears to exist between the measured sticky point
temperature of skim milk powder and that of lactose (Boonyali et al., 2004).
However, the approaches used to correlate the sticky point and T, are not
very precise. First, the sticky point temperature may be taken at 20°C above
T, for general and simple estimations, but this may not be sufficient when
spray drying some products at a very high temperature where precise
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temperature control is generally required. A shift in temperature of a few
degrees may cause stickiness.

A device developed by Hennigs et al. (2001) was used to measure the
sticky point temperature of SMP. This technique measured electric resistance
of a stirrer in contact with powder which was then translated into stickiness
behaviour. At the sticky point temperature, the voltage increased sharply and
the stirrer consequently stopped. It was found that the sticky point tempera-
ture of SMP could be predicted precisely from the T, of lactose, using suitable
curvature parameters. A limitation of the method is the risk of void formation
during movement of the powder by the stirrer.

The caking temperature of powders (7)) may be linked to variations in
T,. Both models share the same curvature index for lactose, emphasizing that
lactose is mainly responsible for the stickiness of milk powders. The caking
temperature model is distinguished from the glass transition model by inclu-
sion of a coefficient of temperature difference (d) (Hennigs et al., 2001):

~ WLTe(l) + k. Wy Ty(w)

T
& Wi+ kW, ’

T To(mp) + k. X.To(w)
¢ I+ kX

+d,

where T, is the glass transition temperature of lactose; Wy and W,, are the
weight fractions of lactose and water; k is the curvature index (=7.4 for pure
lactose); T,(/) is the glass transition temperature of anhydrous lactose; Ty(w)
is the glass transition temperature of water; 7 is the caking temperature;
T,(mp) is the glass transition temperature of anhydrous skim milk powder; X
is the ratio of water to dry powder; and d is a coefficient (=23.3 K for skim
milk powder).

Schuck et al. (2005) described a sticking and caking sensitivity index
(SCSI), ranging in value from 0 to 10, which they claimed may be used to
anticipate powder behaviour during drying and storage — the more favour-
able situation being an SCSI = 4 (i.e., no sticking and/or no caking), while
SCSI > 6 suggests that there is a high to very high risk of sticking or caking.
Computation of the SCSI takes into consideration powder characteristics
such as temperature in the form of 7-T, and changes in heat capacity during
glass transition (ACp). A points system is allocated to these physical char-
acteristics according to Table IV.1.

Stickiness behaviour is also proving to be an important parameter in the
latest efforts to model particle dehydration during spray drying. Simulation
of spray drying processes is being used increasingly in order to facilitate more
efficient dryer operation and implementation of advanced control systems.
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Table IV.1 Calculation of Stickiness and Caking Index (SCSI)*
modified from Schuck et al (2005)

T-T, (°C) Number of points ACp (J/g/°C) Number of points

<5 0 <0.1 0
>5;<10 1 >0.1;<0.2 1
>10; <15 2 >0.2;<0.3 2
>15;<20 3 >03;<04 3
> 20; < 30 4 >0.4;<0.5 4
> 30 5 >0.5 5

*SCSI = Sum of the number of points for [7-T,] + number of points for [ACp]. For
example, a powder with a [7-T] = 16°C and ACp = 0.25 (J/g/°C) has a SCSI of 5.

A particular challenge occurs when considering the drying profile of a range
of particles. One of the difficulties is to be able to predict surface moisture
content and temperature, which are important variables for determining
whether the T, of surface lactose has been exceeded and what are the pro-
spects of the particles becoming sticky (Nijdam and Langrish, 2006).

IV.4.4. Instantization/Agglomeration

Regular spray-dried milk powders do not disperse readily or completely
when poured onto water.

In order to improve reconstitution properties, agglomeration was devel-
oped as a process whereby larger powder particles (more likely as particle
clusters) are created, largely by the adhesion of smaller to the larger particles —
the smaller particles limit the instant dispersion of powders in water. The
resulting more open powder structure allows greater penetration of water in
the course of subsequent wetting and dispersing.

The key to agglomeration in practice is to create an environment for
adequate mixing of “wet”, sticky partially dried powder particles with
recycled dried fines (i.e., fine powder particles collected by cyclonic separa-
tion), so that the smaller particles adhere to the larger ones and form clusters
around them. The surface properties of partially dried powder in the wet zone
of the spray drying chamber influence the nature of particle bridges that may
be formed. If the starting material is a dried powder, then partially rewetting
and heating in excess of 7, will provide a viscous surface for adjacent particles
to adhere to and form strong bridges (Bhandari and Howes, 1999). There is a
dependence on the presence of fat and amorphous lactose to provide the
necessary stickiness to facilitate agglomeration. Nijdam and Langrish (2006)
expressed a concern that inadequate amounts of lactose may be present
because of competitive displacement by protein. However, since most
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agglomeration now takes place in the primary drying chamber (straight-
through dryinglagglomeration process), it is likely that most agglomerating
particles in this zone of the dryer are wet and have a surface composition more
typical of the matrix before migration occurs during the final stages of
particle dehydration.

Later, surface properties will also prevail during reconstitution along
with other factors, such as the interplay between liquid (water), gaseous (air
between particles) and solid phases (powder particles) during powder wetting.
Efficient wettability and dispersibility are essential in order to prevent a
viscous layer forming at the interface around grouped particles which delays
dissolution of the powder in water.

Powder agglomeration may be regarded as intentional caking as a result
of forced compaction under controlled conditions — particles being forced to
interact and form granules (Listiohadi et al., 2005). Some insights into the
effects of force during the recycling of fines when spray drying are gleaned
from the descriptions of Pisecky (1997). When the fines return is positioned
close to the spray atomizer, considerable penetration of wet primary particles
occurs, which in turn, become covered by concentrate from the incoming
spray. These newly forming agglomerates possess high moisture, plasticity
and stickiness. On the other hand, if the fines return is positioned at a distance
from the atomizer, less compact agglomerates, displaying “raspberry- like”
and “grape-like” microstructures, are formed. The objective is to strive as far
as possible to achieve a “compact grape” structure as an optimal process
condition where the powder has simultaneously good instant properties and
sufficient mechanical strength to withstand the rigours of subsequent hand-
ling and packaging (Table IV.2). “Onion-structured” agglomerates have also
been described. These have high mechanical strength, bulk density and
appear as slowly dispersible particles on reconstitution.

Two distinct processes for agglomerating milk powders are used in
practice (Wulff, 1980), the straight-through method (accomplished during
spray drying) and the rewet method (using powder that has already been
prepared). Both processes exploit similar principles of instantization — (i)
wetting of particle surfaces (by steam, water or a mixture in the case of the
rewet method), (i) agglomerating, (iii) drying or redrying (rewet), (iv) cooling
and (v) classifying according to particle size in order to remove particles that
are too large or too small.

IV.4.5. Maillard Reactions

Non-enzymatic browning of milk powders during prolonged storage
has been associated with reactions taking place between proteins and lactose
functioning as a reducing sugar (Thomas et al., 2004; see Chapter 7). Early
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Table IV.2. Influence of spray atomization/fines return-mediated agglomerate
structures on the physical properties of agglomerated particles (adapted from Pisecky,
1997)

Agglomerate structure

Physical property “Onion-" “Raspberry-" “Compact grape-*”  “Loose grape-*”

Particle moisture High Low
at collision

Mechanical High Low
stability

Bulk density (no High Low
attrition)

Bulk density (after ~ High Low High
attrition)

Slowly dispersible ~ Many Few
particles

Dispersibility Poor Good Poor

(after attrition)

*Optimum agglomerate structure

Maillard reactions (EMR) develop more readily in WPCs with a high (WPC-
35 to WPC-50) than with a low lactose content (Morgan 2005). A comparison
of skim milk powder and WPC with similar protein and lactose contents (35%
and 51%, respectively) showed that the development of EMR was similar for
both, except at prolonged heating times where a break in the progress of the
amino-sugar reaction was observed for SMP (Morgan, 2005). These studies
were undertaken under accelerated storage conditions at 60°C and it is
believed that differences in molecular mobility between WPC and SMP may
occur at this temperature.

IV.5. Some Ingredient Applications Where the Role of Lactose
Is Emphasized

IV.5.1. Infant Milk Formula

As the lactose content of human milk is significantly higher than that of
bovine milk, infant milk formula manufacturers use edible-grade lactose and
whey powders as ingredients during processing in order to “humanize” their
product formulations. Lactose loading of formulations in this instance is
driven by the necessity of nutritional demand, and in processing terms is
facilitated by sourcing demineralized and partially demineralized whey pow-
ders (containing typically 70%, w/w, lactose). Such dairy ingredients provide,
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in addition to lactose, minerals and other desired key minor constituents.
However, a greater challenge is faced when drying powders of such high-
lactose content.

IV.5.2. Chocolate

Lactose may be generally regarded as having a secondary role in milk
chocolate, its presence being largely opportunistic by virtue of being a con-
stituent of the milk powder used. However, attempts at explaining variations
in chocolate properties, especially viscosity, have led to greater scrutiny of the
functional quality of such dairy ingredients. When Aguilar and Ziegler (1995)
partially substituted sucrose in milk chocolate by lactose provided by whole
milk powder, the physical state of the lactose had important effects on
chocolate properties — higher concentrations of amorphous lactose reduced
chocolate viscosity, increased particle size of chocolate mass post-refining
and reduced the requirement for surface-active agents to achieve the desired
Casson yield value, while increasing the content of crystalline lactose had the
opposite effect.

Spray-dried whole milk powder (WMP), with its relatively low level of
free fat, is sub-optimal as a dairy ingredient for use in chocolate production
compared to roller-dried WMP. However, adapting our knowledge of lactose
behaviour may now be the basis of a technological approach to circumvent-
ing this problem. Baechler et al. (2005) showed that the phase diagram of
whole milk powder may be exploited to achieve greater functionality of
WMP for use in chocolate. They demonstrated that careful control of the
water activity of WMP before heating at 90°C for 70 min could bring about a
desired release of free fat (>70% of total fat), while maintaining WMP in
powder form and avoiding the induction of browning. This release of free fat
onto the surface of WMP was correlated with increased lactose crystallization
in the G-form.

IV.6. Role of Lactose in Microencapsulation

Microencapsulation involves the optimization of ingredient formulation and
process technology (homogenization, spray drying) to produce stable emul-
sions that may be spray dried to yield powder particles with defined char-
acteristics. The protection of an active ingredient (e.g., oils/fats that are
particularly susceptible to oxidation) either during processing, delivery or
subsequent storage is usually the objective. The process differs from conven-
tional whole milk powder production in that emulsion composition and
formation are finely tuned to take advantage of structural changes that
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occur in powder particles during spray drying. The selection of “wall” mate-
rials and the manner in which they solidify during powder particle dehydra-
tion is key to determining the amount of free fat formed, especially in the case
of high-fat powders. The porosity of such “wall” materials may be critical
when protecting sensitive materials, such as fish oils (Keogh et al., 2001).

While protein is the principal emulsifying agent at the concentrate
preparation stage, the presence of carbohydrate is additionally important
during the subsequent spray drying of whey protein-based emulsions. Lactose
in its amorphous state acts as a hydrophilic filler or sealant that significantly
limits the diffusion of solvent through the wall towards the microencapsu-
lated AMF droplets (Young et al., 1993a). Crystalline lactose, on the other
hand, reduces microencapsulation efficiency by facilitating greater solvent
diffusion. Thus, microencapsulation efficiency is increased first by emulsify-
ing anhydrous milk fat in a solution prepared from WPI and carbohydrate,
and homogenizing the resulting emulsions at 50 MPa in four successive passes
before spray drying (Young et al., 1993b). Increasing the number of homo-
genization passes also helps counterbalance the negative effect of salts when
WPC-35is used instead of WPI as the principal emulsifying agent (Keogh and
O Kennedy, 1999).

The presence of lactose is also important in obtaining complete encap-
sulation of fat after spray drying sodium caseinate-stabilized soybean oil
emulsions (Fildt and Bergenstihl, 1995). The normally hydrated protein-
based interfacial surface film in an emulsion is believed to shrink because of
the loss of water during drying (Faldt & Bergenstahl, 1995). However, the
presence of lactose may replace water to some extent and keep the protein
solubilized after drying to reduce shrinkage. Thus, the stability of a sodium
caseinate film on powder surfaces is increased, and less fat leaks out onto the
powder surface during the drying process (Féldt and Bergenstahl, 1995).
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V. Reduced Lactose and Lactose-Free Dairy
Products

Shakeel-Ur-Rehman

V.1. Introduction

The malabsorption of lactose by lactose-intolerant individuals, which has
been recognized since the 1950s (Holsinger and Kligerman, 1991), resulted in
the development of lactose-reduced or lactose-free milks, dairy products and
dairy beverages. The availability of lactose-reduced or lactose-free milks
offers an opportunity for the dairy industry to gain new consumers who
would otherwise avoid milk. Two approaches are commercially used to
manufacture lactose-free or lactose-reduced milks and dairy products, i.e.,
treatment with (-p-galactosidase and membrane processing. In dairy pro-
ducts like yoghurt and cheese, some of the lactose is converted to lactic acid
by bacterial action and in cheese most of the lactose (~98%) is lost in the
whey. Yoghurt and cheese, therefore, are naturally lactose-modified or
reduced-lactose dairy products. The [-p-galactosidase produced by some
lactic acid bacteria during the fermentation of lactose helps in lactose absorp-
tion in the human intestine (Flatz, 1987).

V.2. Methods for the Manufacture of Lactose-Free
or Lactose-Reduced Milk Products

Three methods are used to reduce/modify or eliminate lactose in milk and
milk products.
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V.2.1. Treatment of Milk with B-Galactosidase

Lactose-reduced milks and milk products are made by treatment of
cows’ milk with lactase (8-p-galactosidase), a process which began with
the commercial availability of this enzyme from microbial sources in early
1970s. Treatment of milk and milk products with §-p-galactosidase to
reduce their lactose content is an appropriate method for increasing
their potential uses and to deal with the problems of lactose insolubility
and lack of sweetness (Mahoney, 1997). Moreover, treatment of milk with
(-D-galactosidase makes it a suitable food for a large number of adults
and children who are intolerant to lactose. The hydrolysis of lactose by
(-D-galactosidase into its constituent monosaccharides, p-glucose and
D-galactose, allows most consumers who are lactose-intolerant to digest
comfortably products that contain lactose. The constituent monosacchar-
ides of lactose are more soluble than lactose and hence lactose hydrolysis
improves the mouthfeel of fluid milks. This is especially important in fluid
milks where most of the lactose is removed by filtration technology and
the residual lactose is converted by (-p-galactosidase to glucose and
galactose. Lactose solubility is a problem in concentrated fresh milk
products manufactured by reverse osmosis (RO), especially when the
lactose content is more than 12%. The use of 3-p-galactosidase pills started
with individual customers adding the enzyme to a glass of milk; however,
with improvements in processing techniques, hydrolyzing the lactose
before packaging certain dairy products has become more common.
Three techniques are used commercially to perform lactose hydrolysis,
single-use batch system, recovery systems (enzyme re-use) and immobi-
lized enzymes (Mahoney, 1997). The factors that govern the hydrolysis of
lactose by -p-galactosidase are the amount of lactose in the product, the
temperature at which the product is held and the time of contact.

V.2.1.1. Reduced-Lactose or Lactose-Free Fluid Milks

A range of reduced-lactose and lactose-free milks is available on US
market; the three most popular lactose-reduced or lactose-free products on
the US market are Lactaid, Dairy Ease and Mootopia. Lactose-free milk
brands available in Europe include those of Hyla (Valio, Finland, Sweden,
Belgium), Emmi (Switzerland), Kaiku plus sin lactosa (Spain) and Lacto-
free (Arla, United Kingdom). The reduced-lactose or lactose-free milks
manufactured by treatment with 8-p-galactosidase have a lower freezing
point and are far sweeter than normal milk. The treatment of fluid milks
with 3-p-galactosidase offers certain specific challenges to processors. The
average lactose content in cows’ milk is 4.8% and its conversion to glucose
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and galactose by (-D-galactosidase results in milks that are too sweet and
often disliked by consumers. The excessive sweetness of 3-p-galactosidase-
treated milks has caused some lactose-intolerant subjects to change to soy or
oat “milks”. The treatment of full lactose milk with (-D-galactosidase
increases the chances of Maillard browning, especially in UHT milks
(O’ Brien, 1997). The monosaccharides formed from lactose react faster
than lactose with amino acids, resulting in extensive browning; the extent of
the change will depend on the percent hydrolysis. The 3-p-galactosidase
treatment of fluid milks increases the cryoscopic value of milk from 0.454 to
0.650°C making it difficult to assess the adulteration of milk with water by
cryoscopic methods. Some of the commercially available preparations of
(-D-galactosidase contain some proteinase activity which is very heat stable
and may not be inactivated by pasteurization or even ultra-high tempera-
ture sterilization of milk, resulting in poor shelf life of the lactose-free milk.
The (-p-galactosidase treatment increases the cost of fluid milk by
~ $0.06-$0.08/L.

V.2.1.2. Lactose-Free Ice Creams

Lactose makes up approximately 20% of the carbohydrates in ice
cream (Marshall and Arbuckle, 1996). The percentage of lactose in ice
cream depends on the formulation, including the amount of non-fat milk
solids and fat in the mixture. Lactose-hydrolyzed ice cream requires less
added sugar to get desirable sweetness as the relative sweetness of lactose is
only one-fifth that of sucrose (Fennema, 1996); hydrolysis of 70% of the
lactose in milk increases its sweetness by an amount comparable to the
addition of approximately 2% sucrose (Zadow, 1986). The monosacchar-
ides produced from lactose depress the freezing point of ice cream mix,
increase relative sweetness and promote the ease of dippability of ice
cream (Iversen, 1983). The freezing point of ice cream mix is directly
proportional to the number of particles in solution (Mitchell, 1989). Linda-
mood et al. (1989) reported that the freezing point of ice cream decreases
proportionately to the extent of lactose hydrolysis in the ice cream mix. The
freezing point of ice cream mix not treated with 3-p-galactosidase (10% milk
fat, 12% MSNF, 12% sucrose, 5% corn syrup solids and 0.25% stabilizer—
emulsifier blend) was —1.45°C while the freezing point of mixes that had
undergone 25, 50 or 100% lactose hydrolysis were —1.62, —1.67 and —1.92°C,
respectively (Lindamood et al., 1989). The low freezing point is often
responsible for the accelerated melting of ice cream (Marshall and
Arbuckle, 1996). The hydrolysis of lactose in ice cream results in a smoother
product.



Shakeel-Ur-Rehman 101

V.2.1.3. Condensed Milks

The defect of sandiness and poor texture in concentrated milks can be
overcome by hydrolyzing its lactose. Sabioni et al. (1984) reported less
sandiness in lactose-hydrolyzed sweetened condensed milk compared to the
condensed milk in which lactose was not hydrolyzed.

V.2.2. Reduction of Lactose by Membrane Technology Techniques

Membrane techniques such as microfiltration and ultrafiltration (UF)
are used commercially to modify the proportion of lactose in milk and milk
products. These processes have resulted in lactose-modified ice creams, milk
powders, yoghurts and a series of fluid milks and dairy beverages. The
addition of UF retentate of milk changes the physical and chemical proper-
ties of all dairy products to which it is added. UF membranes retain all
the fat and practically all the protein in milk. The retention coefficients of
the non-protein nitrogen compounds are generally 20-40%, and higher for
the high-concentration factors (Grandison and Glover, 1997). Urea and
amino acids are mainly lost through the membrane. Retention of lactose
during ultrafiltration may be up to 10%. The minerals and other ions
retained during the membrane processing of milk by ultrafiltration are
those that are attached to the proteins, like calcium, magnesium, phosphate
and citrate, while others pass into the permeate. Likewise, the fat-soluble
and protein-bound vitamins are retained completely. A process in which
lactose can be removed completely from the milk is a modification of
ultrafiltration, referred as diafiltration. During diafiltration, water is
added to the milk or to the ultrafiltration concentrate of milk in order to
wash out components able to pass through the membranes. Diafiltration
helps to remove more permeate and more small molecules and therefore is a
purification process. The combination of ultrafiltration and diafiltration is
a technique for manufacturing milk enriched in protein and fat, and very
low in lactose and salts. During 3X (the most commonly used concentration
factor in industry) ultrafiltration of milk, 66-67% of lactose passes into the
permeate and 33-34% is retained in the UF milk retentate. From the initial
lactose content of 4.8 g/100 g cows’ milk, 3.2 g pass into the permeate during
3X UF and 1.6 g are retained in the UF concentrate. When the UF concentrate
is diluted to the level of proteins and fat in the original milk by addition of
water, the lactose content in the reconstituted milk is now only 1.6%. The
residual lactose is then converted to glucose and galactose by treatment with
(-D-galactosidase. The resulting product is 100% lactose free and has a sweet-
ness similar to that of ordinary whole milk. Select Milk Producers in USA
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have patented a combination of membrane technology for manufacturing
lactose-free milks (Dunker et al., 2007; Shakeel-Ur-Rehman et al., 2007). The
product is 100% lactose free, has 75% more protein and 65% less sugar than
cows’ milk and contains 4 g of hydrolyzed lactose per serving (240 mL).
Recently, patented processes (Tossavainen and Sahlsten, 2003) have been
developed to reduce the lactose in milk to less than 3% and the residual
lactose is hydrolyzed by (3-p-galactosidase to glucose and galactose in order
to get a sweetness similar to normal milk. These milks are becoming popular
in Europe and America. The reduction of lactose by membrane technologies
or chromatographic processes has resulted in labeling issues with regulatory
authorities. Milk in which lactose is reduced by filtration technology to less
than 2.0% results in a lower cryoscopic value than that of ordinary whole
milk and, even after lactose hydrolysis, the cryoscopy value is lower than
regular cows’ milk. The health authorities consider the reduction in cryoscopic
values as adulteration in milk. The popularity of foods with a low glycemic
value has also necessitated the manufacture of milk products with reduced
milk sugar. In Europe, Valio has developed a range of lactose-free and lactose-
reduced dairy beverages using membrane technologies. The products, in which
the level of lactose in milk is reduced by membrane technologies, may be
suitable for diabetic people.

The use of UF concentrates in the manufacture of sweetened condensed
milk has been found to avoid sandiness (Sepra Alverez et al., 1979) as the
condensed milk is low in lactose.

Delactosed high-protein milk powders have been manufactured by use
of ultrafiltration and diafiltration processes (Mistry and Hasan, 1991). The
delactosed milk protein powder has potential in the manufacture of new
products like low-fat yoghurts.

Milk protein concentrate (MPC) is a relatively new dairy ingredient
produced by ultrafiltration of skim milk. The proportion of protein in the
MPC depends on the removal of lactose by ultrafiltration/microfiltration
and diafiltration. The proportion of caseins and whey proteins in the MPC
is similar to that in the original milk but MPC contains little lactose. Due to
the high casein content and low lactose content in MPC, it is an attractive
ingredient for enriching the casein content of cheese milk. MPC80 contains
6.5% lactose compared to 51% in non-fat dry milk (NFDM); the use of
MPC instead of NFDM in cheese milk results in a low residual lactose level
in cheese and reduces the chances of undesirable fermentation during
ripening (Shakeel-Ur-Rehman et al., 2003). The ratio of protein to lactose
is higher in MPC than in condensed milk or NFDM. The use of MPC to
standardize milk for Pizza cheese manufacture results in an increased yield
and less browning.
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V.2.3. Reduction of Lactose in Milk by Chromatographic Methods

Chromatography processes use charged resins to separate proteins and
other charged ions in milk from lactose. The proteins and charged ions bind
to oppositely charged resin while lactose does not bind and passes directly
through the system. Milk from which lactose is to be separated is passed
through a column containing cation exchange resin (Harju, 1989). The cation
exchange resin is balanced in such a way that an ionic balance is obtained with
milk. After balancing the resin, skim milk or concentrated milk is passed
through the bed. The lactose fraction is eluted at the bottom of the bed, while
the protein and mineral fraction is eluted with the help of water in another
stream. The main disadvantages of chromatographic processes are that they
are time-consuming and involve expensive equipment.

V.3. Conclusion

Awareness about lactose intolerance has considerably increased in past dec-
ade, so has the market for lactose-free milks. Conversion of lactose in ordinary
milk by treatment of 3-galctosidase results in high levels of sweetness which
may be unacceptable to many consumers. Reducing lactose in fluid milks by
chromatographic or membrane technology followed by conversion of residual
lactose by (-galctosidase to its constituent monosaccharides has helped
manufacturers to provide a fluid milk with a genuine taste of milk; however,
the products are expensive and there are some concerns about labeling the
products as “milk”. The chromatographic method of lactose removal is
too expensive and has not found widespread use in industry. Although removal
of lactose from fluid milks by membrane technology increases the price by
about 20-30%, it is still a method of choice for most of the manufacturers to
provide a lactose-free milk with a genuine taste of milk. This has helped many
consumers to again drink milk who had otherwise stopped drinking milk.
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Production and Uses of Lactose

A.H.J. Paterson

4.1. Theoretical Approach to Production

Lactose has been produced industrially for over 100 years (Dryden, 1992). The
objectives of the lactose manufacturer were summed up by Herrington (1934):
“In the manufacture of lactose, it is desirable to secure a maximum yield of
crystals in a minimum time, and to secure crystals which may be readily washed
with a minimum of loss.” These objectives are still valid for the modern lactose
manufacturer and this chapter will examine how these objectives might be met.
The production of lactose from solution generally follows a standard
crystallisation process involving concentration, nucleation, growth and har-
vesting/washing. The overall yield is determined by the conditions used in all
four phases of production. Figure 4.1 shows the lactose solubility data in water
as gleaned from the literature. The equation for the fitted line in the figure is

CLs = 10.9109 exp® 028047

CLs = concentration of anhydrous lactose (g lactose/100 g water)
T = temperature (°C).

This equation, the same as that given by Butler (1998), can be used to
demonstrate how various processing conditions impact on the overall yield of
a process.

Whey arriving at a factory needs to be concentrated, usually by reverse
osmosis and evaporation, until the lactose concentration is typically around
110 g lactose per 100 g water (58% TS for whey permeates). It is then cooled
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Figure 4.1. Solubility data for lactose from the literature (McLeod, 2007) (¢ Hudson, 1904,
W 1908; e Saillard, 1919; + Gillis, 1920; o Herrington, 1934; 0 Rozanov, 1962; 0 Foremost Foods,
1970; A Visser, 1982).

over a period up to 48 h (but times as short as 12 h have been used) to allow
first nucleation and then growth of lactose crystals. In many industrial plants,
the final temperature will be between 15 and 25°C. If it is assumed that the
concentrate is cooled to 20°C, that sufficient time is allowed for the solution
to come to equilibrium with the crystals and that all crystals are of sufficient
size, that there is 100% recovery through the recovery and washing zone, and
ignoring the losses incurred by recycled lactose from the washing stages, then
the theoretical yield can be calculated as follows: in concentrate, there are
110 g of lactose per 100 g of water; at 20°C, 100 g of water can contain 19.1 g
of lactose in solution, at equilibrium, therefore, 90.9 g lactose will crystallise,
giving a theoretical yield of 90.9 g/110 g or 82.6% w/w.

Normal yields will be less than this because of losses due to (i) dissolved
lactose and fine crystals that are not recovered during the recovery/washing
operations and are lost in the mother liquor and (ii) recycled lactose from the
washing operation increasing the water load through the plant.

To increase this yield, operating conditions must be changed; several
things can be done to improve the yield.

1. Increase the concentration exiting the evaporators. The limit to this,
without crystallisation occurring in the evaporators, is the solubility
limit at the final temperature of the evaporators. If the concentration
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can be increased to 130 g lactose/100 g water (62% TS for whey
permeates), the potential yield would be increased to 85.3%.

2. Cool the crystallisation batch to a lower temperature. If it could be
cooled to 5°C, the concentration in the mother liquor at equilibrium
would be 12.6 g lactose/100 g water, resulting in a theoretical max-
imum yield of 88.6% with an evaporator concentration of 110 g
lactose/100 g water and yield of 90.3% if the evaporator concentra-
tion is 130 g lactose/100 g water.

3. By allowing crystallisation to occur in the evaporator, even higher
concentrations could conceivably be achieved and this enables even
higher yields to be obtained. If the concentration can reach 200 g
lactose/100 g water (71% TS for whey permeates) and that the batch
is cooled to 5°C, the yield would be 93.7%.

These examples have not taken into account other practical limitations
that might occur, such as calcium deposits in the evaporators or crystalline
concentrates too viscous to pump. The actual limits that can be achieved will
vary between factories depending on whey purity, plant cleanliness and the
specifics of the plant design.

The precipitation of calcium phosphate on the evaporator tubes limits
the run time of the evaporators. Steps can be taken to minimise this problem,
such as the addition of agents to sequester calcium ions or the use of ion
exchange or ion chromatography to remove the calcium phosphate from the
whey before it reaches the evaporator.

Actual plant data are commercially sensitive and hence the figures given
here are indicative to show how plant yield can be influenced by changing
plant conditions.

Actual plant yields are usually considerably below the theoretically
possible yields due to inefficiencies in the harvesting and washing stages in
the plants. According to APV (2007), a 65% yield is typical. Plants have
reported yields as low as 50%, which is completely unacceptable. It should
be possible to improve the yield to the mid-60% range by altering the plant
operating conditions. Many of the problems can often be traced to the
generation of fines within the system which end up passing out in the mother
liquor or causing an increased load on the evaporators through recycling
which leads to more water going through the process and hence to larger
losses. Control of nucleation within the plant is the only way to tackle this
problem as it is nucleation that determines the number of crystals in the
concentrate and hence the final particle size distribution.

Incorrect cooling procedures can also lead to local nucleation events
occurring at the walls within the crystallisers or even to induce a second major
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nucleation event, creating a batch with bimodal particle size distribution.
These events lead to batches with too much fines, leading to significant losses.

Recycling of lactose through the plant leads to further losses, as every
kilogram of lactose that is recycled from the washing stage to the evaporator
leads to loss of 6.3-17.4% of the recycled lactose (depending on the conditions
under which the plant is run). Hence, any change in the process that leads to
increased recycling of lactose within the plant leads to increased losses.

Microbial fermentation of dilute streams also represents an area where
losses can occur directly, and indirectly as a result of effects of the by-
products on downstream processing. Dryden (1992) reported the production
of small flat lactose crystals in several New Zealand plants, resulting in
considerable loss of yield due to the removal of fines in the mother liquor.
The problem was traced back to whey which had been held too long and
which had fermented.

Another area where unwanted fermentation of lactose within the plant
can cause problems is that the production of endotoxins and/or the growth of
bacteria such as enterobacteria. The carry-over of these into the product due
to adsorption is greater when small lactose crystals are produced, as small
crystals have a much larger surface area than larger crystals and hence the
level of these contaminants is greater. These problems can carry over into the
production of pharmaceutical-grade lactose.

4.2. Edible-Grade Lactose

The CODEX definition of lactose is “Lactose: A natural constituent of milk
normally obtained from whey with an anhydrous 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 crystallisation or be a mixture of both forms.”

http://www.codexalimentarius.net/download/standards/338/
CXS_212e.pdf accessed 29 August 2007.

Some producers give the specifications of their products on their web-
sites, a list of which is given for the reader who wants more detail.

http://www.merricks.com/lactose.htm

http://www.biolac.com/appl/FI/FI129/F1129D02.NSF/O/
77ADDC8F940151B7C12571950039D76A

http://www.bmi-eg.com/en_lactose.php

http://lactoseindia.com/spec3.html

http://www.foodnavigator-usa.com/news-by-product/indexbyCpyEn-
try.asp? 1d=3347
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Figure 4.2. Process flow diagram of a plant for the manufacture of edible-grade a-lactose
monohydrate.

The process for making edible-grade lactose is relatively straightfor-
ward in that the basic procedure is to concentrate whey, and then allow it to
cool, so that the lactose crystallises out of the mother liquor. The crystals are
then separated from the mother liquor, washed, dried and packed. A descrip-
tion of this process was given by Weisberg (1954). Figure 4.2 is a process flow
diagram showing a typical lactose production plant. Most manufactures
follow this method, with some variations, depending on the site. Some
producers like to include various steps either before or after concentration
and different concentration techniques can be used, including reverse osmosis
before a final concentration by evaporation. All the processes known to the
author include a final evaporation step to achieve the desired solids level.

The critical steps in the process are as follows:

1. Removing as much water as possible in the final stages of
evaporation.

2. Transfer of the high-solids concentrate from the evaporator to the
crystalliser without uncontrolled nucleation. Where a process uses
higher concentrations than it was originally designed for, it may
require an appropriate increase in temperature before transfer to the
crystalliser to limit supersaturation. The key here is to maintain the
same absolute level of a-lactose supersaturation as it enters the crys-
talliser, thus maintaining similar conditions to those that occurred in
the original process at the time of nucleation. This is because the rate
of nucleation is a strong function of the absolute level of a-lactose
supersaturation as well as the fluid dynamics of the crystalliser.
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. Cooling to as low a temperature as is economically feasible; a lower

temperature means lower lactose solubility, allowing a greater mass
of lactose to crystallise. Again, there are limits, as the rate of crystal
growth is quite slow at these low levels of supersaturation and
requires long crystallisation times; this in turn means more capital
for larger crystallisers.

. Cooling at the appropriate rate is critical. Aggressive early cooling

may result in too many crystals being formed during nucleation,
leading to crystals that are too small for convenient downstream
washing and processing. If early cooling is too slow not enough
nuclei form, rendering it highly likely that a secondary nucleation
event will occur, giving a bimodal distribution with a large tail of
fines in the particle distribution. Traditionally, these problems have
led to the mystique that lactose crystallisation is an art rather than
a science. Research has started to unravel some of this mystique
(Kendrew and Moelwyn-Hughes, 1940; Haase and Nickerson,
1966b; van Kreveld 1969; Butler, 1998; Kauter, 2003; McLeod, 2007).

. Separating the crystals from the mother liquor: This is usually com-

pleted with a decanter centrifuge and subsequent washing stages.
The washing plant can consist of a series of hydro-cyclones or a series
of counter-current mixing and settling separators but other designs
have also been used. There is very little information in the literature
on the performance of the alternative washing regimes and is an area
identified as having potential for further research.

. Drying of the crystals: The final operation involves separating the

washed crystals in a centrifuge from which the lactose cake at 5 and
12% (wl/w) free moisture is discharged into a dryer. Today, most
lactose plants use a flash dryer with an inlet air temperature of
120-180°C. This process flashes off the water and produces a small
layer of amorphous lactose on the surface of the crystals. This
amorphous lactose is likely to crystallise in the fluid bed dryer
following the flash dryer. Planned research, which is just starting in
the author’s laboratory, on the reaction kinetics of amorphous lac-
tose crystallisation at higher temperatures over a range of moisture
content should show whether this is the case or not.

. The temperature of packing: The fluid bed dryer is usually run in two

compartments, with the first compartment running with hot air
(110°C) being used to drive off the final moisture and/or to crystallise
the amorphous lactose layer from the flash dryer. The second com-
partment uses cold air to cool the product before it goes to the sieves
and then the packaging lines via pneumatic conveying lines. It is
important that the product is cooled to below 40°C before it is
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packed, because temperature gradients cause moisture movement
within the bags during storage (Bronlund and Paterson, 2008; Pater-
son and Bronlund, 2009). This is the major cause of caking of bulk
lactose. It has been demonstrated that for caking to occur, the relative
humidity in the air spaces within the product must rise above 80% so
that significant amounts of capillary condensation can occur.

A temperature gradient within the product will cause moisture to move
from the hot region to the cold region (Paterson and Bronlund, 2009). It is
this moisture movement, caused by day—night temperature fluctuations as the
product is transported about the world, that can cause free-flowing product
to arrive at its destination as solid 900 kg blocks (Bronlund and Paterson,
2008; Paterson and Bronlund, 2009). In order to prevent caking during
transport, it is vital that the moisture level be reduced to below a critical
moisture content. This water content can be determined most easily by
measuring the water activity and relating this to the moisture content via
the isotherm for the lactose crystals which is shown in Figure 4.3 (Bronlund
and Paterson, 2004). It is obvious from this figure that the water activity is a
much more sensitive index than the moisture content and it is also quicker
and easier to measure. Hence, it is recommended that the water activity
should be the preferred quality control method of determining whether a
dried product is suitable for shipping or long-term storage.
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S 09% 2 30
2 o 37°C
O 0.8% -| — tss model
s
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2
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Figure 4.3. Effect of temperature on the adsorption isotherm of a-lactose monohydrate, with
the third stage sorption (tss) model fitted to the data. (Reproduced from Bronlund and Paterson,
2004, with permission.).
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Figure 4.4. Graph showing the hot packed temperature, the cold storage temperature and
water activity combinations that lead to relative humidity conditions in the bed exceeding 80%,
which precedes caking (from Paterson and Bronlund, 2009, with permission.).

Figure 4.4 shows a graph that has been produced based on the model
developed by Paterson and Bronlund (2009) and it shows that if a product is
packaged at 40°C and then placed in a warehouse at 10°C for storage, in order
to avoid caking, the water activity of the powder must be below 0.32. The
figure can also be used as a guideline for the target water activity to be
achieved in the dryer in order to prevent caking during transport. To use
Figure 4.4 in this way, one assumes that the entire bag is heated to the
maximum temperature and then has the outside of the bag subjected to a
cold environment. It is obvious that provided the final product has a water
activity below 0.3, no caking should occur under most conditions that are
likely to be encountered during transport from cold to hot climates, such as
when product is shipped across the equator.

The KELLER™ edible lactose process is the most common turnkey
lactose plant. It is marketed by Relco of the USA (http://www.relco.net). It
follows the traditional path, with a concentration leaving the evaporator of
about 58% TS. The cooling curve with time is considered confidential and is a
key part of its success. By controlling the cooling curve in the standard Keller
design crystallisers, it is possible to control nucleation to produce the right
number of crystals, allowing growth of optimally sized crystals for the wash-
ing and recovery section of the plant.

To summarise, the main objective of plants producing edible-grade
lactose is to achieve the maximum yield. The main parameters are to have
the solids level exiting the evaporator as high as possible and to cool the batch
to as low a temperature as can be achieved. But it is critical to control a-lactose
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supersaturation at all points and at all times during the crystallisation process,
so that the final size distribution is optimal. Maximising the plant yield is a
matter of finding the optimum balance.

4.3. Pharmaceutical-Grade Lactose

Pharmaceutical-grade lactose must meet the standards for contaminants
described by Anonymous (1993) and USP-25 (2001). These two standards
are almost identical and the test procedures that must be followed are pre-
scribed. As a general guideline, heavy metals must be below 5 pg per g, the
microbial count must be less than 100 per g, with no Escherichia coli present
and with a combined mould and yeast count below 50 per g. There are also
ash, clarity and light-absorbing tests which must be passed.

In general, the process for the manufacture of edible-grade lactose
described above produces a product that does not meet the ash, protein and
light absorption standards for pharmaceutical-grade lactose. The impurities
usually consist of riboflavin, a variety of proteins, lactose phosphate and
lactic acid. The process of producing USP-grade lactose from edible-grade
lactose is to re-dissolve the lactose in clean water and then to remove the
impurities by a combination of adsorption and filtration processes, followed
by re-crystallisation (Kellam, 2007). This process is shown in Figure 4.5.
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Figure 4.5. Process flow diagram for a pharmaceutical-grade a-lactose monohydrate plant.
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Durham et al. (2007) claim to produce USP lactose directly from whey
permeates by using ion exchange, nanofiltration, chromatography, evapora-
tion and crystallisation, without the need for a second crystallisation step,
with a yield approaching 95%.

Pharmaceutical-grade lactose is generally sold by mesh size, the differ-
ent products being milled to different degrees, possibly in conjunction with air
or sieve classification. As well as the traditional a-lactose monohydrate, two
other forms are sold to the pharmaceutical industry, i.e. anhydrous lactose (-
lactose) and spray-dried lactose.

4.3.1. Anhydrous Lactose

This has the same heavy metal, microbial and colour specifications as
USP-grade a-lactose monohydrate. Anhydrous lactose is usually made by
roller drying, a solution of USP-grade lactose at a temperature greater than
93°C which produces a flaked-type product consisting of very fine crystals of
(-lactose caked together. The flaked cake is then milled to the required size
distribution (Whittier, 1944).

4.3.2. Spray-Dried Lactose

Fine pharmaceutical-grade a-lactose monohydrate crystals are par-
tially dissolved in clean water and the slurry is then spray dried. This produces
a product that has crystals of monohydrate lactose joined together by amor-
phous lactose into roughly spherical agglomerates. Because most of the
amorphous lactose is in the centre of the agglomerates, the resultant powder
is free flowing without becoming too sticky (Darcy and Buckton, 1998). The
amount of amorphous lactose present can be controlled by adjusting the
temperature of the water or lactose solution in which the a-lactose monohy-
drate crystals are suspended.

4.4. Uses of Lactose

Lactose has many uses in the food and pharmaceutical industries. Affert-
sholt-Allen (2007) gave a breakdown of the uses of lactose in Europe and in
the USA as shown in Figures 4.6 and 4.7.

In the food industry, its uses are based on its relative sweetness and as a
source of energy. It is less sweet than sucrose, with up to 3.3 times the
concentration of lactose being required to give the same level of sweetness
as sucrose (Parrish ef al, 1981). This means that more lactose can be used
without making the product too sweet. Lactose maintains the crystallised
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Figure 4.7. Usage of 130,000 tonnes of lactose in the USA in 2005 (from Affertsholt-Allen,
2007, reproduced with permission.).

sugar texture without causing the food to become too sweet (Burrington,
2007).

Lactose is used in the confectionary industry to produce caramel fla-
vours through the Maillard reaction, usually with milk proteins, often added
with the lactose in the form of sweetened condensed milk (Weisberg, 1954;
Anonymous, 2007b). The Maillard reaction is also important for its use in the
baking industry where it is used to promote crust browning as the yeast used
during the rising process cannot utilise lactose, leaving it as a reducing sugar
available to undergo the browning reaction. Lactose can also adsorb food
dyes and flavours and it finds uses in confectionery where this property is
exploited.

Lactose is a major energy source in milk, including that of humans.
The level of lactose in human milk is about 7% compared to 4.7% in cows’
milk. This was recognised by Henri Nestlé who enriched milk powder made
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from cows’ milk with lactose to produce the first infant formulae in 1867
(Anonymous, 2007a). This has been one of the major uses of lactose since.

The period from 2004 to 2007 has seen a dramatic increase in the price
of lactose from around US$440 to a high of US$2000/tonne and decreasing
later to US$1100/tonne (Affertsholt-Allen, 2008). This price increase is likely
to see a swing in the uses of lactose as it moves from being a low-cost energy
source to a relatively expensive source. For comparison, the cost of sucrose in
2007 fluctuated around US$175/tonne. The reason for the increase in the
price of lactose can be traced back to the market forces of supply and demand.
In this case, the demand has been stimulated by the standardisation of milk
powders. In countries, such as New Zealand, where the lactation of the
national herd is largely synchronised to match seasonal grass availability,
the protein content of milk powder fluctuates markedly throughout the year.
The addition of lactose to standardise protein level is now permitted, pro-
vided that the adjustment does not alter the whey protein to casein ratio of the
milk being adjusted. Standardisation of milk for protein as well as fat levels is
being introduced within Europe also. The result has been a great demand for
lactose causing a worldwide shortage. This effectively means that lactose has
an inherent value approaching that of skim milk powder, rather than being a
substance that has to be disposed of so that it does not cause problems in the
environment due to its high biological oxygen demand (BOD). The price of
lactose is likely to fall again when the supply matches the increased demand,
as has happened by March 2008. At any point in history, there are usually
multiple lactose production projects waiting to be considered by cheese-
producing companies.

Lactose is limited as a food ingredient in that many people around the
world are lactose intolerant (hypolactasia), meaning that their body does not
produce lactase, the enzyme which hydrolyses lactose in the gut into glucose
and galactose, which can be absorbed. Consequently, the lactose passes into
the lower intestine where it provides a ready source of energy for anaerobic
bacteria. These bacteria produce gas as a by-product and this can cause
cramping, flatulence and perhaps diarrhoea.

In the pharmaceutical industry, lactose is used as the main carrier
(about 70% of tablets contain lactose) for drugs because it is not sweet, it is
safe, it is available in highly refined form and it makes good quality tablets. It
has found uses in the industry in a number of different product forms. The
main one is a-lactose monohydrate which can be used as a tablet excipient,
but it can also be finely milled to produce inhaler-grade lactose. Here, the
lactose acts as a carrier for micronised drug materials to reach the lungs. Both
anhydrous lactose (3-lactose) and spray-dried lactose are also used to make
tablets. The form of the lactose is critical for consistent tabletting formula-
tions, and much empbhasis is placed on the reproducibility between batches of
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the particle properties that are required to produce consistent tablets, with an
even spread of the active drug dispersed within the lactose powder being used
as an excipient.

For some of the uses of lactose, it is important for the customer to
dissolve lactose into water. It is important, therefore, to understand how
lactose dissolves. Since a-lactose monohydrate is the cheapest form of lactose
available on the market, it is the form that is generally used. Hodges et al.
(1993) have shown that the mechanism that determines the rate of dissolution
depends mainly on the desired concentration in solution. At levels above the
solubility level of a-lactose, the rate of dissolution is governed largely by the
rate of mutarotation of a-lactose to S-lactose (Haase and Nickerson, 1966a).
Below the a-lactose solubility limit, the rate has been shown to be modelled
by the mass transfer rate of moving the a-lactose into solution (Lowe and
Paterson, 1998). These mechanisms have been combined in a mathematical
model and then summarised into a series of graphs (Figures 4.8 and 4.9) for
different particle sizes (Lowe, 1993) which have been rearranged to emphasise
the effect of particle size. These graphs show the dissolution times expected
for producing a desired concentration of lactose (expressed as kg anhydrous
lactose per m* of solution) from mono-sized a-lactose monohydrate crystals
of 50, 150 or 400 pm size.

Figure 4.8 covers the concentration range of 40200 kg/m? and tem-
peratures of 10-40°C. The graphs can be used as follows: if it is desired to
produce a solution with a concentration of 90 kg/m?, at 10°C, the dissolution
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Figure 4.8. Dissolution times for producing solutions with lactose concentrations of
40-200 kg/m> [— — 50 pm, - - - 150 pm, — 400 pm] (data from Hodges er al., 1993; Lowe
and Paterson, 1998).
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Figure 4.9. Dissolution times for producing solutions with lactose concentrations of
160-500 kg/m® [— — 50 pm, - - - 150 pm, —— 400 pm] (data from Hodges et al., 1993; Lowe
and Paterson, 1998).

process takes 600 min and is governed totally by the mutarotation kinetics
and particle size has very little effect. This is still largely true at 20°C, where
the increased temperature reduces the dissolution time to 60 min; but at 30°C,
the mutarotation reaction is so fast that the mechanism governing the dis-
solution is dependent on mass transfer and the particle size has a large effect
with the time required being 2.5 min for 400 pm crystals, 0.5 min for 150 pm
and 0.1 min for 50 um crystals. Figure 4.9 covers the range of concentrations
from 160 to 500 kg anhydrous lactose per m* of solution.

If the lactose powder contains a range of particle sizes, then the
dissolution time for the largest particle size is the best one to use, but it
will underestimate the time required, especially if near-saturated solutions
are being produced. The curves have been stopped short of the saturated
limits. However, within these limitations, the graphs can be used to estimate
the approximate dissolution times required to achieve a given concentration
when dissolving a-lactose monohydrate in water at a given temperature.

4.5. The Future for Lactose

Lactose has changed over the last 30 years from being a problem component
in dairy wastewater with a high BOD to being a valuable by-product of the
dairy industry. Lactose will continue to have a market as a required
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supplement to increase the energy value of bovine milk to that of human milk
in infant food formulations. The increased use of standardisation of milk
powders for both fat and protein levels will continue to keep the price of
lactose higher than it has been over the last 20 years, although some correc-
tions in the market place will occur as more cheese manufacturers start to
realise what a valuable asset they have in their lactose. Much current research
is being carried out in the area of lactose derivatives, with the aim of produ-
cing high-value neutraceuticals. This is an area in which more commercial
activity is likely to be seen over the next 1015 years and if it works, then it will
be another driver in increasing the price of lactose.

On the pharmaceutical side, there is research on alternatives to lactose
as an excipient, but it is expected that it will be some years before these are
serious replacement threats to the position pharmaceutical-grade lactose
currently holds.
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Galacto-oligosaccharides and Other
Products Derived from Lactose

M.J. Playne and R.G. Crittenden

5.1. Introduction

Lactose is the precursor for a number of compounds derived by chemical,
physical or enzymatic conversion that have an established and expanding
place in the health and food industries. These include lactulose and galacto-
oligosaccharides both of which are manufactured in large tonnages world-
wide. Lactitol and lactosucrose are produced commercially, but in much
smaller amounts, while lactobionic acid is produced for limited industrial
and medical applications and for research use. The only other lactose deriva-
tive of commercial interest is an isomer of galactose called tagatose in which
there is an emerging interest as a sweetener.

None of these compounds occur naturally in cow’s milk except in trace
amounts. Yet, lactose-derived oligosaccharides occur naturally in human milk
at relatively high concentrations (5-12 g/L) and play a major role in directing
the development of the intestinal microbiota of infants. One of the major and
emerging uses of lactose derivatives has been to emulate the physiological
effects of these natural oligosaccharides, and [-galacto-oligosaccharides
(GOSs) and lactulose in particular have found applications as prebiotics in
functional foods and beverages. 5GOSs are also classified nowadays as dietary
fibre. Prebiotic a-galacto-oligosaccharides are also available commercially, but
since they are produced typically from soybean, they are not discussed here.
Lactulose is an important pharmaceutical used in the treatment of constipation
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and hepatic encephalopathy, and lactitol is increasingly used in similar applica-
tions. Galactose, lactic acid and lactates are also produced from lactose, but are
not reviewed here (refer to Chapters 1 and 4).

Extensive reviews on GOSs have been published in recent years
(Matsumoto et al., 1993; Playne and Crittenden, 1996; Crittenden and Playne,
1996; Tanaka and Matsumoto, 1998; Sako et al, 1999; Schoterman, 2001;
Playne, 2002a; Meyer and Tungland, 2001; Nakakuki, 2002). Readers may also
like to compare the commercially produced GOSs to the complex oligosac-
charides found in human milk, which have been reviewed thoroughly by Kunz
et al. (2000) and Boehm and Stahl (2003, 2007). New methods for manufactur-
ing lactose derivatives, as well as new applications, are emerging constantly.
Patents on methods of the manufacture of oligosaccharides, lactulose, lacto-
sucrose, lactitol, lactobionic acid and tagatose are extensive. The full patents
provide a wealth of information on manufacturing procedures, the enzymes
and microorganisms involved, analytical methods, separation and purification
procedures and applications and uses of the products. Readers are advised to
examine these resources and internet access is available free, for at least all US
patents. In this chapter, we have drawn on this extensive body of scientific
literature to provide an overview of the current state of the art in production,
applications and physiological effects of lactose derivates.

5.1.1. Definitions
Oligosaccharides

— are usually defined as glycosides composed of 2-10 covalently linked
monomer sugar units. However, disaccharides, such as lactose and
lactulose, are often not regarded as oligosaccharides and some sacchar-
ides of longer chain length than ten monomer units are called oligosac-
charides, provided they are of defined length, composition and structure.

Non-digestible Oligosaccharides (NDOs)

— not all oligosaccharides are NDOs. NDOs can be distinguished from
other carbohydrates on the basis of being not digested in the stomach
and small intestine, and therefore not digested under acid conditions
and by pancreatic hydrolytic enzymes. NDOs include some larger
saccharide molecules, such as inulin.

Polysaccharides

— are high molecular weight polymers of one or more monosacchar-
ides. They are of greater molecular size than oligosaccharides and
usually of undefined length. Examples are starch and cellulose.
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Galacto-oligosaccharides

— are oligosaccharides composed primarily of galactose monomers
linked together in a number of different structural configurations.
They usually consist of a number of 5(1—6) linked galactopyranosyl
units linked to a terminal glucopyranosyl residue via an a(1—4)
glycosidic bond. They are sometimes referred to as trans-galacto-
oligosaccharides (TOSs).

— abbreviations used are GOS and TOS.

Lactulose (4-O-B-p-Galactopyranosyl-p-fructofuranose; C;,H»,01;; FW
342.30 Da)

— 1is an isomer of lactose, wherein the glucose moiety of lactose is
converted by alkaline isomerization to fructose. The disaccharide,
lactulose, is therefore composed of (-p-galactose linked to 3-p-
fructose in a (1— 4) configuration.

Lactosucrose ( S-p-Fructofuranosyl-4-O-3-p-galactopyranosyl-c-p-glucopyrano-
side; C]8H340]7; FW 522 Da)
— 1is a trisaccharide formed from lactose and sucrose by an enzymatic
transglycosylation.
Lactitol (4-O-B-p-Galactopyranosyl-p-glucitol; C;;H,40;1; FW 344.32 Da)
— 1is a sugar alcohol derived from lactose by catalytic hydrogenation.

— synonyms are lactit, lactositol, lactobiosit

Lactobionic acid (4-0-B-p-Galactopyranosyl-p-gluconic acid; C;H,,015; FW
358.30 Da)

— is an oxidation product of lactose.
Tagatose (p-(-)-Tagatose; CsH;,04; FW 180.16 Da)

— is a D-lyxo-hexulose with a molecular weight of 180.16. It can occur
naturally and is derived from galactose by alkaline isomerization.

Prebiotic

— a prebiotic is a selectively fermented ingredient that allows specific
changes, in both the composition and/or the activity in the gastro-
intestinal microflora, that confer benefits upon host well-being and
health (Gibson et al., 2004; Roberfroid, 2007). These ingredients are
normally restricted to certain carbohydrates (particularly oligosac-
charides), but could include certain proteins, peptides and lipids. The
concept of a prebiotic ingredient arose initially from the idea of
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compounds called “bifidus factors” which could enhance the growth
of bifidobacteria within the intestinal microbiota.

Synbiotic

— are foods containing both probiotic bacteria and prebiotic ingredi-
ents to provide a diet in which the intestinal growth and/or metabolic
activity of the probiotic bacteria is selectively enhanced by the pre-
sence of the prebiotic, thus promoting the chance of the probiotic
bacteria becoming established in the gut.

5.2. History of Prebiotics

5.2.1. The Genus Bifidobacterium

The concept of prebiotics arose from the realization that some com-
pounds could enhance the growth of bifidobacteria in the intestinal tract of
humans. These compounds were called the “bifidus factors”, and followed
Tissier’s early work in France around 1900 on bifidobacteria and their pre-
sence in the gastrointestinal tract of babies. He realized that bifidobacteria
could possibly control diarrhoea in infants. At that time, bifidobacteria were
called Bacillus bifidus. Although the name Bifidobacterium was proposed as
early as 1920, it did not gain official recognition as a separate genus until
1974. There are now 36 recognized species within the genus Bifidobacterium
(German Culture Collection, 2007).

5.2.2. Bifidus Factors

In 1953, Gyorgy discovered a strain of Bifidobacterium bifidum
which would grow only in the presence of human milk, or more specifi-
cally in the presence of derivatives of N-acetylglucosamine. Further spe-
cific requirements for the growth of different strains were recorded, e.g.,
human casein hydrolysates (Gyorgy et al., 1954a,b). In 1953, lactulose as
a growth factor for bifidobacteria in infant milk was being studied, and
infant milk containing lactulose was being sold by Morinaga in Japan as
early as 1960. Lactulose was recognized as a “bifidus” factor by Petuely
(1957). Bifidus factors have been summarized by Modler ez al. (1990) and
are shown in Table 5.1.The value of a range of oligosaccharides and
polysaccharides as bifidus factors was recognized by Yazawa et al.
(1978) and Yazawa and Tamura (1982). Ballongue (1998) and Tamura
(1983), respectively, have described the historical developments of the
genus Bifidobacterium and the recognition of bifidus factors summarized
above.
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Table 5.1. Compounds and products claimed to be “bifidus growth factors”

BIFIDUS GROWTH FACTOR 1 (AMINO SUGARSYS)
Glycoproteins with:
N-acetyl glucosamines
—Lacto-N-tetraose
—Lacto-N-neotetraose
—Lacto-N-fucopentaose
—Lacto-N-difucopentaose
N-Acetylgalactosamine
N-Acetylmannosamine

BIFIDUS GROWTH FACTOR 2
Casein peptides (non-glycosylated) (after hydrolysis using a proteinase)

BIFIDUS GROWTH FACTOR 3
Pantethine

OLIGOSACCHARIDES
Stachyose
Fructo-oligosaccharides
Galacto-oligosaccharides
Iso-malto oligosaccharides
Xylo oligosaccharides

DI- AND TRI-SACCHARIDES
Raffinose

Lactulose

Lactosucrose

CELL-FREE EXTRACTS
Propionibacterium freudenreichii

LACTOFERRIN
Fe, Cu and Zn complexes

5.2.3. Oligosaccharides as Prebiotics

The earliest scientific publications on oligosaccharides as prebiotics
occurred in Japan (Yazawa et al., 1978) and were followed soon after by a
number of papers by Japanese researchers examining, particularly, various
galacto- and fructo-oligosaccharides (for example, see Minami et al., 1983).
The earliest patents on methods for the production of oligosaccharides
occurred in 1982, also in Japan. Most of the Japanese commercial develop-
ment of various food-grade oligosaccharides occurred during that decade.
However, the widespread use of prebiotics in products in Japan did not really
start until 1990. By the end of 1999, prebiotics dominated the ingredients in
FOSHU (Foods for Specified Health Use) — approved products in Japan (see
Section 5.10.1).
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The actual use of the word “prebiotic” is credited to Gibson and
Roberfroid (1995), and this word is now widely used to include oligo-
saccharides, polysaccharides, inulin, lactulose, lactitol, glucans, resistant
starches and many dietary fibres. The word “prebiotic” relates to “pro-
biotics”, which are live microbial food ingredients, such as lactobacilli
and bifidobacteria, that are consumed with the aim of supplementing the
intestinal microbiota and improving health. The development of prebio-
tics in Europe did not occur until the early 1990s, with the start of inulin
and fructo-oligosaccharide production in Belgium and later the develop-
ment of galacto-oligosaccharide production in Holland and the research
on gluco-oligosaccharides in Toulouse. Meiji (Japan) also formed alli-
ances with Beghin Say in France and with Coors in the USA to produce
fructo-oligosaccharides. However, European researchers have dominated
the scientific literature on prebiotics since then, and the European food
industry has very much claimed the “prebiotic concept” in recent years.
Other than the development of fructo-oligosaccharide production in
Korea and in Taiwan, there has been little development outside Europe
and Japan. However, companies in a number of countries, including
Australia, produce galacto-oligosaccharides in-house primarily for infant
milk formula markets. The commercial development of the prebiotic
carbohydrate market is shown in Table 5.2.

Table 5.2. The Commercial Evolution of Different Classes of Prebiotic

Carbohydrates
Prebiotic Compound Year*
Lactulose 1953
Fructo-oligosaccharides 1983
Soy-oligosaccharides 1983
Galacto-oligosaccharides 1985
Lactitol 1987
Inulin 1990
Lacto-sucrose 1993
Xylo-oligosaccharides 1994
Resistant starches 1996
[-glucans 1998
Cereal oligosaccharides 1998
Polysaccharides 1998
Dietary fibres 1999

*estimated first year of commercial production with a prebiotic claim.
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5.2.4. Use of B-Galactosidases for the Synthesis
of Oligosaccharides

The ability of glycosidase enzymes to carry out synthetic reactions by
reversing the equilibrium conditions has long been known (Croft-Hill, 1898).
The enzymatic synthesis of galacto-oligosaccharides from lactose was first
studied in detail by Pazur (1953, 1954) and Pazur et al. (1958). A number of
papers published in the 1970s and 1980s examined the production of oligo-
saccharides from lactose using enzymes derived from a number of sources (for
example, Toba et al., 1985). The mechanisms of the action of 8-galactosidases
on lactose were first described by Wallenfels and Malhotra in 1960 (see
Prenosil et al., 1987a). Prenosil et al. (1987a,b) described the nature of the
oligosaccharide products formed from lactose by [(-galactosidases from a
number of different microbial sources. However, Wallenfels (1951) first
described enzymatic synthesis of oligosaccharides from disaccharides.

5.3. Chemistry — Structures and Reactivity

Glycans, with nucleic acids and proteins, are widely distributed in living
organisms. All of these polymers are covalently linked moieties, but glycans
have characteristics not found in the other two. Notably, the nature of the
linkage between monomeric units in glycans is much more variable than those
found in the other polymers, and this leads to a much greater variety in the
sequence of the biopolymer. Thus, this leads to a huge structural diversity of
oligosaccharides in glycosylated compounds (glycoproteins, glycolipids).
The number of combinations of structural linkages between monomers is
high. For example, a galactose unit can be linked to a mannose unit at four
positions (C2, C3, C4 and C6), and thus form four isomeric structures. Addi-
tionally, a galactose moiety can take two anomeric configurations, meaning
that the number of combinations rises to eight. Furthermore, a galactose
moiety can occur in both furanose and pyranose forms; thus, there are 16
possible isomeric structures of this Gal-Man disaccharide. As the number of
linkages expands, so does the seemingly endless possible combinations. In
contrast to proteins and nucleic acids, glycans are not limited in their molecular
structure, as they can branch three-dimensionally. Neither are glycans con-
strained by genetic templates as is the case with nucleic acids and proteins. This
structural diversity (and flexibility) has led to the emerging science of glyco-
biology and its application in medicine in the development of targetted drugs.
The nomenclature of carbohydrates has been described fully in a series
of publications authorized by the International Union of Pure and Applied
Chemistry (IUPAC). Detailed information on currently accepted nomencla-
ture and its historical development can be accessed on-line (Queen Mary
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University of London, 2008). This web site details the 1996 Recommenda-
tions of the TUPAC-IUBMB Joint Commission on Biochemical Nomencla-
ture (JCBN) of the IUPAC and the International Union of Biochemistry and
Molecular Biology (IUBMB). The full 1996 recommendations have been
published (IUPAC, 1996) and are available as a pdf file at www.iupac.org/
publications/pac/1996/pdf/6810x1919.pdf.

5.4. Synthesis and Manufacturing Methods

The synthesis of oligosaccharides from simple sugars has been studied exten-
sively using classical methods of carbohydrate chemistry. The use of enzymes
in the synthesis of oligosaccharides has now overtaken direct chemical path-
ways because of the ability of enzymes to be specific in the formation of
particular linkages between monomers. The scope of the earlier work on
oligosaccharide synthesis has been ably summarized by Bailey (1965) and
Pazur (1970). Chemical synthetic methods based on lactose have been dis-
cussed by Thelwall (1997).

The interest of the food industry in these ingredients since 1980 has
resulted in the development of manufacturing methods, most of which are
based on enzymatic conversions, and only limited purification steps to reduce
cost. Highly purified product is not warranted for most food applications.
However, products of greater purity and specific structure are necessary in
some applications, particularly those for pharmaceutical use.

Prebiotic oligosaccharides are prepared by several methods. Some are
extracted from plant materials and used directly, e.g., inulin, some resistant
starches, soybean and many dietary fibres. Others are modified enzymati-
cally after extraction of the crude parent feedstock from plants (e.g., xylo-
oligosaccharides and some fructo-oligosaccharides).

[-Galacto-oligosaccharides are generally synthesized from lactose by
transgalactosylation of lactose by the enzyme [-galactosidase. In contrast,
lactosucrose is prepared by a different enzymatic route. Here, lactose, in the
presence of sucrose, acts as the acceptor of fructose in a transfructosylation
reaction catalysed by the enzyme [-fructofuranosidase. Fructo-
oligosaccharides are also synthesized from sucrose by similar enzymatic routes.

Lactulose and lactitol are prepared by two different chemical syntheses
from lactose. Lactulose is prepared by alkaline isomerization of lactose, while
lactitol is synthesized by catalytic hydrogenation of lactose. Lactulose can
also be prepared by an enzymatic route, though this is not used commercially.
Lactobionic acid is prepared by dehydrogenation of lactose at high pH using
a metal catalyst. However, it can also be prepared in high yield by microbial
bioconversion and by enzymic oxidation of lactose. Tagatose was prepared
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Galacto-oligosaccharides Lactulose
0-D-Glu-(1—4)-[B-D-Gal-(1— 6)-], wheren=21to 5 B-D-Gal-(1—4)-B-D-Fru

Transgalactosylation by
B-galactosidase (lactase) Alkaline isomerisation

LACTOSE
B-D-Gal-(1—4)-0-D-Glu

Lactobionic Acid )
4-0-B-D-galacto Dehydrogenation at

pyranosyl-D-gluconic high pH over noble metal
acid catalyst

Catalytic hydrogenation (Ni, 100°C,
elevated pressure)

Lactitol
4-0-B-D-galactopyranosyl-D-glucitol

+ SUCROSE
Hydrolysis by
Transfructosylation B-galactosidase (lactase)
by B-fructofuranosidase

D- Tagatose
C4 epimer of D-fructose

D- Galactose

Isomerization

+ by L-arabinose isomerase
Lactosucrose

_D-Gal-(1-4)-0-D-Glu-(1-2)-B-D-F
B al-( ) lu-( )-B-D-Fru Remove or recycle

Figure 5.1. The preparation of galacto-oligosaccharides, lacto-sucrose, lactulose, lactitol,
lactobionic acid and tagatose from lactose.

initially from galactose by alkaline isomerization in a manner parallel to the
preparation of the disaccharide, lactulose from lactose, but it is now manu-
factured by an enzymatic route from lactose.

The basis of the preparation of galacto-oligosaccharides, lactulose,
lactitol and lactosucrose from lactose is shown in Figure 5.1.

5.4.1. B-Galacto-oligosaccharides

A typical flow chart for the manufacture of galacto-oligosaccharides
is shown in Figure 5.2. Similar methods are used by the main galacto-
oligosaccharide manufacturers (Yakult, Friesland Foods Domo and Nissin
Sugar). The process depends on reversing the normal degradative hydro-
lytic action of 3-galactosidase. Instead of producing glucose and galactose
from the feedstock lactose, the enzyme is “pushed” into synthesis of a
mixture of tri, tetra and penta galacto-oligosaccharides. This is achieved
by having a high concentration of lactose in solution (e.g., 400 g/L or
higher). This is achievable only if the temperature is elevated to between
50 and 80°C and the enzyme chosen to catalyse the reaction must be active
at these temperatures. The enzyme chosen must also have minimal hydro-
Iytic activity to avoid the simultaneous formation of excessive amounts of
glucose and galactose. The 3-galactosidases used may produce either 51 —4
or f1—6 linkages in the oligosaccharide chain. The ratio of products
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PRODUCTION IN-HOUSE OF ENZYME/S
ORIGIN OF ENZYME (or purchase of enzymes)
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Cryptococcus laurentii IMMOBILISATION
and others

N\ '

A 4

MICROBIAL FERMENTOR ENZYME REACTOR
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Cell separation i& disruption

DECOLORIZATION & DE-
Enzyme extraction & partial MINERALIZATION _| MEMBRANE
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CONCENTRATION OF

MIXTURE OF GOS
Galactose, Glucose,

Lactose, tri- and tetra- DI-SACCHARIDE
saccharides

MONO.
CONCENTRATION
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PACKAGING OF GOS <
PRODUCT SWEETENER PACKAGING OF PURIFIED
syrup or powder, usually PRODUCT GOS PRODUCT
about 50 % or syrup or powder (usually 90 to
oligosaccharides SEPARATE 98% oligosaccharides

galactose

and glucose

Figure 5.2. Manufacturing process for the production of galacto-oligosaccharide (GOS) syr-
ups and powders from lactose.

containing either linkage can be controlled by using dual enzyme systems.
Generally, the production of trisaccharides predominates, and thus trisac-
charides are dominant in most commercial GOS products. Enzymes
derived from Bacillus circulans or Cryptococcus laurentii will produce
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4’-galactosyllactose, while enzymes from Aspergillus oryzae or Streptococ-
cus thermophilus will produce 6’-galactosyllactose. The former enzymes are
used by the Nissin Company to produce their Cup-Oligo product which is a
(1—4 galactosyl lactose, whereas Yakult Pharmaceuticals have used the
latter enzymes for their Oligomate products which have predominantly
(#1—6 linkages, although Yakult now also uses B. circulans to produce
(#1—4 linked product. Thus, the choice of enzyme is crucial to the outcome
of the commercial process. Similar considerations apply to the production
of fructo-oligosaccharides from sucrose. Figure 5.2 shows the steps
required for the simple production of a mixture of oligosaccharides (tri-
to hepta-saccharides), lactose, glucose and galactose, when no purification
steps are included. Additional separation of oligosaccharides, from the
substrate lactose, and the hydrolytic products, glucose and galactose, can
be achieved, but is an expensive process. Separation is usually by a chro-
matographic process. Following the batch reaction with enzymes, the
product mixture is decolourized and demineralized, then filtered and con-
centrated to produce either a syrup or a powder. Attempts to reduce
enzyme costs have been made by immobilization of the enzymes, but it is
believed that this is not used commercially. A wide range of microorgan-
isms continue to be evaluated as sources of suitable $-galactosidases. For
example, the enzyme from Sterigmatomyces elviae has given high oligosac-
charide yields from lactose at 200 g/L at 85°C. Active patenting activity
occurs in this area in particular. Mahoney (1997) listed the wide range of
microbial species which have -galactosidases able to utilize lactose. Since
that publication, considerable research has been performed on new sources
of thermostable enzymes, the development of recombinant enzymes and
enzymes from Bifidobacterium species. However, the choice of a suitable
commercial enzyme depends on its ability to perform the reaction at a high
temperature, and this will continue to determine the selection of the
enzyme.

5.4.1.1. Type of Enzyme and Mechanisms of Reaction

Two types of enzyme have been used in the preparation of oligosac-
charides, the glycosyltransferases (EC 2.4 series) and the glycosidases (EC 3.2
series). The commercial processes used in the food industry which are
described in the previous section all use glycosidases.

Glycosyltransferases: Glycosyltransferases catalyse the stereo- and
regio-specific transfer of a monosaccharide from a donor substrate (such as
a glycosyl nucleotide) to an acceptor substrate. The specificity of such reac-
tions is high and good yields can be obtained. The presence of multiple
functional groups and sterco isomers in complex oligosaccharides makes
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them difficult and time-consuming to synthesize by organic chemistry. Che-
mical methods for the preparation of peptides and oligonucleotides have been
developed which are robust and automated. This has not been possible for the
chemical preparation of complex oligosaccharides and glyco-conjugates.
Thus, researchers have turned to enzymatic methods.

Enzymatic synthesis of oligosaccharides using glycosyltransferases of
the Leloir pathway can overcome the problems encountered in the chemical
synthesis of specific oligosaccharides. However, these enzymatic syntheses
require sugar nucleotides and glycosyltransferases, both of which have not
been readily available or, at least, not cost-effectively. Such synthetic methods
will not be covered in detail in this chapter, but are well reviewed elsewhere
(Prenosil et al., 1987a; Nilsson, 1988; Rastall and Bucke, 1992; Koizumi et al.,
1998). Koizumi et al. (1998) discuss the large-scale production of uridine
5'-diphosphate (UDP)-galactose and globotriose. Globotriose is the trisac-
charide portion of a verotoxin receptor and has the structure a-p-Gal (1—4)-
B-p-Gal (1—4)-p-Glc.

The instability of glycosyltransferases as synthetic reagents has led
some workers to develop immobilized glycosyltransferases for oligosacchar-
ide synthesis (Rastall and Bucke, 1992). For specific synthesis of oligosac-
charides of medical interest, a large number of different glycosyltransferases
are required, and their availability is a limiting factor. As more glycosyltrans-
ferases are isolated from nature or formed by recombinant techniques, it has
become increasingly possible to form the specific physico-chemical structures
required.

The usual substrates for galactosyltransferases are UDP-galactose and
either a free N-acetylglucosamine or an N-acetylglucosamine bound to a
protein molecule. The complexity and cost of methods involving glycosyl-
transferases have precluded their use in food applications to date. However,
several companies are interested in the production of longer chain, specifi-
cally tailored oligosaccharides for use in the functional food sector. The main
application of synthesis systems using glycosyltransferases remains in the
biomedical and pharmaceutical areas.

In 2007, the Sigma-Aldrich Company (USA) listed four glycosyltrans-
ferases (Table 5.3) in their catalogue, which were also available in different
formulations and as kits with accompanying substrates and cofactors (Sigma-
Aldrich, 2007). Other major biochemical supply houses carry some glycosyl-
transferase products. There are also a number of specialist glycoscience
commercial groups worldwide, some of which are developing specific oligo-
saccharide pharmaceuticals, others providing specialist analytical services in
the area and others offering custom manufacture and the supply of specific
oligosaccharides (see Playne, 2002b for details).



Galacto-oligosaccharides and Other Products Derived from Lactose 133

Table 5.3. Glycosyltransferases listed by Sigma-Aldrich (2007)

Name Description

(al— 3)galactosyltransferase, mouse, catalyses the transfer of galactose from
recombinant, expressed in Escherichia coli UDP-galactose to N-acetyllactosamine

(81— 4)galactosyltransferase 1, human, transfers galactose from UDP-galactose to
recombinant, expressed in Saccharomyces D-glucose in the presence of
cereviseae a-lactalbumin

(81— 4)galactosyltransferase from bovine milk  transfers galactose from UDP-galactose to
D-glucose in the presence of a-lactalbumin
(al— 3)fucosyltransferase VI, human, transfers L-fucose from GDP-L-fucose to
recombinant, expressed in Pichia pastoris N-acetyl-D-lactosamine

Glycosidases: Glycosidases can transfer the glycosyl moiety of a sub-
strate to hydroxyl acceptors. Hydrolysis represents merely a special case
where water serves as the hydroxyl acceptor. Most glycosidases are able to
catalyse either hydrolysis or transglycosidation, with the reaction outcome
dependent on the relative abundance of the hydroxyl acceptors. Glycosidases
are broadly classified as exo- and endo-glycosidases. The exo-glycosidases act
on the linkage at the non-reducing end of the saccharide chain, whereas the
endo-glycosidases act on the glycosidic linkages within the saccharide mole-
cule. Glycosidases are less specific in their ability to catalyse certain cleavages
than the glycosyltransferases and are available from a wide range of sources,
e.g., viruses, microorganisms, plant and animal cells. They do not require
expensive cofactors for synthesis reactions and generally are regarded as
suitable for the synthesis of short-chain oligosaccharides. The use of glycosi-
dases as synthetic enzymes dates back many years, but only since 1980 has
their use become of major commercial importance.

Glycosidase reversal can be achieved by a kinetic approach or by an
equilibrium approach. The kinetic approach recognizes that the hydrolysis of
glycosidic bonds is a two-stage process involving a covalently linked sugar—
enzyme intermediate. For oligosaccharide synthesis, the covalent bond is
cleaved by a nucleophilic displacement reaction by an acceptor molecule. In
this case, the normal acceptor molecule, water, is replaced by an alcohol or by
a carbohydrate.

The equilibrium approach is based on the fact that, in principle, all
enzymatically catalysed reactions are reversible. To synthesize oligosacchar-
ides by this method requires, therefore, the use of very high concentrations of
the sugar substrate to reduce the water activity. High temperatures are
normally used (a) to speed up the otherwise rather slow reaction and (b) to
increase the solubility of the sugar substrate so that a high concentration in
solution can be achieved. The enzyme is protected from denaturation by the
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high temperatures, the stabilizing effects of the high sugar and low water
concentrations (Johansson et al., 1989). The temperature tolerance of the
enzyme also depends on its source. The manufacturing processes for food-
grade oligosaccharide mixtures described in Section 5.4.1 use the equilibrium
principle and the glycosidase, 8-galactosidase.

The microbial -galactosidases ((3-p-galactoside galactohydrolase, EC
3.2.1.23) have been well studied, but it is often not appreciated that their
catalytic action is best described as a transgalactosylation rather than a hydro-
lysis. The enzyme transfers the galactose moiety of a [-galactoside to an
acceptor containing a hydroxyl group. If the acceptor is water, then galactose
is formed, but if lactose is used as the acceptor molecule, then new oligosac-
charides will be synthesized. The different microbial origins of 3-galactosidases
not only determine their temperature tolerance but also the characteristic
mixture of di- to hexa-saccharides formed and whether a f1—4 or a 51—6
linkage is formed. The formation of oligosaccharides reaches a time-course
maximum during a batch reaction. Continuation of the reaction will lead to the
hydrolysis of the formed oligosaccharides to monosaccharides (Smart, 1993).

Allolactose (3-p-Gal-(1—6)-p-Glu) is always formed initially in the
reaction to produce oligosaccharides from lactose (Prenosil et al., 1987a).
Galactobiose (3-p-Gal-(1—6)-p-Gal) is also formed, but allolactose is the
dominant initial product. A range of higher oligosaccharides is then formed,
including galactotriose, [4-3-galactobiosylglucose, 6-3-galactobiosylglucose
and 6-8-galactotriosylglucose (Asp et al., 1980; Rastall and Bucke (1993)].
The products of synthesis from lactose have been thoroughly reviewed by
Prenosil et al. (1987a). Table 5.4 shows the numerous possible reaction
products from lactose resulting from hydrolysis, internal rearrangement
and transgalactosylation.

Methods to enhance the effectiveness and reduce the cost of processing
lactose using (3-galactosidase have been examined intensively in recent years.
They include immobilization of the enzyme by encapsulation, by entrapment
in fibre matrices, in gels or on semi-permeable membranes. A variety of
adsorption and covalent attachment techniques have also been described.

5.4.1.2. Microorganisms Used to Produce -Galactosidases (Lactase)

Historically, 8-galactosidase has been an important industrial enzyme
due to its many applications in the dairy industry. These include the hydro-
lysis of lactose to prevent symptoms of lactose intolerance, lactose crystal-
lization problems in processed foods, in cheese manufacture, cheese whey
waste reduction, improvement of whey protein concentrates and in ethanol
production. Since about 1985, the use of lactases for the production of
oligosaccharides has added a new dimension, which has required a
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Table 5.4. Possible reaction products formed from lactose by hydrolysis, and by
internal rearrangement and transgalactosylation

Common name Component linkage Process
Lactose Gal (1—4) Glu
Galactose Gal hydrolysis
Glucose Glu hydrolysis
DISACCHARIDES
Gal (1¢2) Glu internal rearrangement
Gal (1e3) Glu internal rearrangement
Allolactose Gal (1e6) Glu internal rearrangement
Gal (1e3) Gal transgalactosylation
Galactobiose Gal (1e6) Gal transgalactosylation
TRISACCHARIDES

6'-galactosyl lactose
3'-galactosyl lactose

Gal (1e6) Gal (1e4) Glu
Gal (1e3) Gal (1e4) Glu
Gal (1e6) Gal (1e6) Glu

transgalactosylation
transgalactosylation
internal rearrangement
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Galactotriose Gal (1e6) Gal (1e6) Gal transgalactosylation
Tetrasaccharides similar rearrangements and further transgalactosylations,
Pentasaccharides including some side chain formation

Hexasaccharides

Septasaccharides

Octasaccharides

reassessment of the properties of the range of lactases available in different
microorganisms. A summary review of lactose hydrolysis processes using
lactases has been compiled by Sienkiewicz and Riedel (1990), including the
use of permeabilization agents, immobilization of enzymes and membrane
systems.

[-Galactosidases are generally found only in microorganisms and in the
mammalian intestinal tract. However, there are some exceptions, such as the
lactase derived from the marine mollusc, Charonia lampas. The choice of
enzyme to use for the production of lactose hydrolysis products and of
galacto-oligosaccharides is critical to a commercial process for the reasons
outlined earlier. The use of these enzymes commercially for many years in
lactose hydrolysis has resulted in the ready commercial availability of a
number of well-described sources. Dominant among these is the yeast lactase
from Kluyveromyces spp. and the fungal lactase from Aspergillus spp. For
the large-scale commercial production of galacto-oligosaccharides, other
microbial sources are used also (e.g., B. circulans, S. thermophilus, C. laurentii
and S. elviae). A list of microorganisms used to produce lactase is shown in
Table 5.5. The enzymes differ in their temperature optimum and their opti-
mum pH, as well as their preference in cleavage of 5(1—3) or G(1—4)
linkages. This information, where it is known, is included in Table 5.5.
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Table 5.5. Microbial sources of 3-galactosidases used for the production of galacto-

oligosaccharides
Reactive
Strain name or Reference linkage and
trade name/s (if (see Optimum  Optimum initial
Microbial species available) below) pH temp., °C product
Kluyveromyces Maxilact 1 6.0-7.0 37-45 6'-galactosyl
marxianus ssp. GODO-YNL2 lactose
lactis
Kluyveromyces 2 6.9-7.3 40-44 6'-galactosyl
fragilis lactose
Aspergillus oryzae ACIDOLACT 3 3.5-6.5 50-55 6'-galactosyl
lactose,
and 3'-
galactosyl
lactose
Aspergillus niger 4 3.0-4.0 55-65
Bacillus circulans Biolacta N5 5 6.0 55-60 4'-galactosyl
lactose
Bacillus 6 6.0-6.4 50-65 4'-galactosyl
stearothermophilus lactose
Streptococcus TS2 7 6.5-7.5 55-57 3'-galactosyl
thermophilus lactose
Lactobacillus spp. 8 5.0-7.0 40 6'-galactosyl
lactose
Bifidobacterium spp. DSM 20083 9 7.5 39 6'-galactosyl
NCIMB 41171 6.8-7.0 40 lactose
Cryptococcus laurentii  OKN-4 10 4.3 55-60 4’'-galactosyl
lactose
Sporobolomyces mutants of ATCC 11 4'-galactosyl
singularis (syn. 24193 lactose
Bullera singularis
Sterigmatomyces CBS 8119 12 4.5-5.0 80-85 4’'-galactosyl
elviae lactose
Rhodotorula minuta IFO 879 13 ?
Geotrichum ATCC 56046 14 ?
amycelium
Sirobasidium magnum CBS 6803 15 4.5-5.5 65 4’'-galactosyl
lactose
Sulfolobus P-2 16 2.5-3.5 75-80 ?
solfataricus
Thermotoga maritima recombinant 17 6.0 80 ?
Thermus sp. Z-1 18 6.0 70-80 ?
Thermus caldophilus recombinant 5.0-6.0 70-90
GK-24
recombinant

(Continued)
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Table 5.5. (Continued)

Reactive
Strain name or Reference linkage and
trade name/s (if (see Optimum  Optimum initial
Microbial species available) below) pH temp., °C product
Saccharopolyspora SAM 1400 19 6.0-7.5 50-55 ?
rectivirgula
Escherichia coli 20 7.0 40-45

1. Burvall et al., 1979; Asp et al., 1980; Prenosil et al., 1987b; 2. Toba and Adachi, 1978; Mahoney et al., 1975;
Mahoney and Whitaker, 1978; Prenosil et al., 1987b; 3. Toba et al., 1985; Prenosil et al., 1987b; 4. Toba and
Adachi, 1978; Prenosil et al., 1987b; 5. Griffiths and Muir, 1978; Mozaffar et al., 1984; Nakanishi ez al., 1983;
Usui et al., 1993; Yanahira et al., 1995; 6. Griffiths and Muir, 1978; Sienkiewicz and Riedel, 1990; 7. Greenberg
and Mahoney, 1982, 1983; Smart, 1991; Linko et al., 1992; 8. Toba et al., 1981; Kobayashi et al., 1990; 9. Rabiu
et al., 2001; Tzortzis et al., 2005a; 10. Ohtsuka ef al., 1990; Ozawa et al., 1991; 11. Gorin et al., 1964; Shin et al.,
1995; Shin et al., 1998; Cho et al., 2003; Ishikawa et al., 2005; 12. Onishi and Tanaka, 1995; Onishi ez al., 1995;
13. Onishi and Tanaka, 1996; 14. Onishi et al., 1995; 15. Onishi ez al 1996; Onishi and Tanaka, 1997; 16.
Akiyama et al., 2001; Grogan, 1991; Pisani et al., 1990; She et al., 2001; 17. Ji et al., 2005; 18. Choi et al., 2004a;
19. Nakayama et al., 1992, 1993; Nakao er al., 1994; 20. Sienkiewicz and Riedel, 1990, p256; Saito et al., 1992.

5.4.1.3. Some Suppliers of 3 -Galactosidases (EC 3.2.1.23)

Examples of some suppliers of the enzyme are listed in Table 5.6.
Generally, the fungal lactases function optimally at low pH and a relatively
high temperature, whereas the yeast lactases perform best at neutral pH and a
lower temperature. The yeast lactases respond to nutrient additions of mag-
nesium and potassium ions.

5.4.1.4. Investigations of the Major Transgalactosylation Enzyme
Sources

Kluyveromyces marxianus syn. K. fragilis and syn. Candida pseudotropicalis is an
anamorph of Candida kefyr.

and

Kluyveromyces lactis syn. K. marxiansus var. lactis. is an anamorph of
Candida sphaerica (NCBI, 2007)

These two yeasts were described in earlier years as belonging to the
genus Saccharomyces and also have a number of synonymous names. Sac-
charomyces is still used sometimes as the generic name for these species. The
(-galactosidase in these species is intracellular, and production is inducible.
Thus, enzyme activity increases rapidly in the presence of carbohydrate
sources, such as lactose, galactose or lactobionic acid. The activity is
growth-associated and displays optimal activity at neutral pH and a tempera-
ture of about 40°C. The regulation of enzyme activity in these yeasts is
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Table 5.6. Some suppliers of 5-galactosidase enzymes

Optimum  Recommended Reaction
Catalogue No.  Source pH temperature (°C)

Seikagaku Corporation, Tokyo, Japan

100570 jack bean, lactase 3.5 37

100572 Charonia lampas(a marine 3.6 45
mollusc), lactase

100573 Streptococcus 6646 k, lactase 5.5 40

Sigma-Aldrich Corporation, USA

G1560 Aspergillus oryzae, lactase F 4.0-4.5 30

G1875 bovine liver 7.3 37

G4142 bovine testes 44 25

G2513 etc Escherichia coli, lactase 7.3 37

G3665 Kluyveromyces lactis, lactase - -

G3782 Saccharomyces fragilis, lactase 7.2 37

Megazyme International Ireland Ltd, Wicklow, Ireland

E-LACTS Kluyveromyces fragilis, lactase ~ 6.5-7.0 45

E-BGLAN Aspergillus niger 4.5 60

Boehringer Mannheim GmbH, Mannheim, Germany

903 345 bovine testes 43 37

1088 718 Diplococcus pneumoniae 6.0-6.5 37

105 031 and E. coli overproducer, lactase 7.0 25

634 395

Novozymes A/S, Bagsvaerd, Denmark

Lactozym 6.5 37

Enzyme Solutions, Melbourne, Australia

GODO YNL Kluyveromyces fragilis, lactase ~ 6.5-7.0 37-45

ACIDOLACT  Aspergillus oryzae, lactase 4.5-5.0 50-55

complex and responds to ionic concentrations of a range of elements, namely,
K, Mn and Mg. The enzymes are inhibited by Na* and Ca**. Finkelman
(1989) has described the process of strain selection of yeasts for maximal
enzyme activity. Although these yeast lactases suffer from low acid and
temperature tolerance, and operate at neutral pH, this industrial disadvan-
tage is outweighed by the high yields, the ease of cultivation and the estab-
lished safety record of the yeasts. Yeast lactases from Kluyveromyces remain
the most popular source of the enzyme. There is considerable strain-to-strain
variation in the activity of the 3-galactosidase present in the strain, and much
research has been conducted to select the best strains.

One of the first descriptions of the use of these enzymes for the produc-
tion of galacto-oligosaccharides is that of Roberts and Pettinati (1957).
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Recently, Rodriguez et al. (2006) expressed the intracellular $-galacto-
sidase of k. lactis as an extracellular enzyme in Aspergillus niger.

Aspergillus oryzae and Aspergillus niger

(-Galactosidases from both of these fungal species have been used for the
production of galacto-oligosaccharides, but the enzyme from A. oryzae has
been the one mostly used in industry to produce galacto-oligosaccharides.
Consequently, it has been studied extensively (Toba and Adachi, 1978; Toba
et al., 1985; Prenosil et al., 1987b; Sienkiewicz and Riedel, 1990).

Enzymes from A. oryzae include glycosidases which may act as a-galac-
tosidases or as J-galactosidases. They can also express a-mannosidase activity
and can perform fructosidation as well as galactosidation reactions. Their (-
galactosidase is extracellular, in contrast to the intracellular enzyme in yeasts.

The mould lactases of Aspergillus are more thermostable and acid stable
than the Kluyveromyces lactases and are less exacting in their requirements for
activators and stabilizers. They are produced by solid-substrate fermentation
and, hence, the enzyme yields and activities are lower than those obtained
with Kluyveromyces fermentations. In immobilized enzyme systems, these
Aspergillus lactases show good stability. From an industrial viewpoint, their
maximum operating temperature under long-term exposure was still consid-
ered too low for optimal reaction kinetics.

Bacillus circulans

Bacillus circulans is an aerobic, Gram-positive, spore-forming organism
that has been investigated as a source of active enzymes for a number of
biotechnological products. Nakanishi ez al. (1983) and Mozaffar et al
(1984) first reported that (-galactosidase from B. circulans synthesizes
oligosaccharides from lactose, but did not describe their structures. Subse-
quently, these have been described further by Sakai et al. (1992) and Usui
et al. (1993) who reported that this $-galactosidase preferentially formed a
((1—4) linked galactosyl-disaccharide. Yanahira ez al. (1995) described 11
oligosaccharides formed in the reaction, including 5 newly described oligo-
saccharides ranging in size up to an octasaccharide. They noted that
although 95% of the trisaccharide initially formed was a 4’-galactosyl lac-
tose, after time, trisaccharides with 3, 2 and 6 linkages occurred. This
finding emphasizes the importance of the duration of the reaction on the
final structural composition of the oligosaccharides formed. Griffiths and
Muir (1978) examined the thermostability of the 5-galactosidase of a ther-
mophilic Bacillus and compared the properties of the enzyme in whole cells
and in cells entrapped in polyacrylamide gel. They noted optimal activity of
the enzyme at 65-75°C and at pH 6.2-6.6.
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Streptococcus thermophilus

S. thermophilus is used widely in fermented dairy foods and is a GRAS
organism. The use of non-GRAS status bacteria limits their commercial
use in many countries. For example, the use of Escherichia coli strains is
not permitted in the food industry in most countries. The 3-galactosidase
of S. thermophilus is a useful enzyme for commercial hydrolysis of
lactose in milk and cheese whey (Greenberg and Mahoney, 1982).
These authors pointed out that the thermal stability of the enzyme is
greater in milk and whey than in buffer. The enzyme from this bacterium
is more heat stable than that of K. marxianus (Linko et al., 1992) and it
is produced intracellularly. The inhibitors and stimulants of the enzyme
have been studied (Greenberg and Mahoney, 1982). The (1—3) glycosyl
linkage is cleaved first by this enzyme, but later it also cleaves the (1—4)
and (1—6) linkages.

The ability of the 8-galactosidase of S. thermophilus to undergo trans-
galactosylation reactions was recognized by Toba et al. (1981) and by Green-
berg and Mahoney (1983) and further studied by Smart and co-workers in
more detail (Smart, 1989, 1991, 1993; Garman et al., 1996). Playne et al.
(1993) have also described successful laboratory production of oligosacchar-
ide mixtures from lactose using a crude enzyme extract from a strain of S.
thermophilus. Oligosaccharide production was higher than that by commer-
cial enzymes from Aspergillus and Kluyveromyces. The company, Yakult
Honsha Co., Ltd., uses a -galactosidase from S. thermophilus as well as an
enzyme from A. oryzae in a two-stage process to produce their oligosacchar-
ide product (Matsumoto et al., 1993).

Because of its long-standing importance in the manufacture of
yoghurt and in other fermented dairy products, a considerable body of
knowledge has been established for S. thermophilus. The complete genomic
sequences for two strains have been determined (Bolotin et al., 2004). This
genomic analysis allows a new understanding of its biochemistry and

physiology.

Lactobacillus Species

Most species of Lactobacillus possess high (-galactosidase activity. Thus,
there have been a number of investigations of enzymes from this source and
their possible application for the production of -galacto-oligosaccharides
(Toba et al., 1981). Garman et al. (1996), in a study of a number of species of
Lactobacillus and S. thermophilus, found that a strain of Lb. delbrueckii
subsp. bulgaricus possessed a 3-galactosidase with transgalactosylation activ-
ity similar to the enzyme from S. thermophilus. As an example of the use of
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lactobacilli, Kobayashi et al. (1990) patented a method for producing a
processed milk containing galacto-oligosaccharide. In their patent, milk
was treated with a (-galactosidase derived from S. thermophilus or Lb.
delbrueckii subsp. bulgaricus so as to change at least 15% of the lactose in the
milk into galacto-oligosaccharide. The Lactobacillus enzyme was found to be
useful as it performed transgalactosylation reactions even when the lactose
concentration was quite low. Other enzyme sources, such as that from the well-
established A. oryzae, act largely hydrolytically when the lactose is in low
concentrations as found in milk.

Bifidobacterium Species

Tzortzis et al. (2005a) have used whole cells of B. bifidum NCIMB 41171 to
produce galacto-oligosaccharides from lactose. Optimum enzyme activity
occurred at pH 6.8-7.0 and 40°C. A 50% (w/w) solution of lactose gave a
20% mixture of oligosaccharides. The mixture comprised 25% disaccharides
(other than lactose), 35% trisaccharides, 25% tetrasaccharides and 15% pen-
tasaccharides. These proportions seemed to be produced consistently by this
organism. Current interest in bifidobacteria as a source of (-galactosidase
may be generated by the ability of at least some strains of Bifidobacterium to
produce higher proportions of longer chain oligosaccharides than most other
lactases studied to date.

Van Laere et al. (2000) studied the ability of several strains of Bifido-
bacterium to metabolize a GOS mixture, which had been purified so that it
contained 6% tri-, 17% tetra-, 37% penta-, 27% hexa- and 8.5% hepta-
oligosaccharide. These proportions were different from most commercial
GOS products which contain predominantly trisaccharide and only low
concentrations of the higher oligosaccharides. This study found that
Bifidobacterium adolescentis DSM 20083 could utilize the higher oligosac-
charides better than other species. Thus, it may be that longer chain oligo-
saccharides are of value for the manufacture of particular symbiotic
mixtures of prebiotic and probiotic, aimed to stimulate the growth of
particular strains of bifidobacteria.

Rabiu et al. (2001) have shown, in a study of five strains of Bifidobac-
terium, that their §-galactosidases predominantly produced (1—6) GalP
linkages as opposed to the (1—4) linkages generated by the 5-galactosidases
of many microbial species (see Table 5.4). These authors also noted the
production of unusual higher chain oligosaccharides by these bifidobacter-
ial enzymes. Tzortzis et al. (2005b) also recorded mostly Gal B(1—6)
Gal linkages in their oligosaccharide mixture produced by B. bifidum
NCIMB 41171.
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5.4.1.4.1 Other Yeasts
Cryptococcus laurentii

The production of galactose transfer products by C. laurentii IFO 609 has
been examined by Onishi and Yokozeki (1992). The enzyme of this species
produces a 4’-galactosyl lactose from lactose. A yield of 47 g/L of 4’-galacto-
syl lactose was produced from 100 g/L of lactose in studies using C. laurentii
OKN-4 conducted by the Nissin Sugar Manuf. Co. Ltd., Japan (Ozawa et al.,
1991; Ohtsuka et al., 1992).

This yeast can be an opportunistic pathogen in immuno-compromised
patients. It can cause superficial infections and is described as causing funge-
mia. It has been implicated in meningitis and is regarded as a human patho-
gen. Thus, its direct use as a food-processing aid is restricted.

Sporobolomyces singularis (syn. Bullera singularis)

It has long been recognized that this basidiomycetous yeast possesses a
(-hexosidase able to behave with galactosidase-like activity (Gorin
et al., 1964). The nature of this action has been investigated in detail
by Ishikawa et al. (2005). It seems that the basidiomycetous yeasts
commonly possess a G-glucosidase which performs like a (G-galactosidase
when presented with lactose as a substrate and is a strong producer of
galacto-oligosaccharides. Dombou et al. (1994) described a method for
the production of galacto-oligosaccharides from lactose using basidio-
mycetous yeasts. Preferred yeasts belonged to the genera of Rhodotorula,
Pichia, Sporobolomyces, Kluyveromyces, Debaryomyces, Candida, Toru-
lopsis, Cryptococcus, Trichosporon, Lipomyces and Brettanomyces. The
inventors preferred an isolate of Lipomyces starkeyi for the description
of the invention.

The purification and biochemical properties of a galacto-oligosacchar-
ide-producing (3-galactosidase from B. singularis has been described by Cho
et al. (2003). Shin et al. (1995, 1998) examined optimal culture conditions for
B. singularis and continuous production of galacto-oligosaccharides in a
chitosan-immobilized system for the enzyme.

Sterigmatomyces elviae

The basidiomycete species Sterigmatomyces has been investigated for its
potential as a source of a (-galactosidase for the production of galacto-
oligosaccharides (Onishi and Tanaka, 1995; Onishi et al., 1995). The main
transgalactosylation product was a 4’-galactosyl lactose. In comparison with
a number of other bacteria and yeasts, the authors considered the enzyme
from S. elviae CBS 8119 to be the best galacto-oligosaccharide producer. The
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other high-yielding enzymes were from the yeast species Rhodotorula minuta
and Sirobasidium magnum. With the enzyme from the Sterigmatomyces sp.
strain, the optimum reaction temperature was 80°C, but the yield was only
37%, which occurred when cells were permeabilized with toluene and resting
cells used to produce the oligosaccharide. An improved fermentation system
where cell growth consumed excess glucose resulted in an increased yield of
64%. Onishi and Tanaka (1995) purified the 3-galactosidase from the Szer-
igmatomyces strain and examined its properties in more detail. They noted
that the yeast would not grow above 40°C despite having an optimum
temperature for the enzyme in the toluene-permeabilized resting cells of
80°C. They found that optimal pH for activity was between 4.5 and 5.0. The
thermostable nature of the enzyme from a mesophile was found to be
unusual as most thermostable enzymes were derived from thermophiles.
The enzyme was similar to that found in C. laurentii except that it was far
more thermo-tolerant, and for this reason was regarded as a superior
enzyme.

Rhodotorula minuta

Onishi and Tanaka (1996) reported the properties of a glycosidase that can
produce galacto-oligosaccharides from a strain of this yeast species. This
basidomycete is found in the environment and in dairy products. It may
colonize plants, humans and other mammals. While being considered as a
common contaminant, Rhodotorula may infect individuals with predisposing
risk factors. For this reason, it may not be approved by regulatory authorities
for the production of a food-processing aid.

Geotrichum amycelium (syn. Trichosporon ovoides)

This is another basidiomycetous yeast claimed to be able to produce substan-
tial yields of galacto-oligosaccharides from lactose. However, there is only
limited published information on this enzyme activity of the species (Onishi
et al., 1995).

Sirobasidium magnum

Research conducted at the laboratories of the Ajinomoto Co. Inc. in Japan
has demonstrated the potential of this basidiomycetous yeast as a source of a
(3-galactosidase to produce galacto-oligosaccharide (Onishi et al., 1996) A 4'-
galactosyl lactose was produced with a yield of over 200 g/L. at up to 50°C
using toluene-treated cells to improve cell wall permeability and using glucose
oxidase to remove glucose formed as a hydrolysis product. In the following
year, the group purified the -galactosidase and found that the optimum
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conditions for enzyme activity were 65°C and pH 4.5-5.5 (Onishi and
Tanaka, 1997).

A patent for the production of galacto-oligosaccharides was taken out
by Onishi and Yokozeki (1992); it included Sirobasidium with a number of
other species.

5.4.1.4.2 The Extremophiles

Microorganisms isolated from environmentally extreme conditions are
of potential use for the industrial production of galacto-oligosaccharides. A
number of these have been studied with this objective. It would be a major
advantage if enzymatic conversions to oligosaccharides by the equilibrium
route could be performed at a very high temperature under acidic conditions.
A number of thermophiles have been examined for suitable §-galactosidases,
including strains of Thermus, Thermoaerobacter, Sulfolobus and Thermotoga
spp. Examples are given below.

Sulfolobus solfataricus

Sulfolobales are hyperthermophilic archaea from terrestrial volcanic sites
that grow in sulfur-rich hot acid springs, with optimum growth at 75-80°C
and pH 2-3. S. solfataricus grows optimally at temperatures ranging from
70 to 90°C and at pH 2-4. It can grow either lithoautotrophically by
oxidizing sulphur or chemoheterotrophically on reduced carbon com-
pounds. Pisani et al. (1990) studied the properties of a §-galactosidase in
the species and found it to be thermostable. Grogan (1991) examined in
more detail the properties of the 3-glycosidase present and found that the
same enzyme exhibited both -galactosidase and §-glucosidase activity. He
also noted the optimal reaction temperature to be 77-87°C and the optimal
pH for -galactosidase activity to be pH 4.9. Other thermophilic microor-
ganisms such as Thermotoga maritima can also produce galacto-oligosac-
charides by a thermostable recombinant S-galactosidase (She et al., 2001).

Thermotoga maritima

Thermotoga maritima, a rod-shaped bacterium belonging to the order Ther-
motogales, was originally isolated from a geothermal marine sediment. The
organism has an optimum growth temperature of 80°C. The species metabo-
lizes many simple and complex carbohydrates.

Jiet al. (2005) prepared a recombinant §-galactosidase from a strain of
T. maritima in E. coli. They determined the stability and productivity of this
enzyme at a range of pH and up to 95°C. Optimal conditions were pH 6 at
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80°C in the presence of manganese ions. Lactose at 500 g/L yielded 91 g/L
galacto-oligosaccharides in 300 min with 1.5 units enzyme/ml.

Thermus Species

The production of galacto-oligosaccharides has also been explored in strains
of Thermus species. Recombinant production of a thermostable 3-glucosi-
dase, expressed in E. coli K 12, has been used to investigate the production of
galacto-oligosaccharides from lactose. The yield of galacto-oligosaccharides
from 300 g/L lactose at 70°C was 40% and trisaccharides comprised two-
thirds of the products formed (Akiyama et al., 2001). Choi et al. (2004a) have
also developed a similar method with the production of a recombinant
enzyme from a [-glycosidase in Thermus caldophilus.

5.4.1.4.3 Thermoactinomycetes
Saccharopolyspora rectivirgula

Some thermoactinomycetes have been shown to produce (-galactosidases
which have high -p-galactosyltransferase activity, high heat stability and
which can act in the neutral pH range. Some strains from the genera Sacchar-
opolyspora, Thermomonospora and Thermoactinomyces have been found to
possess effective enzymes. In particular, a strain of S. rectivirgula has been
studied (Nakayama ez al., 1992, 1993; Nakao et al., 1994). Nakayama et al.
(1993) pointed out that other 3-galactosidases derived from species such as
Paecilomyces variori also possess high heat stability and are capable of
repeated use at high temperatures, but that the Paecilomyces enzyme is not
suitable for many applications because it is effective only at low pH (3.5). The
most advantageous property of the Saccharopolyspora enzyme is its heat
stability over long periods. Nakao et al. (1994) reported a 41% yield of
galacto-oligosaccharides from 1.75 M lactose.

Saccharopolyspora rectivirgula was previously named Faenia rectivir-
gula. Species of Saccharopolyspora are implicated as causal agents of infec-
tion for a condition known as farmer’s lung disease. In nature, the species is
found in mouldy hay. It can also cause allergic reactions in humans.

5.4.1.5. Development of Modified Galacto-oligosaccharide Structures

There is considerable scope for the development of novel galacto-
oligosaccharides with specific functionalities for human health. Oligosac-
charides have been developed to act as alternative receptors to absorb
lectin-like toxins from toxigenic bacteria (VTEC, ETEC, Clostridium difficile)
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in the gut. Zopf and Roth (1996) have discussed the use of oligosaccharides as
anti-infective agents, using a decoy oligosaccharide in the mucous layer to
bind the pathogen’s carbohydrate-binding proteins. They claim that such
oligosaccharides (as found in human milk) seem to prevent pathogens attach-
ing to intestinal mucosa. Kunz and Radloff (1996) state that “Human oligo-
saccharides are considered to be soluble receptor analogues of epithelial cell
surfaces, participating in the non-immunological defence system of human
milk-fed infants”. Their view is that these specialized oligosaccharides are
potent inhibitors of bacterial adhesion to epithelial cells. Thus, there is scope
for specifically designed galacto-oligosaccharides to be able to act as anti-
infective reagents, particularly in the small intestine. However, care needs to
be taken to ensure that the oligosaccharide did not also interfere with coloniza-
tion in the large intestine by the normal intestinal microbiota, including any
added probiotics.

Thus, there are opportunities for the synthesis of galacto-oligosaccharides
which more closely mimic the structures found in human milk. Human milk
contains 5-12 g/L oligosaccharides, and colostrum has even higher concentra-
tions, but cow’s milk contains very little (0.03-0.06 g/L) and most of that is as
sialyl lactose. The monomers of human milk oligosaccharides are p-glucose,
D-galactose, N-acetylglucosamine, L-fucose and sialic acid (N-acetyl neuraminic
acid). The core oligosaccharide molecule normally carries lactose at its reducing
end and generally has the following structure:

[Gal(Bl — 3/4)GlcNAc(Bl —],_,_,53/6)Gal(pl — 4)Glc

Both fucose and sialic acid can attach in a number of different ways to
this core. Predominantly, fucose attaches with an vl —2 linkage to galactose,
but with a1—3/4 linkages to N-acetylglucosamine. Readers are referred to
Kunz and Rudloff (2002) and Boehm and Stahl (2003) for more details on
possible oligosaccharide structures. The major oligosaccharides in human
milk are lacto-N-tetraose and lacto-N-fucopentaose (Kunz and Radloff,
1996) (see also Chapter 8).

There is scope for manufacturers to develop cost-effective procedures to
produce a range of fuco-galacto-oligosaccharides. At present, procedures are
multi-step processes and are expensive (Crout and Vic, 1998). Of relevance to
this chapter is the possibility of economic manufacture of fucose-containing
and N-acetylglucosamine-containing galacto-oligosaccharides.

The use of recombinant DNA technology to modify the metabolic
pathways of microorganisms for oligosaccharide synthesis is complex, and
hence expensive. It also involves the use of sugar nucleotides, such as UDP, as
cofactors in the enzyme reactions. Use of whole microbial cells reduces costs,
and concentrations of the synthesized oligosaccharide obtained are
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increasing (Ruffing and Chen, 2006). For example, Koizumi et al. (1998)
achieved a yield of 188 g/L of the galacto-oligosaccharide, globotriose
(Galal—4GalB1—4Glc) and no oligosaccharide by-products were observed.
The synthesis simultancously produced high yields of UDP-galactose from
galactose and orotic acid.

Crout and Vic (1998) favoured the use of glycosidases over glycosyl-
transferases because they are better suited to cheap synthesis methods. They
also point out that exo-glycosidases currently used commercially only allow
glycosyl transfer at the non-reducing terminal monomer of the substrate, and
this restricts the types of oligosaccharide structures that can be produced.
They advocate the use of endo-glycosidases which may allow branched struc-
tures to be formed. To improve the reverse hydrolysis required for this type of
synthesis, organic solvents have been used in a number of studies (Crout and
Vic, 1998). The use of glycosidases with novel approaches may lead to synth-
esis of useful new oligosaccharides.

For the synthesis of a fucose-containing galacto-oligosaccharide, it will
first be necessary to produce the L-fucose required. L-fucose occurs in nature
only at low concentrations and is present in plant species of the Convolvula-
ceae family. On the other hand, p-fucose is found in some seaweeds or can be
produced from D-galactose. Fucose is a hexose deoxy sugar (Figure 5.3) and
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Figure 5.3. Chemical structures (Haworth) of compounds found in human milk (fucose, N-acetyl
glucosamine and N-acetyl neuraminic acid) compared to those of lactose, galactose and glucose.



148 M.J. Playne and R.G. Crittenden

can be formed using an a-fucosidase. While one can envisage synthesis of D-
fucose from D-galactose, it is difficult to see how L-fucose could be formed
easily.

Economic sources of N-acetylglucosamine may be chitin in the shells of
crustaceans. (-1,4-Linked N-acetyl-p-glucosamine can be derived readily
from chitosan (Izume ez al., 1992) and it may be feasible to link it enzymati-
cally to galacto-oligosaccharides during their synthesis. There is much scope
to investigate such methods in order to produce a new generation of modified
galacto-oligosaccharide products. Chemical structures of L- and p-fucose,
D-glucose, D-galactose, N-acetylglucosamine, N-acetyl neuraminic acid are
shown in Figure 5.3.

5.4.2. Lactulose

The disaccharide, lactulose (Figure 5.4), is made from lactose by a semi-
synthetic isomerization reaction under alkaline conditions. Lactulose can
also be formed in small quantities in milk which has been heat-treated, e.g.,
UHT milk. Lactulose is used primarily as a pharmaceutical, but also as a
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+
CH,OH CH, CH,OH
o B-fructofuranosidase HO o o)
OH , OH O\ oH
HO transfructosylation
HOCH, OHO 5 OH HOCH, HO o
¢ ©
CH,OH CH,OH
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sucrose lactosucrose

Figure 5.4. Chemical structures (Haworth) of lactulose and its conversion from lactose, and of
lacto-sucrose and its formation from lactose and sucrose.



Galacto-oligosaccharides and Other Products Derived from Lactose 149

functional food ingredient. The Solvay Company started manufacturing
lactulose in Europe in the 1960s and produces about 50% of world production
(see Table 5.8). A considerable body of research has evolved over the last 40
years to improve yields and the purity and safety of the product, and reduce
costs. The essential principle of the synthesis has remained the same — alkaline
isomerization using heated solutions. These isomerization reactions to con-
vert lactose to lactulose all produce a number of side products derived from
lactose, principally galactose, epi-lactose, tagatose and fructose. Epi-lactose
is another isomer of lactose (4-O-(-p-galactopyranosyl-pD-mannose).

Lactulose was first prepared by a Lobry deBruyn—Alberda van Eken-
stein alkaline isomerization of lactose in dilute Ca(OH), solution (Montgom-
ery and Hudson, 1930). Strong alkalis, such as NaOH, and strong organic
bases have also been used in the isomerization reaction. All these methods
resulted in low yields of lactulose because of side reactions which lead to the
formation of a number of unwanted products. Separation and purification
methods were required to remove the unwanted products and the brownish
colour occurring due to these side products.

Subsequent methods for producing lactulose included complexing
reagents, such as aluminate (Guth and Tumerman, 1970) and borate ions
(Mendicino, 1960; Carubelli, 1966; Kozempel and Kurantz, 1994; Carobbi
et al., 2001), to shift the transient equilibrium established during base-
catalysed isomerization in favour of the ketose. The yield of lactulose was
much improved, but both aluminates and borates were difficult to remove
from the reaction mixture. A very high ratio of borate to sugar (e.g., 50:1) was
required for optimum yields of lactulose. Under such conditions, removal of
the borate was very difficult, and the cost of borate proved prohibitive. This
meant that methods to recycle the borate had to be devised.

Considerable research has been conducted to improve the alkaline
isomerization process. Efforts have concentrated on reducing the costs of
the complexing agent, borate (Hicks et al., 1986). For example, Dorscheid
and Krumbholz (1991) used a combination of electrodialysis and ion
exchange to purify the lactulose and recycle the borate. Other methods have
been devised to remove borate by precipitation as insoluble salts (Fu and
Song, 1993). The yield of lactulose has often been quite low (<20%).

Amines have been used as catalysts for the isomerization process.
However, only the tertiary amine, tricthylamine, avoided the problems of
the primary and secondary amines, which formed adducts with reducing
sugars (Parrish, 1970)

Later, the combination of the isomerization of lactose in the presence of
borate (at a molar ratio of 1:1) with a tertiary amine (Hicks and Parrish, 1980;
Hicks, 1981) gave 90% yield of lactulose with a minimal use of borate and
reduced the formation of side products.
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Other reagents such as basic magnesium salts and sodium hydrosulphite
have also been used (Carobbi et al., 1985). Whilst offering some advantages,
these compounds also created new problems of purification and of disposal of
spent materials in an environmentally friendly way.

Attempts have been made to develop continuous reaction systems, as
opposed to batch reactors. One example is the dual reactor tank system
coupled to a tubular reactor described by Kozempel and Kurantz (1994).
The yield of lactulose from lactose was 70% in this system.

Developing commercially viable processes has proved difficult, but the
use of borate appears to be the preferred approach, mainly because high
yields are obtained. Effective separation of lactulose from the product mix
has proved very difficult to achieve economically. Most pharmaceutical-
grade lactulose syrups contain substantial concentrations of lactose, epi-
lactose and galactose.

Research has been conducted to develop better methods to obtain
lactulose in powder or crystalline forms. As lactulose is highly soluble in
water, it is difficult to obtain in the form of a stable powder and it is generally
produced as a syrup. Nevertheless, complicated processes have been devel-
oped to prepare powdered or crystallized products. Crystallization methods
using alcohols, such as ethanol and methanol, have been developed to obtain
lactulose crystals. Highly pure lactulose crystals can be obtained, but con-
tamination with alcohol remains a problem. Another problem is the presence
of lactose, galactose and other side products which have to be removed also,
and this adds to the cost. Alternative methods that avoid the use of alcohols
have been developed. These are based on seeding crystals into the concen-
trated syrup and then freezing the mixture. The Morinaga Company has
developed a process to form crystalline lactulose trihydrate. This product, it
is claimed, is purer and more stable under atmospheric storage conditions
than anhydrous lactulose or the monohydrate. The process is based on a
crystallization precipitation procedure (Tomito et al., 1994).

Lactulose can also be prepared by an enzymatic route (Lee et al., 2004),
but this route is not used currently for commercial production.

5.4.3. Lactosucrose (3-p-Gal-(1—4)-a-p-Glu-(1—2)--p-Fru)

Lactosucrose is a trisaccharide produced enzymatically by transfer of
the fructosyl moiety of sucrose to lactose as an acceptor molecule. The
structure is shown in Figure 5.4. The enzyme used is a S-fructofuranosidase
(EC 3.2.1.26). It is known to conduct the transfructosylation reaction, as well
as hydrolysis, in a manner analogous to that described for (-galactosidase.
Similarly, the microbial origin of the fructofuranosidase is important.
Enzymes from different sources exhibit different degrees of acceptor types
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and specificity. Some may prefer lactose as an acceptor, others sucrose. Thus,
research has been conducted into the characteristics of the enzyme from a
number of microorganisms (Takaichi et al., 1995; Choi et al., 2004b; Park
et al., 2005). The reaction conditions, such as substrate concentration and
reaction time, are also important (Fujita et al., 1992a). The S-fructofurano-
sidase is sometimes called “levansucrase”. Microorganisms belonging to the
genera Arthrobacter and Bacillus are mostly used both in research and
industrially to produce S-fructofuranosidase (Fujita ez al., 1992b; Hara
et al., 1992; Kawase et al., 2001; Pilgrim et al., 2001). A variety of methods
have been used in production — some in which whole microbial cells are used,
others have used crude cell extracts and still others have used purified enzyme.
Fujita et al (1992a) describe an industrial method for producing lactosucrose
using S-fructofuranosidase from Arthrobacter sp. strain K1, which seems to
be the one used by Ensuiko Sugar Refining Co., Ltd. and by the Hayashibara
Company. These two Japanese-based companies are the main producers of
commercial lactosucrose. The yield of lactosucrose from the two substrates
(sucrose and lactose) is low (5-30% of total sugars in the reactants). By careful
selection of strains and the use of optimal conditions, batch reactions have
been able to produce 181 g lactosucrose from 225 g sucrose and 225 g lactose
(40% conversion), but the concentration of lactosucrose in the reactor has
only been about 18% (see Park ef al., 2005). Those authors used a strain of
B. subtilis at pH 6 and 55°C for a 10 h reaction. This result is typical of the
published data for batch reactions. Kawase et al. (2001), who described the
production of lactosucrose using a simulated moving bed reactor, claim that
this continuous process increases the yield to 56% compared to 48% typical of
a batch fermentation.

There is a major problem with the presence of other carbohydrate
products and residual amounts of unused lactose and sucrose in the process.
Thus, it is typical for crude product to be decolourized, demineralized and
purified by column chromatography using a strongly acidic cation-exchange
resin. A fermentation method to remove monosaccharides, like glucose, has
also been used. The lactosucrose is spray dried (Hara et al., 1992, 1994a). The
aim is to obtain a purified solution of lactosucrose of 45%, w/v, prior to spray
drying. The two major producers sell lactosucrose as a powder with different
degrees of purity (40, 55 or about 70% lactosucrose in the powder). Thus, a
considerable concentration of other carbohydrates remains in the product.

In a series of publications, Petzelbauer et al. (1999, 2000, 2002a,b) used
thermostable purified enzymes from S. solfataricus and Pyrococcus furiosus
to produce lactosucrose in a continuous stirred-tank reactor at 70°C, coupled
to a cross-flow ultrafiltration module. They also used an immobilized enzyme
system. Their data do not show that they were able to achieve the yields
obtained in commercial systems. However, they demonstrated the stability of



152 M.J. Playne and R.G. Crittenden

these thermostable enzymes at high temperatures for a prolonged period
under realistic bioprocessing conditions.

The properties of the S-fructofuranosidase extracted from Arthrobacter
sp. K1 have been described by Fujita et al. (1990a). The enzyme has an
isoelectric point of 4.3, an optimum pH of 6.5-6.8, but the enzyme remains
stable between pH 5.5 and 10.00. It has an optimum temperature of 55°C, but
is stable between 45 and 60°C. It is inhibited by several heavy metals. Fujita
et al. (1990b) also describe the acceptor specificity for a wide range of mono-
and oligo-saccharides and glycosides.

5.4.4. Lactitol

Lactitol (Figure 5.5) is well established as a replacement sweetener for
low-calorie foods. In recent years, interest in it as a prebiotic carbohydrate
has developed. This sugar alcohol was discovered in 1912 and was first used in
foods in the 1980s. It is formed when lactose is hydrogenated in the presence
of Raney-nickel catalyst. The conversion of a sugar to a sugar alcohol always
involves the reduction of a carbonyl group. The preferred reducing agent is
hydrogen gas under high pressure (e.g., 40 bar) at 100°C in the presence of a
nickel catalyst. This synthesis has been used widely at both laboratory and
industrial scale for many years. Ipatiew (1912) first produced a lactitol syrup
by such a process, but lactitol was first crystallized by Senderens (1920).
Lactitol is produced either as a syrup, as dihydrate or monohydrate crystals
or in anhydrous form. Van Velthuijsen (1979) has described a typical modern
industrial process and specifications of the product obtained in such pro-
cesses. Less than 2.5% other polyols and 0.1% reducing sugars are present in
the food-grade lactitol products which are 97.5% lactitol. Thus, this
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Figure 5.5. The chemical structures (Haworth) of lactitol and lactobionic acid.
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compound is sold as a much purer product for food-grade use than galacto-
oligosaccharides, lactosucrose and lactulose. The food grades of these other
products all contain substantial amounts of other reactant and product
carbohydrates. Lactitol can also be prepared by reducing lactose using
NaBH, (Scholnick et al., 1975; Saijonmaa et al., 1978), but industrially,
lactitol is prepared by the catalytic hydrogenation process (Van Velthuijsen,
1979). The reaction is carried out in an autoclave at over 40 bar and over
100°C. A lactose solution of 30-40% is used. The ratio of Raney-nickel
catalyst to lactose is critical for efficient conversion. After hydrogenation is
completed, the catalyst is sedimented and filtered. The lactitol solution is
treated with an ion-exchange resin and activated carbon, and the purified
solution is concentrated. Crystals of lactitol are removed from the mother
liquor by centrifugation and the process repeated. After repeated crystal-
lization, the mother liquor can be used as a 64% syrup of lactitol (Van
Velthuijsen, 1979; Booy, 1987).

Preparation of derivatives of lactitol has also been studied. Polyalcohol
esters can be used as non-ionic emulsifying agents. For example, sorbitan
esters and sucrose esters of fatty acids are well known. Van Velthuijsen (1979)
described the preparation of esters like lactitol palmitate and their properties
and possible applications as laundry detergents.

Research has also demonstrated the formation of a range of oligosac-
charides from lactitol using (-galactosidase (Yanahira et al., 1992); they
were able to form six different oligosaccharides — all as a trisaccharide
containing a lactitol unit. The general chemistry and properties of the
sugar alcohols are described by Benson (1978). Comprehensive reviews on
lactitol are by Van Velthuijsen (1979), Booy (1987) and Mesters and Brokx
(2000).

5.4.5. Lactobionic Acid

Lactobionic acid is formed by oxidation of lactose and is 4-O-p-galac-
topyranosyl-p-gluconic acid (Figure 5.5). Heterogeneous catalytic oxidation
and microbiological/enzymatic oxidation of lactose have been researched.
The facile dehydrogenation of lactose at high pH over a noble metal catalyst
is used commercially (Figure 5.1).

The aldehyde group of the glucose in the lactose molecule is oxidized to
the carboxyl group by either (a) chemical oxidation or (b) biochemical
oxidation. Electrolytic methods of oxidation are also possible. For chemical
oxidation, a mild treatment with hypobromite or hypoiodite produces an
equilibrium mixture of lactobionic acid and its é-lactone. Biochemical oxida-
tion can be achieved with enzymes isolated from microorganisms or by using
the microorganisms themselves for the bioconversion. For the latter process,
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a number of species of Pseudomonas have been studied extensively (Sienkiewicz
and Riedel, 1990). Some examples of recent research are given below.

An ultrafiltration membrane bioreactor was used in batch, fed-batch or
continuous modes to oxidize aldose sugars to their corresponding aldonic
acids. The enzyme used for the reaction was glucose-fructose oxidase
obtained from a Zymomonas mobilis strain. The enzyme was selective and a
high yield of lactobionic acid was obtained from lactose (Satory ez al., 1997).

A novel enzymatic process to convert lactose to lactobionic acid has
been developed using cellobiose dehydrogenase. The electron acceptor in
the reaction is regenerated in a continuous process with laccase, a copper-
containing oxidase. Specific productivity to lactobionic acid was high at 25 g/
L/h/kU (Ludwig et al., 2004).

Miyamoto et al. (2000) reported the laboratory-scale production of
lactobionic acid from cheese whey and from lactose in fed-batch cultures of
Pseudomonas sp. LS13-1. The yield of lactobionic acid was reported to exceed
80%. The reaction time was 155 h, and concentrations achieved reached 290 g/
L lactobionic acid.

5.4.6. Tagatose

Galactose, produced by hydrolysis of lactose and removal of the glu-
cose co-product, is used as the substrate to produce tagatose (Figures 5.1 and
5.6). The galactose is isomerized under alkaline conditions, using, for exam-
ple, Ca(OH),, to form tagatose. The mixture is purified and solid tagatose is
produced by crystallization. Considerations for the efficient production of
tagatose parallel those described in Section 5.4.2 for the production of lactu-
lose from lactose. This was the original commercial method used by Spherix
Inc. and there are patents that describe it in more detail (Beadle ez al., 1991,
1992).
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Figure 5.6. The chemical structures (Haworth) of D-tagatose and D-galactose.
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More recently, enzymatic methods have been developed (Bertelsen ez al.,
2006), including the use of thermostable isomerases (Pyun et al., 2005; Hansen
et al., 2006). An enzymatic method is currently used by the present producer of
food-grade tagatose, NUTRILAB, in Belgium and the process has been
described by Bertelsen ez al. (2006). A 40% solution of lactose is passed through
an enzyme bioreactor at an elevated temperature. A thermostable (3-galactosi-
dase (lactase) is used for hydrolysis. The stream is then treated chromatogra-
phically to remove glucose and lactose, with the lactose being recycled. The
eluate containing mainly galactose is passed through a second enzyme bior-
eactor. In this case, a thermostable L-arabinose isomerase is used to convert the
galactose to D-tagatose. The eluate typically contains about 15% tagatose, 35%
galactose and 50% glucose. It is again treated chromatographically to remove
glucose and galactose, and the galactose stream is recycled. The eluate contains
the tagatose product. Various configurations of this process have been tested,
including the incorporation of both enzyme systems in one bioreactor. The
thermostable enzymes are obtained from a number of thermophilic microor-
ganisms, such as Bacillus, Sulfolobus, Thermoanaerobacter, Thermus and Pyr-
ococcus. Kim and his colleagues in South Korea have published a suite of
papers on improvements to the enzymatic process for the production of
tagatose, and this research has been summarized by Kim (2004).

5.5. Commercial Producers and Products

5.5.1. Estimated Production of the Lactose Derivatives

There have been a number of reviews in which the manufacturing
processes for oligosaccharides, major commercial oligosaccharide manufac-
turers and the tonnage of the different oligosaccharide products produced
have been summarized (Matsumoto et al., 1993; Playne and Crittenden, 1996;
Crittenden and Playne, 1996). Estimates made in 1994/1995 of the annual
global production of different oligosaccharides and allied products were
galacto-oligosaccharides 12,000-14,000 t; lactulose 20,000 t; lactosucrose
1,600 t (Playne and Crittenden, 1996). Estimates from a survey conducted
in 2004 were that annual global tonnages were galacto-oligosacchar-
1des12,000-14,000 t; lactulose 40,000 t; lactosucrose 3,000 t; lactitol 10,000 t;
lactobionic acid no data; and tagatose 500 t (3A Business Consulting, 2005).
The same authors predicted that world production in 2009 would be galacto-
oligosaccharides 21,000 t; lactulose 45,000 t; lactitol 11,000 t; and tagatose 800 t.
Thus, annual growth rates around 10% or more were predicted for galacto-
oligosaccharides and for tagatose, with slower growth rates for lactulose and
lactitol. However, a higher estimate for lactulose production of over 50,000 t
annually has also been published (LFRA, 2000).
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In-house production of galacto-oligosaccharides in a number of
countries makes it difficult to obtain precise data on world production.
Such production is used directly for other products such as animal feed
and infant milk foods. We estimate that total world production of all the
above lactose-derived products in 2009 will be 83,000-90,000 t. In addi-
tion, there will be substantial production of lactose hydrolysate and
galactose.

5.5.2. [ -Galacto-oligosaccharides

Galacto-oligosaccharides (GOSs) have been manufactured commer-
cially since the mid-1980s, principally by three Japanese companies — Yakult
Honsha Co. Ltd., Snow Brand Milk Products and Nissin Sugar Manufactur-
ing Co. Ltd. Commercial production in Europe commenced in 1995 in the
Netherlands. In-house production has also occurred elsewhere, including in
Australia and New Zealand.

The early establishment of a gut microflora in babies dominated by
bifidobacteria, particularly in breast-fed babies, has been attributed to the
presence of oligosaccharides in human milk. Although highly diverse, these
human milk oligosaccharides have a backbone that is structurally similar to
GOS. Hence, the inclusion of GOS as bifidogenic factors in infant products
has been an important driver of the commercial production of GOS. The
companies principally involved in the manufacture and marketing of GOS
are Yakult Honsha Co Ltd., Nissin Sugar Manufacturing Co. Ltd. and
Friesland Foods Domo (formerly Borculo Domo Ingredients) (Table 5.7).
Yakult produces three galacto-oligosaccharide products: Oligomate 55
(syrup), Oligomate 55P (powder) and TOS-100 (a purified powder containing
99% oligosaccharides). Nissin also produces a syrup (Cup-Oligo H70) and a
powder (Cup-Oligo P), while Friesland Foods Domo produces a syrup,
Vivinal GOS. On the other hand, Snow Brand has now sub-contracted
production and includes galacto-oligosaccharides in infant milk formula
powders (e.g., P7 powder containing 1.2% oligosaccharide). With the excep-
tion of the purified powder produced by Yakult, the other commercial
food-grade galacto-oligosaccharides all contain 40-70% of tri- and tetra-
saccharides.

5.5.3. Lactulose

The two major manufacturers of lactulose are Solvay Pharmaceuticals
and Morinaga Milk Industry. The Solvay production seems to be geared
towards pharmaceutical applications, while Morinaga’s production
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Table 5.7. Major galacto-oligosaccharide manufacturers for the food industry

Company Name and Address

Product Name

Product Description

Yakult Honsha Co. Ltd.
1-1-19 Higashi-shimbashi,
Minato-ku,

Tokyo 105 Japan.

Nissin Sugar Mfg. Co. Ltd.
14-1 Nihonbashi-koamicho,
Chuo-ku,

Tokyo Japan.

Friesland Foods Domo

Head Office

Hanzeplein 25, 8017 JD Zwolle
The Netherlands

(factory located at Borculo NL)

San-ei Sucrochemical Co., Ltd. 24-5
Kitahama-machi, Chita City, Aichi,
Japan

Oligomate 55

Oligomate 55P

TOS-100

Cup-Oligo H-70

Cup-Oligo P
TOS-Syrup

Vivinal-GOS
garakutoorigo

[origomeito]
55N

Syrup containing 75%(w/v)
solids. Oligosaccharides
>55% of solids.

Powder >55%
oligosaccharides.

Powder >99%
oligosaccharides.

Syrup containing 75% (w/v)
solids.

Oligosaccharides ~ 70%
of solids.

Powder 70% oligosaccharides.

Syrup containing 75% (w/v)
solids.

Oligosaccharides =~ 60%
of solids.

Syrup

emphasizes uses in the food and feed markets. The other manufacturers of
note are shown in Table 5.8. Commercially, lactulose is available in either
dried form (powder, crystals or granulated) or as a syrup of 50-72%, wi/v,

lactulose.

Table 5.8. Major manufacturers of lactulose

Company name and address

Product name

Product description

Solvay Pharmaceuticals GmbH , Hans-
Buckler-Alles 20, D-30173, Hannover,
Germany (Head Office); (production
sites at Weesp, The Netherlands and
Victoriaville, Quebec, Canada)

Morinaga Milk Industry Co. Higashihara
5-1-83, Zama-Shi, Kanagawa 228
Japan. (production sites at Fuji, Japan,
and at Milei GmbH, Kemptener Str. 91
88299 Leutkirch/Germany,)

Duphalac
Bifiteral
Chronulac,
Cephulac
Lactulose

MLS-50

MLP-40
MLC-A

Syrup ~72% ,w/v, solids.
Syrup —66.7%,w/v, solids

Powder >95% lactulose.

Syrup containing 70% solids.

Lactulose ~ 70% of solids.

Powder 41% lactulose.

Powder (anhydride) 98%
lactulose.

(Continued)
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Table 5.8. (Continued)

Company name and address Product name Product description
MLC-H Powder (hydrate) 86%
lactulose.
Milei lactulose syrup 68% solids with <10%
lactose
Chephasaar Chem.-Pharm. Fabrik Lactulose MIP syrup 65%

GmbH., Muhlstrasse 50, 66386 St
Ingbert, Germany

Inalco S.p.A., Via Calabiana 18, 20139 lactulose, crystals
Milano, Italy (also in USA as lactulose solution, 50% USP
Inalcopharm) manufactures in Vicchio,
Italy

Danipharm A/S is part of the Biofac Danilax lactulose purum liquidum
Group, Denmark. A subsidiary, Solution BP/Ph. Eur.

PharmaDan A/S produces lactulose at
Osterbelle, Jutland

Fresenius Pharma Austria GmbH, Austria ~ Laevolac syrup 66 g/L lactulose
acquired Laevosan GmbH in Linz in
1997

5.5.8.1. Purity of Lactulose

Just as galacto-oligosaccharides are normally sold as impure mixtures,
this is also the case with lactulose, in which substantial amounts of galactose
and lactose are usually present in the commercial products. Examples are
given for some Solvay products. The Solvay syrup product which contains
667 glactulose/L contains <59 g lactose, <112 g galactose, <45 g epi-lactose,
<14 g tagatose and <7 g fructose. The crystalline pharmaceutical product
contains >95% lactulose, <2% lactose, <2.5% galactose, <3% tagatose and
<1.5% epi-lactose [Solvay, personal communication June 1995]. In a more
recent analysis, their Canadian factory reported that relative to lactulose, the
Solvay 667 g/L syrup contains <3% tagatose, <1% fructose, <15% galactose,
<7% epi-lactose, <9% lactose [Canlac certif. analysis, Sept. 2003].

5.5.4. Lactosucrose

The manufacture of lactosucrose appears to be restricted to the two
companies listed in Table 5.9. However, a number of other Japanese compa-
nies distribute the product (e.g., Maruha Corporation) and develop new
applications (e.g., Otsuka Pharmaceutical Co. Ltd., Tokyo). Lactosucrose
production was developed in Japan as a cooperative venture between
Ensuiko, Hayashibara and Bifermin Pharmaceutical Co. Ltd.
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Table 5.9.

Major manufacturers of lactosucrose

Company name and address

Product name

Product description

Ensuiko Sugar Refining Co.
13-46 Daikoku-cho,
Tsurumi-ku, Yokohama 230
Japan.

Hayashibara Shoji Inc. 2-3
Shimoishii 1-chome,
Okayama 700-0907 Japan.

Nyuka-Origo
LS-40L
Nyuka-Origo
LS-55L
Nyuka-Origo
LS-55P
Pet-Oligo L55
Pet-Oligo P55

Newka-Oligo
LS-35
Newka-Oligo
LS-55L
Newka-Oligo
LS-55P

Syrup containing 72% (w/v) solids.
Lactosucrose ~ 42% of solids.
Syrup containing 75% (w/v) solids.
Lactosucrose ~ 55% of solids.

Powder. 55% lactosucrose.

Syrup containing 75% (w/v) solids.
Lactosucrose = 57% of solids.

Powder. 45% lactosucrose.

Syrup containing 72% (w/v) solids.
Lactosucrose > 35% of solids.
Syrup containing 75% (w/v) solids.
Lactosucrose > 55% of solids.

Powder. > 55% lactosucrose.
68-73% Of solids as lacto-sucrose
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Nyuuka-oligo 700

5.5.5. Lactitol

The two major world manufacturers are PURAC Biochem and
Danisco. Some 11,000 t are produced annually, and the growth rate is around
5% per annum. The price per kg is approximately US$2.00-2.50. Thus, it is a
much cheaper product than food-grade GOS and lactosucrose, but similar to
prices for lactulose syrup.

The Hayashibara Company of Okayama, Japan, took out early patents
on lactitol production. Manufacturers are listed in Table 5.10.

5.5.6. Lactobionic Acid

Both Solvay, Germany, and Friesland Foods Domo, Netherlands, are
major producers of the relatively small tonnage of lactobionic acid produced
annually (see Tables 5.7 and 5.8 for the addresses of these companies).

5.5.7. Tagatose

The development of tagatose as a commercial product has followed a
tortuous path, since its discovery. Licensing disagreements have dominated
its development. The original inventor was Dr Gilbert Levin who formed
BioSpherix Inc. in 1967. Later, the name was changed to Spherix Inc. In
1988, a patent was taken out on the use of b-tagatose as a sweetener and the
product developed in-house until 1996. In 1996, a license was granted to the
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Table 5.10 Major manufacturers of lactitol

Company name and address Product name Product description
PURAC Biochem b.v. Lacty-M food and pharmaceutical grades
Div of CSM 96% powder, monohydrate
Gorinchem
The Netherlands
Danisco DK Texturants and Lactitol AC anhydrous and monohydrate
Sweeteners Division, Lactitol ACM produced, and directly
Danisco A/S, Langebrogade 1, Lactitol CM compressible grade
DK-1001-K, Denmark. Lactitol MC (FinlacDC)
Finlac DC
Mitsubishi Shoji Food Tech Co Ltd, Milchen lactitol monohydrate powder

previously Towa Chemical Industry
Co Ltd ., 2-8-7, Yaesu, Chuo-ku,
Tokyo, 104-0028 Japan

Danish firm, MD Foods, to develop the food uses for tagatose, while
Spherix retained the rights to non-food uses. MD Foods later took over the
Swedish company, Arla Foods, and used its name. A period of slow develop-
ment occurred as Arla gathered evidence and sought listing of D-tagatose as a
GRAS ingredient. This was granted by the US Food and Drug Administration
in 2001. As no product was on the market by 2002, the agreement between
Spherix and Arla Foods was re-negotiated with new royalty agreements. Mean-
while in 2002, Arla Foods had commenced a joint venture with the German
sugar producer, Nordzucker, to manufacture tagatose at a plant near Hann-
over, Germany. The joint venture company was SweetGredients GmbH & Co.
KG. Commercial production of tagatose began in 2003 and the product was
marketed as Gaio®tagatose. After an active period of global marketing of the
product, SweetGredients decided to put tagatose production on hold in March
2006 as they had not been able to create a large enough market for the sweetener
and manufacturing was closed down in Germany. Later in 2006, the Belgian
Company NUTRILAB NV took over the stocks and project from Arla Foods
and began to set up a new manufacturing site with a new enzymatic process for
manufacture. The new product brand name is NUTRILATOSE. The process is
being scaled-up to produce up to 10,000t annually. The plant is planned for
completion by late 2009. The original tagatose patents assigned to Spherix Inc.
expired in 2006 in the USA and 2007 in Europe.

Global annual production capacity is currently estimated to be about 500
t, but this is expected to increase markedly after 2009. The market may grow
quite quickly for this product in the health foods area for low GI foods.
Manufacturers are listed in Table 5.11.
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Table 5.11. Current manufacturers of tagatose

Product Product
Company name and address name description
Spherix Inc., 12051 Indian Creek Court Naturlose non-food uses
Beltsville, MD 20705 USA
NUTRILAB N.V., Driesstraat 54 A, B-3461 Nutrilatose  food uses

Bekkevoort, Belgium

5.6. Analytical Methods

The choice of analytical methods for complex carbohydrates will depend on
the required outcomes. For example, it may suffice to use a simple HPLC
procedure with water as solvent and a standard ion-exchange column, such as
the BioRad HPX87C (calcium form). This will lead to adequate separations
of monomer sugars and of disaccharides and the 3-6 unit oligosaccharides
(Crittenden and Playne, 2002). However, usually it will not differentiate
isomers. In many cases, this may not be necessary. More sophisticated highly
alkaline systems with pulsed amperometric detection (PAD) will give
improved separations. More complex approaches are necessary if full struc-
tural analysis is necessary. Some useful references to the analysis of monomer
sugars and oligosaccharides are Townsend et al. (1988), Hardy and Town-
send (1988), Lee (1990), Reddy and Bush (1991) and Van Riel and Olieman
(1991). A standard method (method 2001.02) for analysis of galacto-oligo-
saccharides in foods has been developed (AOAC, 2006). This method is based
on high-performance anion-exchange chromatography (HPAEC) using a
sodium acetate gradient under alkaline conditions. The eluate is monitored
using pulsed amperometric detection (PAD) with a gold electrode. A com-
monly used apparatus is a Bio-LC system (Dionex Corporation, Sunnyvale,
California) (for example, see Hardy and Townsend, 1988; Quemener ef al.,
1994; van Laere et al., 2000; De Slegte et al., 2002).

Prior to the widespread adoption of HPLC methods, oligosaccharides
were commonly analysed by gas chromatography of derivatized monomer
sugars. Samples were methanolized (methanolic 0.5 M HCI, 80°C, 24 h),
N-acetylated and trimethylsilyated. The glycosides so formed were separated
by gas chromatography (e.g., Lemoine et al., 1997). Other methods for prepar-
ing methylated derivatives have been described (Rabiu et al., 2001). Thin layer
chromatography has also been used widely for qualitative and semi-quantitative
analyses of mono- and oligo-saccharides (e.g., Rabiu ez al., 2001). NMR
spectroscopy has been used for analysis of carbohydrates where structural
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elucidation of complex products is needed (see Thelwall, 1997). Yanahira et al.
(1995) examined the composition and structure of galactosaccharides using
methylation analysis, mass spectrometry and NMR spectroscopy. Lemoine
et al. (1997) carried out extensive studies using NMR spectroscopy to examine
the structures of extracellular polysaccharides of S. thermophilus. Boehm and
Stahl (2003) have provided an excellent overview of analytical methods suitable
for glyco-conjugates present in milk. They review methods for chromatography,
mass spectrometry, spectroscopy, electrophoresis and separation techniques,
such as crystallization and filtration.

Traditionally, dietary fibre was considered to comprise largely of plant
cell walls, namely cellulose and lignin (Van Soest, 1978). Southgate et al.
(1978) defined dietary fibre as “the sum of lignin and the polysaccharides that
are not digested by the endogenous secretions of the human digestive tract”.
This physiologically based definition includes both water-soluble and -inso-
luble constituents. Thus, fructo- and galacto-oligosaccharides and possibly
other prebiotic carbohydrates would be considered as “dietary fibre”. Appro-
priate methods of analysis of the water-soluble components have long been a
challenge for analysts. Thebaudin ef al. (1997) discussed the heterogeneous
composition of this fraction and methods of analysis in more detail. The 1998
Codex guidelines on food labelling defined dietary fibre as “edible plant or
animal material not hydrolysed by the endogenous enzymes of the human
digestive tract” (Codex Alimentarius, 1998). The historical development of
the dietary fibre concept, its definition and the ensuing development of
suitable analytical methods has been discussed extensively (AACC, 2001;
IFST, 2007). The present accepted definition, which has been adopted widely
by food regulators and manufacturers, includes generalized health benefits
based mainly on epidemiological data generated primarily from studies using
fruits, vegetables and whole grain cereal foods. This definition is

Dietary fiber is the edible parts of plants or analogous carbohydrates that
are resistant to digestion and absorption in the human small intestine
with complete or partial fermentation in the large intestine. Dietary fiber
includes polysaccharides, oligosaccharides, lignin and associated plant
substances. Dietary fibers promote beneficial physiological effects includ-
ing laxation and/or blood cholesterol attenuation and/or blood glucose
attenuation (AACC, 2001).

In 2006, FAO/WHO commissioned experts to further consider the
definition of dietary fibre. They recommended that the definition be restricted
to “dietary fibre consists of intrinsic plant cell wall polysaccharides”, thus
restricting the previous all-encompassing physiological definition. This
recommendation was considered in late 2007 (IFST, 2007). What does this
all mean for the analysis of galacto-oligosaccharides?
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For food labelling reasons, manufacturers of fructo- and galacto-oligo-
saccharides have been keen to be able to label those ingredients as dietary fibre.
The standard official method of analysis of dietary fibre adopted in 1985 was
AOAC method 985.29. Because the method was inadequate for fructans,
complementary methods were developed, such as AOAC 997.08 (based on
ion-exchange chromatography) and AOAC 999.03 (an enzymatic/spectropho-
tometric method). Quemener et al. (1994) developed a method for measure-
ment of trans-galacto-oligosaccharides by enzymatic treatment with [3-galac-
tosidase, followed by high-performance anion-exchange chromatography,
using PAD (HPAEC-PAD). This method was tested further in collaborative
studies (De Slegte et al., 2002) and adopted as the official AOAC method
(AOAC 2001.02). It has been published as Method 32-33 by the AACC
(2002). The chromatography supply company, Dionex Corporation, has
recently released an Application Note No. 155 which examines the use of
different potential waveforms in the PAD and improves the current method.

An enzymatic method to determine the lactulose content of milk in the
presence of lactose has been adopted by the IDF (1995). The method is suitable
for determining lactulose in the presence of much higher concentrations of
lactose. Nagendra and Rao (1992) published a colorimetric method to measure
lactulose in the presence of lactose. However, the HPAEC-PAD method
described above is suitable for the determination of lactulose, lactosucrose,
lactitol and tagatose, as well as complex mixtures of oligosaccharides.

Lactulose is often determined by enzymatic methods using kits supplied by
companies like Merck and Boehringer-Mannheim. The principle of the deter-
mination is to first hydrolyse the lactulose with a galactosidase to fructose and
galactose, then to convert the fructose in the presence of ATP with a hexokinase
to fructose-6-phosphate. The fructose-6-phosphate is then converted to glucose-
6-phosphate using phosphoglucose isomerase. Finally, in a reaction of the
glucose-6-phosphate with NADP using glucose-6-phosphate dehydrogenase,
the amount of NADPH formed is measured spectrophotometrically.

5.7. Properties

5.7.1. Properties of Oligosaccharides

Food-grade oligosaccharides are not pure products, but are mixtures
containing oligosaccharides of different degrees of polymerization (dp), the
parent polysaccharide or disaccharide and monomer sugars. A typical com-
mercial product composition for an unpurified GOS may comprise glucose and
galactose 10%; disaccharides (lactose) 70%; trisaccharides 18.7%; tetrasacchar-
ides 1.2%; and pentasaccharides 0.06%. More advanced manufacturing pro-
cesses result in much higher concentrations of galacto-oligosaccharides in the
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product. For example, Oligomate 50 produced by the Yakult Company con-
tains 50-52% galacto-oligosaccharides, 10—-13% lactose and 36-39% monosac-
charides (Matsumoto et al., 1993). Purified products are available from many
manufacturers, but costs increase considerably because of the extra processing
steps required. Purified products usually contain between 85 and 99% galacto-
oligosaccharides. It is obvious that there are important differences in the
properties and actions of food-grade oligosaccharide mixtures depending on
the mixture purchased. The applications of oligosaccharides as components in
foods will therefore vary considerably.

General properties of oligosaccharides are listed in Table 5.12. The data
provided by producers, not all of which have been possible to reproduce in
this review, usually include the following factors: sweetness (relative to
sucrose), viscosity, water activity, moisture retention, osmotic pressure, freez-
ing point depression, heat stability, storage stability at different pH values
and colouring by heat.

Most producers also provide safety and toxicological data for acute,
sub-acute and chronic toxicity. Data are also commonly provided to
demonstrate changes in colonic microbial flora following ingestion of oli-
gosaccharides. Usually, substantial increases in bifidobacteria are demon-
strated relative to the other bacterial classes measured.

The physico-chemical properties of oligosaccharides are largely depen-
dent on the molecular weight of the particular oligosaccharide product. These
effects are shown in Table 5.13.

Table 5.12. General properties of galacto-oligosaccharides

Appearance: translucent / colourless

Sweetness: typically 0.3-0.6 times that of sucrose.

Calorific value: lower than sucrose

Water activity: similar to that of sucrose

Viscosity: similar to that of high-fructose glucose syrup

Heat stability: stable to 160°C for 10 min at pH7 and to 100°C for 10 min at pH 2. More heat
stable than fructo-oligosaccharides at low pH over the range 5-37°C

Acid stability: stable to pH 2

Indigestibility: resistant to salivary and pancreatic a-amylase and other carbohydrases, and
gastric juice. Thus, reduce the glycaemic index of foods

Energy Value: about 50% of that of sucrose

Freezing point: reduces the freezing point of foods

Bacteriostatic properties: through competition for mucosal binding sites and adhesion by
pathogens. Some oligosaccharides are also able to absorb lectin-like toxins, e.g., VTEC, ETEC

Bifidogenic ability: able to increase the population of most species of bifidobacteria in mixed
populations of bacteria in both in vitro and in vivo studies in humans and animals

Cariogenicity: acts as an anti-caries agent (anti-cariogenic).
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Table 5.13. Physico-chemical properties of oligosaccharides

— Taste — sweetness decreases as molecular size increases

— Mouth-feel — larger-sized oligosaccharides have applications as fat replacers

— Viscosity — increases with increasing molecular size

— Solubility — decreases with increasing molecular weight

— Hygroscopicity — oligosaccharides can be used to control the moisture level in foods

— Colour reactions — decreases as molecular weight increases, because there are relatively fewer
available reducing moieties. Thus, reduced Maillard reaction in heat-processed food.

— Freezing point — depression of freezing point is inversely proportional to molecular weight

— Osmolality — decreases as molecular weight increases

— Coarse crystal formation — reduced occurrence with increased molecular weight

— Hydrolysis of oligosaccharides in acid conditions not related to molecular weight, but depends
on chemical composition

The susceptibility to hydrolysis of oligosaccharides during passage
through the gastrointestinal tract is an important characteristic. This has
been determined in a range of in vitro model systems of the stomach and
small intestine of humans. Different types of oligosaccharides have been
subjected to regimes such as (a) hydrolysis by human saliva (50%, v/v, saliva,
30 min exposure, pH 7.0, 37°C); (b) hydrolysis by gastric acid (4 h exposure,
pH 2.0, 37°C in acid/pepsin); (c) hydrolysis by pancreatic and brush border
carbohydrases (17%, v/v, porcine pancreatic and duodenal homegenates for
1 h exposure, pH 7.0, 37°C). Carbohydrate analysis before and after exposure
by HPLC then determines the degree of hydrolysis. Tests such as these have
shown that xylo-oligosaccharide mixtures, palatinose condensates, commer-
cial galacto-oligosaccharide mixtures and lactulose are very resistant to
hydrolysis, whereas lactosucrose, along with gentio-oligosaccharides, soy-
bean oligosaccharides, fructo-oligosaccharide mixtures and inulin oligosac-
charides are hydrolysed slightly by such conditions (Crittenden and Playne,
1997, unpublished data).

5.7.2. Properties of Lactulose

Lactulose solution is a yellowish, odourless clear syrup with a sweet
taste. Dry lactulose is a white, odourless crystalline powder. Lactulose is
soluble in water, but poorly soluble in methanol and insoluble in ether. Its
solubility in water is 76.4% (w/w) at 30°C, rising to 86% at 90°C. The melting
point is 168.5-170.0°C. Its sweetness is classified as 0.48-0.62 that of sucrose.
It is 1.5 times sweeter than lactose. Acid hydrolysis of lactulose yields galac-
tose and fructose. Unlike lactose, lactulose cannot be hydrolysed by human
intestinal enzymes. Lactulose can be fermented by some human colonic
bacteria and acts as a prebiotic ingredient (Mizota et al., 1987; Tamura
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et al., 1993). Heat sterilization is a common step in food manufacture.
Lactulose is stable and little decomposed when heated to 130°C for 10 min
at low pH. This relatively high stability makes it a suitable ingredient for
normal food processing.

5.7.3. Properties of Lactosucrose

Lactosucrose is very soluble in water (up to 3670 g/L at 25°C). It has
a sweetness relative to sucrose of 0.3. Itis stable for 1 hat pH 4.5 and 120°C.
It is most stable at neutral pH and remains fairly stable at pH 3 at 80°C.
As a powder, it has a high moisture-retaining capacity and is highly
hygroscopic.

Lactosucrose acts as a prebiotic carbohydrate and is not readily
digested by intestinal enzymes in the stomach and small intestine. It is
selectively fermented by Bifidobacterium in the human colon.

5.7.4. Properties of Lactitol

Lactitol is an odourless, colourless, sweet, non-hygroscopic and stable
sugar alcohol. As it lacks a reactive carbonyl group, which is characteristic of
sugar molecules, it does not participate in Maillard browning reactions with
amino groups. It occurs in both monhydrate and dihydrate crystalline forms
as pure products with good flowability. Lactitol is stable under both alkaline
and acid conditions and at high temperatures likely to be encountered during
food processing. Its melting point is 146°C and it is very soluble in water. The
sweetening power of lactitol is about 40% of sucrose and the calorific con-
tribution of lactitol after it is metabolized by colonic bacteria is less than
2.4 cal g (10 kJ) compared to 4.0 cal g (17 kJ) for sucrose.

Lactitol is not hydrolysed or absorbed in the small intestine and passes
through to the colon. Lactitol also acts as a prebiotic carbohydrate and
enhances the growth of certain groups of bacteria (e.g., bifidobacteria) in
the colon.

5.7.5. Properties of Lactobionic Acid

Lactobionic acid is best described as a natural polyol acid with a formula
weight of 358.30 Da and a pK, of 3.8. Itis soluble in water as a free acid or as a
salt. The molecule possesses multifunctional groups and thus acts as a metal ion
chelator and can sequester calcium (Abbadi et al., 1999). Lactobionic acid
inhibits the production of hydroxyl radicals as a result of its iron-chelating
capacity and it functions as an antioxidant in tissues. It has a sweet taste despite
being a weak acid. Lactobionic acid can be dehydrated to a lactone.
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Lactobionic acid is hygroscopic and forms a gel containing about 14%
water with atmospheric moisture. Concentrated solutions will form gels and
films. Its superior water-retention ability is valuable in cosmetic applica-
tions. Its main uses derive from its important chelating and emulsifying
properties.

5.7.6. Properties of p-tagatose

p-Tagatose is a monosaccharide with a formula weight of 180.16 Da; it
is a white solid with a melting point of 133-135°C. It has a similar texture to
sucrose and is 92% as sweet, but its calorific value (1.5 kcal/g) is only 38%
that of sucrose since it is metabolized differently from sucrose. Its indigest-
ibility in the stomach and small intestine results in a minimal effect on blood
glucose levels in humans. Values for the absorption of tagatose in the small
intestine vary widely from 20 to about 80% (Normen et al., 2001). The
unabsorbed fraction is then completely fermented in the colon by some
intestinal microorganisms. Those genera able to ferment tagatose included
Enterococcus and Lactobacillus, but not Bifidobacterium. Many dairy lactic
acid bacteria, such as lactococci and streptococci, fermented tagatose read-
ily (Bertelsen et al., 2001). It is claimed that its fermentation in the colon
results in an increased production of butyrate relative to that of acetate and
propionate (Laerke and Jensen, 1999, Laerke et al., 2000; Bertlesen et al.,
1999). It has a glycaemic index of only 3 compared to 100 for glucose. Its
glycaemic index is markedly lower than those for other natural sugars and
most sugar alcohols. It is claimed to have prebiotic properties (Bertlesen
et al., 1999, 2001), but its inability to be fermented by Bifidobacterium
species limits its application as a prebiotic. However, it is non-cariogenic
and non-plaque forming.

5.8. Uses and Applications

5.8.1. Galacto-oligosaccharides

The major uses of galacto-oligosaccharides are in beverages and in
infant milk formula, follow-on formula and infant foods. These are usually
provided at about 6 g/L of infant formula and are normally supplied as a
mixture of nine parts galacto-oligosaccharide and one part fructo-oligosac-
charide. A recent major Dutch study with 120 women, half of whom were
breast-feeding and half of whom were bottle-feeding, was conducted by
Bakker-Zierikzee et al. (2005). The data supported the benefit of adding
these oligosaccharides, as they were able to mimic the metabolic and micro-
bial effects normally found in breast-fed babies.
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Table 5.14. Uses of galacto-oligosaccharides in physico-chemical modification of
foodstuffs

— low sweetness (low glycaemic index, low calorie foods)

— taste and transparency

— prevention of hygroscopity (e.g., candies, sweets, chocolates)
— prevention of colouration (e.g., fruits and jams)

— reinforcement agent or thickener (e.g., sauces, creams, jelly)
— glazing agent (e.g., rice crackers, hard lollies/ boilings)

— regulation of freezing point (e.g., ice cream, frozen foods)

— humectant (e.g., cakes, pastries)

— powderizing material (e.g., coffee whitener, soups)

Oligosaccharides are also used widely in confectionery and in bread-
making, for their physico-chemical properties, as well as claimed health-
enhancing properties. Obviously, oligosaccharides also provide textural and
sensory properties to foods (see Table 5.14). They are being used increasingly
as ingredients of synbiotic foods, for example, their use in yoghurt and
yoghurt drinks.

The use of oligosaccharides in the livestock and pet food industries is
also increasing. In the latter case, GOSs are used to improve bowel consis-
tency and to provide firmer and less malodorous faeces. Prebiotic ingredients
are finding increased use in the chicken, pig and calf industries for improving
health and minimizing the use of antibiotics.

5.8.2. Lactulose

Most lactulose is used in the pharmaceutical industry, but increasingly
it is finding application as a prebiotic ingredient in functional foods. Lactu-
lose is generally classified as a drug, the prescription or non-prescription
status of which depends on the country. However, it has now been approved
for use as a prebiotic in several countries (Italy, Netherlands and Japan) and
may be sold as either a food or drink additive.

Lactulose is used to treat constipation and hepatic encephalopathy. It
is the principal anti-constipation drug worldwide. Lactulose has exhibited
some ability to ameliorate symptoms of idiopathic, as well as infectious,
inflammatory bowel disease and this may be due to its prebiotic effects
on colonic bacteria. There are some early indications in animal models that
it may aid in reducing the incidence of colon tumours and hence colon
cancer.

Applications listed by Morinaga are (a) as a prebiotic ingredient in infant
foods, (b) as a pharmaceutical for remission of hyperammonemia and chronic
constipation, (¢) as a sweetener for low-calorie dietary foods and (d) as an
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additive for cattle and pet feed. A variety of yoghurts, drinks, ice cream and
infant formula have been developed by Morinaga Milk Industry.

5.8.3. Lactosucrose

Lactosucrose has been used as a prebiotic ingredient in a range of food
products which have attained FOSHU status in Japan with 15 products
approved by 2005. It is used as a sweetener as well as a prebiotic in a range of
beverages, including coffee and tea. It is used in confectionaries, desserts,
sweets, bakery products and yoghurts. Its use is largely confined to Japan,
but marketing into the USA has commenced. It also has a use for improving
bowel consistency and faecal odour. Research has also been performed on
its use in pet food, particularly for reducing faecal odour (Fujimori, 1992).

5.8.4. Lactitol

The principal use of lactitol is as a low-calorie sweetener in foodstuffs. It
is used in a range of low-energy and low-fat foods. Its high stability makes it
popular for bakery applications, although it is not able to participate in the
Maillard reaction. It is used in sweets, chocolates, biscuits and ice cream where
it competes with other sugar alcohols, such as sorbitol, mannitol and xylitol. It
is used in glycaemic foods for diabetics and is also recognized as not causing
dental caries. Lactitol has also found application in pharmaceuticals as an
alternative to lactulose and as a cryoprotectant in surimi. Its low hygroscopi-
city and high viscosity give it advantages in chocolate and confectionary
manufacture. It has an emerging use in pre- and pro-biotic functional foods.

5.8.5. Lactobionic Acid

In the pharmaceutical industry, lactobionic acid is used to deliver ery-
thromycin intravenously and also in calcium supplementation. A major com-
mercial use is its role in organ preservation fluids during transplantation
procedures in hospitals. Lactobionic acid is used in the “Wisconsin transplan-
tation solution” because its metal-chelating properties reduce oxidative
damage to tissue during storage and preservation of organs caused by some
metal ions. Lactobionic acid can also be an ingredient in chlorohexidine-based
disinfectants. Itis able to suppress tissue damage caused by oxygen radicals and
is used to assist wound healing. In skincare, it has a use as a dermal care
cosmetic and possesses a number of useful properties for this purpose.

Emerging applications are as an acidulant with a sweet taste; a filler in
cheese production; use as a calcium carrier in functional drinks; as a co-
builder in detergents; and in corrosion protection. Lactobionic acid amides
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have been investigated for use in the surfactant industry. Lactobionic acid
N-alkylamides have been proposed for use in corrosion inhibition.

5.8.6. Tagatose

The main use of tagatose is as a sweetener with a low calorific content.
Its main market appears to be in diabetic foods, as it does not increase blood
glucose or insulin levels, and it has a very low GI value. It may also be useful
in weight loss diets to help overcome widespread obesity in Western human
populations. It has the advantage of being of similar sweetness to sucrose, but
with a low contribution to energy supply.

Tagatose has some potential as a prebiotic carbohydrate, but evi-
dence for its effectiveness relative to competing products is not yet
available. Its ability to be fermented in the colon to produce enhanced
concentrations of butyrate is of interest in relation to colonic cancers,
and this requires further investigation (Bertlesen er al., 1999; Topping
and Clifton, 2001).

5.9. Physiological and Health Effects

A major driver for the development of lactose derivatives has been the
identification of numerous physiological properties beneficial to health.
Some of these physiological effects have therapeutic value for specific dis-
orders while other properties are potentially beneficial to the population at
large. Hence, lactose derivatives have found applications both as pharmaceu-
ticals and as functional food ingredients. Despite a diversity of chemical
structures, the lactose derivates developed to date share a number of common
physiological traits important to their health benefits. These molecules are
universally

non-digestible

non-metabolizable

poorly fermented by bacteria in the mouth
fermented by bacteria in the intestinal tract.

O O O O

These physiological characteristics contribute to health benefits both at
specific sites in the body and systemically. The benefits demonstrated, or
proposed, include prevention of dental caries, roles in weight management,
improved defecation frequency and consistency and a range of other effects
stemming from modification of the composition and/or activity of the intest-
inal microbiota (prebiotic effects). Of course, differences in the chemical
structures of the various lactose derivatives also mean that they have differing
specific actions and potencies. The following sections outline the known and
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purported health benefits of lactose derivates and what we know about their
mechanisms of action.

5.9.1. Dental Health

Lactitol is one of a number of sugar alcohols that have found applica-
tions in products where sweetness is desired without stimulating cariogenic
bacterial activity in the mouth. Other examples include xylitol, sorbitol,
mannitol and maltitol, with the first two examples the most widely used.
Sugar alcohols are not fermented by bacteria in the mouth and so are non-
acidogenic and do not lead to bacterial exo-polysaccharide production that
contributes to dental plaque (van Loveren, 2004). Since they are small mole-
cules that are not digested, they cannot be consumed in large amounts due to
intestinal side effects (discussed later) and so are not used as bulk sweeteners,
but rather in products such as chewing gums and toothpaste. The other
lactose derivatives discussed in this chapter are also non-cariogenic, but are
not widely used specifically for oral health.

5.9.2. Prevention and Treatment of Constipation

Lactulose (10-20 g/day) is used widely as a pharmaceutical to treat
constipation and has proven efficacy in a number of placebo-controlled trials
(Fernandez-Bafiares 2006; Quah et al., 2006) even in patients with chronic
constipation. Since it is a relatively small molecule that is not digested or
absorbed, lactulose has an osmotic effect, trapping fluid, accelerating transit
in the small bowel and increasing ileocaecal flow. A recent human clinical
study has also shown that therapeutic doses of lactulose produce a prolonged
tonic contraction in the gut that may also be involved in the laxative effect
(Jouét et al., 2006). Since any carbohydrate that reaches the large bowel
should have a laxative effect (Macfarlane et al., 2006), the other lactose
derivatives also have benefits in the prevention and treatment of constipation.
GOSs too have been demonstrated to improve stool frequency and consis-
tency in infants and adults, though it is used more in functional foods as
opposed to pharmaceutical applications. Possible mechanisms of action of
lactose derivatives in alleviating constipation are shown in Figure 5.7.

5.9.3. Treatment of Hepatic Encephalopathy

Hepatic encephalopathy (HE) is a neuropsychiatric condition driven by
liver dysfunction that includes a spectrum of symptoms ranging from subtle
changes in cognition and personality to lethargy, stupor and coma (Dbouk
and McGuire, 20006).
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Figure 5.7. Mechanisms by which lactose derivatives prevent and alleviate constipation.

Although the precise underlying mechanisms remain debated, elevated
ammonia concentrations in plasma and the central nervous system, caused by
the inability of the liver to clear ammonia generated by the gut microbiota,
are considered key to its pathogenesis (Prasad et al., 2007). Lactulose and
lactitol are front-line therapeutic agents in HE because they limit both
ammonia production in, and absorption from, the colon. The fermentation
of these carbohydrates when dosed at relatively high levels results in a diver-
sion of ammonia to microbial protein production. Additionally, acidification
of the colonic lumen inhibits urease-positive and deaminating bacteria (impli-
cated in intestinal ammonia production), increases intestinal transit and
reduces absorption of ammonia from the intestinal lumen (Bongaerts et al.,
2005; Dbouk and McGuire, 2006). Lactulose and lactitol have similar effi-
cacy, although lactitol is more palatable and produces more rapid results with
fewer side effects (Dbouk and McGuire, 2006).

5.9.4. Prebiotic Effects

Some of the main physiological effects of lactose derivatives stem from
their impact on the composition and activities of the intestinal microbiota.
Our intestinal tract is colonized by a complex ecosystem of microorganisms
that increase in numbers from 10°-10* per gram of contents in the stomach to
10°-10® per gram in the small intestine and 10'°-10'? per gram in the colon
(McCartney and Gibson, 2006). Far from being inconsequential to our lives,
these microorganisms are in a symbiotic relationship with their host and are
highly important to our health and well-being. They provide us with a barrier
to infection by intestinal pathogens (Bourlioux et al., 2003), much of the
metabolic fuel for our colonic epithelial cells (Topping and Clifton, 2001),
and contribute to normal immune development and function (Blum and
Schiffrin, 2003; Tlaskalova-Hogenova et al., 2004). Intestinal bacteria have
also been implicated in the aetiology of some chronic diseases of the gut such
as inflammatory bowel disease (IBD) (Cummings et al., 2003; Marteau et al.,
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2003). As we age, changes occur in the composition of the intestinal micro-
biota that may contribute to an increased level of undesirable microbial
metabolic activity and subsequent degenerative diseases of the intestinal
tract (Saunier and Doré, 2002; Guarner and Malagelada, 2003).

Modifying the composition of the intestinal microbiota to restore or
maintain a beneficial population of microorganisms would appear to be a
reasonable approach in cases where a deleterious or sub-optimal population
of microorganisms has colonized the gut. The two genera most often pro-
posed as beneficial bacteria with which to augment the intestinal microbiota
are the lactobacilli and bifidobacteria, both of which are numerically com-
mon members of the human intestinal microbiota. Two approaches are used
to increase the number or proportion of these bacteria in the gut. The first is
by directly supplementing the intestinal microbiota by consuming live bac-
teria, “probiotics”, in foods or pharmaceuticals. The second is by consuming
dietary components, “prebiotics”, which selectively stimulate the prolifera-
tion and/or activity of these purportedly beneficial organisms that are already
resident within the intestinal microbiota (Gibson et al., 2005). Most prebiotics
identified to date are non-digestible, fermentable carbohydrates, particularly
oligosaccharides and include the lactose derivatives, GOSs and lactulose.

Despite a diversity of structures, most prebiotics stimulate the prolifera-
tion of bifidobacteria in particular and are sometimes referred to as “bifidus
factors” or “bifidogenic factors” (Table 5.1). A number of largely prophylactic
health targets have been proposed for prebiotics stemming from alterations to
the composition or fermentative activity of the microbiota in response to
the availability of a selectively utilized carbohydrate source. These include
protection against enteric infections, increased mineral absorption, immuno-
modulation for the prevention of allergies and gut inflammatory conditions
(Figure 5.8), and trophic effects of short-chain fatty acids (SCFA) on the
colonic epithelium, faecal bulking and reduced toxigenic microbial metabolism
that may reduce risk factors for colon cancer (Figure 5.9).

5.9.4.1. Applications of GOSs in Infant Nutrition

The composition of the human intestinal microbiota changes naturally
with age, and in early infancy the microbiota is believed to be particularly
important in correct functioning of the gut and maturation of the immune
system. Indeed, differences have been observed between the composition
of the microbiota in allergic and healthy infants including reduced numbers
of bifidobacteria and a more adult-like profile of Bifidobacterium species
(Kirjavainen and Reid, 2006). Bifidobacteria colonize the human intestinal
tract during or soon after birth and in breast-fed infants eventually dominate
the microbiota (Harmsen et al., 2000). The numerical dominance of
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bifidobacteria is induced by bifidogenic components in breast milk, including
oligosaccharides (Harmsen et al., 2000; Mountzouris et al., 2002). Indeed,
human milk oligosaccharides (HMOs) are the original prebiotics. The concen-
tration of HMOs in breast milk (5-12 g/L) is about 100 times that found in
cow’s milk (0.03-0.06 g/L) (Kunz et al., 2000; Boehm and Stahl, 2007), repre-
senting the third largest solid component behind lactose and fat (Bruzzese et al.,
2006). That mothers direct so much energy towards components of breast milk
that are not directly metabolized by the infant, but rather selectively feed and
direct the composition of the microbiota, shows evolutionarily just how impor-
tant the infant gut microbiota is to well-being.

In contrast to breast-fed infants, infants fed traditional cow’s milk-
based formulae develop a more mixed intestinal microbiota, with lower
counts of bifidobacteria and higher counts of clostridia and enterococci
(Adlerberth, 1999). Formula-fed infants also have been observed to have
higher faecal ammonia and other potentially harmful bacterial products
(Heavey et al., 2003; Edwards and Parrett, 2002). The bifidogenic effect
of HMOs can be emulated using oligosaccharides such as GOSs or
fructo-oligosaccharides (FOSs). In fact, most Japanese infant formula
manufacturers have been supplementing their products with prebiotic
oligosaccharides for many years (Boehm et al., 2005).

GOSs share some structural similarities with the backbone of HMOs,
although HMOs are considerably more complex, with over 200 different
structures identified based on a variable combination of glucose, galactose,
sialic acid, fucose and/or N-acetylglucosamine, with varied sizes and linkages
accounting for the considerable variety (Kunz et al., 2000). In recent years, a
number of studies have investigated the effect of infant formula containing
8 g/L of a mixture of 9:1 GOSs:FOSs on the intestinal microbiota of infants.
The GOSs:FOSs mixture was designed to mimic the molecular size distribu-
tion of HMOs (Knol et al., 2005). Summarized in Figure 5.10, they show that
feeding this formula induced a microbiota similar to that of breast-fed
infants, both in terms of composition of the overall microbiota and the
proportion and species composition of lactobacilli and bifidobacteria
(which tends to be more adult-like in traditional formula-fed infants)
(Rinne et al., 2005; Haarman and Knol, 2005, 2006; Knol et al., 2005). The
oligosaccharide-containing formula also resulted in a reduced faecal pH and
a SCFA profile that mimicked breast milk (dominated by acetate) and was
different from that produced by traditional infant formulae (higher in buty-
rate and propionate) (Boehm ez al., 2005; Fanaro et al., 2005; Knol et al.,
2005; Bakker-Zierikzee et al., 2005). Feeding the oligosaccharide formula
also resulted in an improved stool consistency and frequency, similar to
breast-fed infants, while having no adverse impacts on measures of infant
growth or other adverse effects (Boehm et al., 2005; Bruzzese et al., 2006;
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Figure 5.10. The inclusion of a prebiotic mixture of 9:1 galacto-oligosaccharides (GOSs) to
fructo-oligosaccharides (FOSs) mimics many of the effects of human milk oligosaccharides
(HMOs) on the composition and activity of the human infant intestinal microbiota. In contrast,
traditional infant formulae containing no oligosaccharides drive a more adult-like microbiota and
stool composition.

Ziegler et al., 2007). Finally, the oligosaccharide-supplemented formula
showed a positive effect on the level of protective secretory IgA in the gut,
increasing concentrations in comparison to standard formula (Bakker-Zier-
ikzee et al., 2005). These studies demonstrate that formulae supplemented
with the GOSs:FOSs can mimic many of the physiological impacts of HMOs.
Now the challenge remains to establish if these translate into benefits for
clinical end-points such as incidence of infections or the prevalence of allergy.

5.9.4.2. Impacts on the Microbiota Composition in Adults

Following weaning, the composition of the colonic microbiota
becomes increasingly complex. In adulthood, the microbiota consists of
more than 500 different species, although it is dominated by 30-40, and its
composition becomes quite stable (McCartney and Gibson, 2006).
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Bifidobacteria remain numerically important, although their proportion of
total microbes declines from 60 to 80% in breast-fed infants to 1-5% in
adults. Feeding prebiotics to adults typically induces 10- to 100-fold
increases in the size of the intestinal Bifidobacterium population (Critten-
den, 1999). However, a range of factors may influence the magnitude of any
increase in Bifidobacterium numbers, the most important being the initial
size of the population in the intestinal tract. In individuals colonized by an
already large population of bifidobacteria (in the order of 10® cfu/g faeces),
prebiotic consumption appears not to increase Bifidobacterium numbers
further (Rao, 1999).

Of the lactose derivatives, lactulose has the best accumulated evidence of
prebiotic effects on the adult microbiota. A number of well-controlled feeding
trials with lactulose have consistently shown bifidogenic effects, which have
been detected using both traditional microbiological culture methods and
molecular ecology techniques (Ballongue et al.,1997; Tuohy et al., 2002; Bouh-
nik et al., 2004a; De Preter et al., 2006; Vanhoutte et al., 2006). GOSs have also
demonstrated prebiotic effects in adults, but the bifidogenic impact of GOSs in
infants has not been as consistently replicated in adult feeding trials (summar-
ized by Rastall, 2006). DNA-based measurements of the composition of the
bacterial community in the gut do not necessarily reflect the metabolic activity
of specific strains. Using RNA-DGGE, this activity can be monitored
(Tannock et al., 2004). Those authors found that feeding adults a dose of
GOSs as low as 2.5 g/day did change the metabolic activity of bifidobacteria.
Unlike FOSs and inulin, these lactose derivatives also appear to increase the
numbers of lactobacilli in faeces. Additionally, these increases have often been
accompanied by concomitant reductions in putrefactive and pathogenic bac-
terial populations. Effective doses have usually been 10-20 g/day, although
lactulose has been reported to have bifidogenic effects also at lower doses
(Terada et al., 1992; Bouhnik et al., 2004b).

Lactitol also has been shown to have prebiotic effects in adults similar
to lactulose (Ballongue et al., 1997; Kummel and Brokx, 2001; Chen et al.,
2007) although it is possibly slightly less potent (Ballongue ez al., 1997).
Additionally, there is some evidence of prebiotic action by lactosucrose
from a number of small human feeding trials (Fujita ef al., 1991; Yoneyama
et al., 1992; Hara et al., 1994b; Ohkusa et al., 1995).

Overall, there is evidence that the consumption of some lactose deriva-
tives can result in changes in the composition of the intestinal microbiota in
adults. The observed increases in the numbers of saccharolytic, acidogenic
bacteria and reductions in the numbers of putrefactive and potentially patho-
genic bacteria could be reasonably hypothesized to benefit health. However, a
clear link between these changes in the microbiota composition and improved
health clinical end-points in adults is yet to be established.
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5.9.4.3. Fermentation of Lactose Derivatives by the Intestinal Microbiota

In addition to modifying population dynamics, prebiotic lactose deri-
vatives also modify the activity of the microbiota by providing a source of
readily fermentable carbohydrate. It may be this dietary fibre-like character-
istic of modifying the fermentative activity of the existing microbiota that is
the important factor in providing a number of health benefits to consumers.
The proposed health effects of prebiotics believed to be largely contingent on
modifications to the metabolic activity of the microbiota include reductions
in risk factors for colon cancer, increased mineral absorption, improved lipid
metabolism and increased resistance to intestinal pathogens.

5.9.4.4. Colon Cancer

The intestinal microbiota has a number of biochemical activities relevant
to colon cancer risk that relate to the composition and activity of different
bacterial populations. Hence, lactose-derivative prebiotics may have a role in
reducing risk factors for colon cancer. Proposed mechanisms include supplying
the colonic epithelium with SCFA (particularly butyrate); suppression of
microbial protein metabolism, bile acid conversion and other mutagenic and
toxigenic bacterial reactions; and immunomodulation (Figure 5.8).

A number of studies on humans and animals have shown that the
consumption of lactulose (Terada et al., 1992; Ballongue et al., 1997; De Preter
et al., 2004) and GOSs (Rowland and Tanaka, 1993; Kawakami et al., 2005)
improves the colonic environment in terms of reducing the levels of mutagenic
enzyme activities (e.g., S-glucuronidase and azoreductase) and bacterial meta-
bolites (e.g., secondary bile acids, phenols and indoles) that are purportedly
associated with risk of colon cancer. However, the quantitative importance of
these markers to eventual cancer development remains to be established.

Protection by prebiotics against the development of pre-neoplastic
lesions and tumours in rodent models of colon carcinogenesis has also been
reported for lactulose (Rowland et al., 1996; Challa et al., 1997), while in a
human feeding study, administration of lactulose reduced the recurrence of
colonic adenomas in patients who had had surgery to remove adenomas
(Ponz de Leon and Roncucci, 1997). However, these results are very pre-
liminary and a great deal more research is required to discern if the consump-
tion of lactulose has a protective function against colorectal cancer.

5.9.4.5. Mineral Absorption

Encouraging results have been reported for the impact of fermentable
carbohydrates, including GOSs and lactulose, on increasing mineral absorption
from the gut. The precise mechanisms of prebiotic-mediated improvements in
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Figure 5.11. Proposed mechanism by which prebiotic lactose derivatives impact on cardio-
vascular health and mineral absorption.

mineral uptake remain unclear, but fermentative activities of the microbiota,
including the production of SCFA and reductions in luminal pH, are believed to
be involved in improving mineral solubility and extending the site of mineral
absorption further into the colon (Morohashi, 2002) (Figure 5.11). In rat studies,
increased calcium uptake has lead to improved bone mineralization for animals
fed GOSs (Chonan et al., 1995) or lactulose (Mizota, 1996), and improved
calcium uptake has also been reported in human feeding studies using these
two lactose derivatives (Van den Heuvel ez al., 1999; 2000). Though preliminary,
the results to date suggest that the consumption of lactulose or GOSs may
improve calcium uptake and further research is warranted to investigate links
between long-term consumption and improved bone density in humans at risk
of developing osteoporosis.

5.9.4.6. Colonization Resistance

The ability of lactose derivatives to improve colonization resistance and
prevent bacterial infections in the gut has not been explored thoroughly, but
results so far indicate a potential application for lactulose and NDOs in this
function. Ozaslan et al. (1997) observed lower caecal overgrowth and trans-
location of E. coli in rats with obstructive jaundice when they were fed
lactulose, while Bovee-Oudenhoven et al. (1997) reported that the consump-
tion of lactulose increased colonization resistance against the invasive patho-
gen, Salmonella enteritidis, in rats. Indeed, the consumption of high doses (up
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to 60 g/day) of lactulose is effective in eliminating salmonella from the
intestinal tract of chronic human carriers and it is used as a pharmaceutical
for this purpose in some countries (Schumann, 2002). The mode of action is
speculated to be acidification of the gut that prevents the growth of this acid-
sensitive pathogen. In a placebo-controlled study, Chen et al. (2007) reported
that feeding lactitol significantly reduced plasma levels of endotoxin in a
group of patients with chronic viral hepatitis. Endotoxaemia is closely corre-
lated with the disturbance of the gut flora and the decline of colonization
resistance in these patients. Consuming lactitol significantly increased popu-
lations of bifidobacteria and lactobacilli, perhaps contributing to an
improved intestinal barrier.

Another mechanism by which oligosaccharides may provide protection
against enteric infections is through competitive inhibition of pathogen
adherence to the mucosa. Oligosaccharides can act as structural mimics of
the pathogen-binding sites, which are often carbohydrate epitopes. HMOs
act in this way to block the initial binding of a range of pathogens to inhibit
colonization (Gibson et al., 2005; Shoaf et al., 2006). In vitro experiments
using epithelial cell culture models (Tzortzis et al., 2005b; Shoaf et al., 2006)
and in vivo monkey challenge experiments (Gibson et al., 2005) have shown
that GOSs and lactulose have the ability to interfere with the adhesion of
enteropathogenic E. coli. The ability rapidly to install or restore colonization
resistance where the intestinal microbiota has been perturbed may prove to
be an effective use of lactose derivatives in the future. Possible mechanisms
by which prebiotics may increase colonization resistance are illustrated in
Figure 5.12.

5.9.4.7. Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) describes a group of chronic, severe,
relapsing inflammatory conditions of the gut that includes Crohn’s disease
and ulcerative colitis. A genetic predisposition to develop an over-zealous
inflammatory immune response to components of the intestinal microbiota
has been implicated in its aetiology (Schultz et al., 2004). Elimination of
specific bacterial antigens, immunomodulation and trophic effects of SCFA
on the intestinal epithelium have all been proposed as mechanisms by which
prebiotics could alleviate symptoms (Figure 5.9). The size of the intestinal
Bifidobacterium population has been shown to be relatively small (Favier
et al., 1997; Linskens et al., 2001) in subjects afflicted with IBD, although
cause and effect links between disease and a diminished intestinal Bifidobac-
terium population remain to be established. Using different rodent models of
IBD, Rumi et al. (2004) and Camuesco et al. (2005) ameliorated inflamma-
tion by feeding lactulose. Camuesco et al. (2005) noted that the improvement
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Figure 5.12. Proposed mechanisms by which prebiotic lactose derivatives increase colonisa-
tion resistance in the gastrointestinal tract.

was associated with an increase in the numbers of bifidobacteria and lacto-
bacilli. However, using the same model as Camuesco et al. (2005), Holma
et al. (2002) observed no reduction in inflammation by intervention with
galacto-oligosaccharides despite an increase in Bifidobacterium numbers.
While the results with lactulose are encouraging, the scientific literature is
unfortunately littered with examples of treatments for IBD that have worked
in animal models, only to fail dismally in human studies. Despite this, further
research into the efficacy of lactulose in the treatment of IBD is warranted.

5.9.4.8. Glycaemic Index, Weight Management and Serum Lipids

Since lactose derivatives are sweet and not digested, they have a low
calorific value and are used as low-energy, low glycaemic index sweeteners that
are also suitable for diabetic individuals. Additionally, several other physiolo-
gical effects resulting from the consumption of non-digestible, fermentable
carbohydrates have been reported that impact on weight management and
serum lipid profiles. A number of prebiotic carbohydrates, including lactose
derivatives (Ferchaud-Roucher et al., 2005; Shimomura et al., 2005; Vogt et al.,
2006), have been shown to reduce serum triglyceride level in animal and human
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studies. The mechanism by which lowering of serum lipids and cholesterol may
occur has been speculated to be regulation of host de novo lipogenesis through
SCFA (particularly acetate) absorbed from the gut (Williams and Jackson,
2002) or by reduced intestinal fat absorption (Shimomura et al., 2005) (Figure
5.10). Although promising, not all feeding studies in humans using prebiotic
carbohydrates have resulted in clinically significant changes in serum lipid
profiles, and further research is needed to identify responsive populations,
interactions with diet and to show benefits of dietary intervention in clinical
end-points such as impact of cardiovascular disease.

Preliminary data have also suggested that lactulose (Ferchaud-R oucher
et al., 2005; Brighenti et al., 2006) and lactitol (Juskiewicz et al., 2006) could
improve insulin sensitivity. In a small human feeding trial, Brighenti et al.
(2006) demonstrated that feeding a meal containing lactulose diminished
post-prandial blood glucose response in a subsequent meal (“second meal
effect”) by reducing competition by non-esterified fatty acids for glucose
disposal, and to a minor extent, by affecting intestinal motility. The potential
of fermentable carbohydrates in the management of metabolic disorders
linked to insulin resistance may warrant further study.

5.9.5. Farm and Companion Animals

Prebiotic oligosaccharides, including GOSs, have been evaluated for
use in both farm animal feeds and for companion animals, especially dogs.
The advantage of use with dogs is the positive impact of feeding oligosac-
charides on reduced odour and improved volume and consistency of faeces
(Swanson and Fahey, 2006). With respect to farm animals, prebiotics have
been studied for their potential to replace antibiotics in maintaining high-feed
conversion efficiencies and also to suppress methane production by rumi-
nants (Mwenya et al., 2004a,b; Sar et al., 2004; Santoso et al., 2004).

5.10. Product Safety, Dose Rates and Regulatory Issues

5.10.1. Galacto-oligosaccharides

The regulatory regimes for non-digestible carbohydrates have been
under active review in many countries in recent years. A marked development
since 2000 has been the inclusion of most non-digestible oligosaccharides in
the category “dietary fibre” (see definition in Section 5.6). This has been a
landmark development, because it allows recognition of these products as
having some health benefits. Prior recognition in a regulatory sense had been
restricted to Japan, where for many years the functional food sector was
regulated by the FOSHU system.
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In Japan, the occurrence of an ageing population and the likely national
health costs were recognized much earlier than in Western countries. So by
1991, a special category of FOSHU regulations was introduced. By December
2007, there were 755 FOSHU-approved products. Those with gastrointestinal
claims, which include products containing prebiotics such as FOS, lactosucrose
and lactulose, accounted for 51% of sales in 2007 (Bailey, 2008). FOSHU is
controlled by the Japan Health Food and Nutrition Food Association. It has
produced English-language versions of its guide, brochure and list of approved
products.

The use of GOSs as an optional ingredient in infant milk formulae and
infant foods has been the subject of intensive regulatory inquiry and its
acceptance varies among countries. Revised Codex standards were released
in November 2006 (Codex ALINORM 07/30/26). Readers are referred to the
Codex website (www.codexalimentarius.net) for current standards (CODEX
STAN 72-1981; and 156-1987).

5.10.1.1. Safety Issues and Dose Rates

Safety of use must always be dominant in the development of new food
products. Fortunately, it is well established that GOSs and lactulose are safe,
even at high doses. Galacto-oligosaccharides are considered safe ingredients as
they are constituents of human milk and can also be produced in the gut by
intestinal bacteria from ingested lactose. Acute toxicity tests in rats have shown
that ingestion of more than 15 g/kg body weight of 31—4 galacto-oligosac-
charide was needed for LD5,. No adverse symptoms were recorded in a chronic
toxicity test when 1.5 g/kg bodyweight were fed for 6 months. Non-mutageni-
city was confirmed by the AMES-Salmonella and Rec assay (Matsumoto et al.,
1993; Sako et al., 1999). However, excessive intakes (> 30 g/day in adults) can
lead to flatulence, cramping and osmotic diarrhoea, particularly with the
shorter chain oligosaccharides. There is some evidence of adaptation to oligo-
saccharides by individuals, who can then eat double the normal recommended
maximum doses without symptoms (Schoterman, 2001). Furthermore, other
non-digestible carbohydrates are present as natural components in many
vegetable food sources. Estimates have been published of expected intakes of
fructo-oligosaccharides and inulin from such sources. It is likely that an intake
around 8 g/day per adult human may be normal.

Recommended effective doses of added oligosaccharides in adult humans
usually range from 10 to 20 g/day. With the slower-fermenting inulin or
resistant starch, an intake of up to 40 g/day is acceptable. With the short-
chain oligosaccharides, few ill-effects have been recorded in adults with intakes
of 25-30 g/day, but adaptation was sometimes necessary. These intakes are all
additional to what might be derived from other food components in a normal
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diet. Bifidogenic responses are not always found when oligosaccharides are
added to the diet of humans. This occurs when the populations of bifidobac-
teria in the colon are already relatively high (Alander et al., 2001).

5.10.2. Lactulose

Most preparations of lactulose contain substantial concentrations of
lactose, epi-lactose and galactose. Thus, the use of lactulose is contraindicated
in those who require low lactose or low galactose diets. In some countries, such
as the USA, lactulose is a prescription drug and its use is limited to prescribed
medical use. Those who develop gastrointestinal disturbances, such as bloat-
ing, discomfort, flatulence and diarrhoea, with dietary fibre should exercise
caution in using lactulose. Acute and sub-acute toxicity data for lactulose have
been summarized by Mizota et al. (1987) and are similar to that for sucrose. In
1992, the Ministry of Health and Welfare in Japan approved lactulose as a
useful ingredient in specified foods currently being sold for health use
(FOSHU). Thus, in 1995, a soft drink, “Mai-asa Sohkai”, containing 4 g
lactulose per carton, was approved as “a beverage made from lactulose which
properly supports the proliferation of Bifidobacterium in the intestines to
maintain good condition of the bowels” (Anon., 1997).

As an anti-constipation drug, the normal daily dose for adults is 20 g
lactulose. It is also established that ingestion of lactulose at higher doses can
result in diarrhoea.

5.10.2.1. Toxicological Data

Canlac, a subsidiary of Solvay Pharmaceuticals, has measured toxic
effects of Lactulose USP concentrate (693 g/L). The results of these studies
can be summarized as:

Acute toxicity — by oral route, LDj5 in rats, 3045 mg/kg
Chronic toxicity

— oral route (diet), after prolonged exposure, in rats, 15 ml/kg, no
observed effect.

— oral route (diet), after prolonged exposure, in dogs, target organ:
gastrointestine, 4 ml/kg, no observed effect

— no effect on fertility

— no teratogenic effect.

The lactulose concentrate was not hazardous under normal conditions
of handling and use. Ecotoxicity tests were also measured. In summary, no
adverse environmental effects were found, and it was not regarded as hazar-
dous for the aquatic environment (Anon., 2003).
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5.10.3. Lactosucrose

The minimum effective dose of lactosucrose is 5 g/day for an adult.
When it is taken in large amounts, lactosucrose may cause a rise in gastro-
intestinal osmotic pressure and induce diarrhoea. Its maximum no-effect dose
is 0.6 g/kg bodyweight. An optimum dose is considered to be between 5 and
36 g/day for an adult human (Oku and Tsuji, unpublished).

5.10.4. Lactitol

The European Community listed lactitol as a permitted sweetener
(E 966) (EC Directive 96/83/EC) and the USA FDA has accepted lactitol
for GRAS listing. Lactitol is approved as a sweetener in over 30
countries.

Lactitol was last evaluated in 1983 by the Joint FAO/WHO Expert
Committee on Food Additives. A range of short- and long-term studies on
its absorption, distribution and excretion in biochemical studies and in ani-
mal models were examined. Toxicological studies were examined including
studies on carcinogenicity, dermal irritation, eye irritation, mutagenicity,
reproduction and teratogenocity (for details, see JECFA, 2008; Inchem,
2008). In humans, lactitol at 24 g/day orally is tolerated well by healthy and
diabetic persons. It does not alter blood glucose level. Higher doses (50 g/day)
cause diarrhoea. It was concluded that lactitol has only a very low general
toxicity following large doses. The Expert Committee did not believe that
lactitol at the normal levels of intake likely to be experienced presented a
hazard to health. No acceptable daily intake for man (ADI) was specified by
the committee, and the establishment of a numerical figure was not deemed
necessary.

A biodegradability test based on dissolved organic carbon showed
complete degradation within 5 days.

5.10.5. Lactobionic Acid

The regulatory status in the food industry is limited. It is approved
as a food additive in the form of its calcium salt. Its use is as a firming
agent in dry pudding mixes [Code of Federal Regulations, Title 21, Vol.
3 (2ICFR 172.5), US Food and Drug Administration]. However, it has
many non-food uses, such as in detergents, chelating agents and in
cosmetics. It also is accepted by the US Food and Drug Administration
as an inactive ingredient for medical use in organ transplantation
solutions.
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5.10.6. Tagatose

Tagatose was listed in 2001 as a GRAS ingredient by the US Food and
Drug Administration. The Food Standards Agency in the UK recognized
tagatose as a novel food ingredient in the EU, and this is expected to be
ratified soon. Also, it has been approved for food use in Brazil, Korea,
Australia and New Zealand, and approval in Mexico, Japan and Canada is
expected shortly.

5.11. Conclusions

5.11.1. Future Directions and Challenges

The manufacture of GOSs and the other lactose-derived compounds is
in the process of rapid expansion globally. A major reason for this expansion
in production in recent years has been the general regulatory acceptance of
the addition of GOSs to infant milk formulae and infant foods. More
broadly, the ability to include these ingredients under the heading “dietary
fibre” on food labels has enabled some health benefits to be stated. However,
as discussed earlier, there is now some doubt whether oligosaccharides will
remain classified as dietary fibres.

As further clinical and animal studies are conducted, a range of non-
digestible carbohydrates are gaining medical acceptance as prebiotics, which
are able to confer some health benefits. This includes GOSs and lactulose.
The evidence is less well established for lactosucrose and lactitol. Lactobionic
acid and tagatose are not considered to be prebiotics, although unsubstan-
tiated claims have been made for tagatose.

Evidence exists that -galactosidases obtained from certain microor-
ganisms (e.g., B. bifidum) tend to produce higher proportions of the longer
chain galacto-oligosaccharides. These mixtures tend to be used more specifi-
cally by certain species of Bifidobacterium (Rabiu et al., 2001; Tzortzis et al.,
2005a). This search for prebiotic carbohydrates with greater selectivity by
probiotic bacteria is of high interest to manufacturers, and offers scope for
the development of genuine synbiotic products. The ultimate in synbiotic
combinations will include oligosaccharides that can not only benefit the
proliferation and activity of the specific probiotic strains in the colon, but
also protect those bacteria during manufacture, formulation and storage, and
during gastrointestinal transit.

The efficiency of oligosaccharide synthesis is also being improved by
modifying the -galactosidase molecule by deletion of amino acid residues in
the protein. This has converted the enzyme to being predominantly a trans-
galactosylation enzyme rather than a hydrolytic enzyme (Jorgensen et al.,
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2001). This truncated enzyme performed equally well at lactose concentra-
tions ranging from 10 to 40%. Thus, there is much scope for modifying the
chain length of oligosaccharides synthesized and to do this with high yields.

A number of the health benefits of lactose derivatives are well estab-
lished, including the pharmaceutical applications of lactulose and lactitol as
laxatives and treatments for hepatic encephalopathy. It is clear too that
ingestion of GOSs and lactulose can modify the composition and activity of
the intestinal microbiota, and there is some evidence also for prebiotic effects
of lactitol and lactosucrose.

Increasing the numbers of bifidobacteria or lactobacilli in the intestinal
microbiota of individuals with an unfavourable intestinal microbial balance
appears with our current understanding of the human intestinal microbiota to
be a reasonable approach to promoting intestinal health. However, basic
research into the composition and role of different microbial populations
within the intestinal microbiota in health and disease is an essential prerequisite
for the development of appropriate prebiotic strategies. Little is currently
known of the sub-genus changes in bifidobacterial populations that can be
induced by non-digestible carbohydrates, or if such changes are important in a
health context. A better understanding of what constitutes a "healthy" intest-
inal microbiota composition, and which microbial groups and activities are
definitively involved in health and disease, will allow the development of
prebiotics with specifically targeted health effects in the future. The recent
research showing how infant formulae supplemented with GOSs can emulate
many of the effects of human milk oligosaccharides on the infant microbiota
and faecal consistency provides encouraging evidence for a useful role in infant
nutrition. The challenge remains to link the observed changes in the intestinal
microbiota with clinical end-points that clearly demonstrate a health benefit.

The galactose moiety in oligosaccharides is important in mammalian
cell biology (Kobata, 1996). There is considerable interest in the development
of novel galactosyl structures. This is evidenced by the emergence of a large
number of glycoscience companies developing carbohydrate-based drugs.
For example, there are opportunities to develop cost-effective manufacturing
processes for fucose-containing and N-acetylglucosamine-containing
galacto-oligosaccharides.

The fact that lactose derivatives are non-digestible and are fermented by
the intestinal microbiota to SCFA possibly underpins many of the potential
health benefits of these compounds. There is preliminary evidence for a range
of health benefits, including improved mineral absorption, protection against
colorectal cancer and positive impacts on insulin resistance and serum lipid
concentrations. Further studies to elucidate mechanisms of action and to
demonstrate clinical benefits in controlled feeding studies are certainly
warranted.
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Lactose Malabsorption

C.J.E. Ingram and D.M. Swallow

This chapter reviews the digestion of lactose by the human enzyme, lactase
(B-galactosidase), and explains why many adults cannot digest fresh milk.

6.1. The Small Intestine and Digestion of Lactose

Lactose in milk is digested and the resulting monosaccharides are absorbed in
the small intestine. The surface of the small intestine has a specialised struc-
ture, composed of hundreds of ‘villi’, tiny finger-like structures that protrude
from the wall of the intestine and have additional extensions called microvilli
which make up the apical ‘brush border’ of the absorptive epithelial cells
(enterocytes) lining the villi. This arrangement of the epithelium maximises
the surface area through which the body may absorb nutrients. The enzymes,
such as lactase, that facilitate digestion and absorption of carbohydrates are
anchored to the surface of the brush border.

Small intestinal lactase activity was first demonstrated by Pautz and
Vogel (1895). The enzyme lactase is responsible for cleaving lactose into its
constituent monosaccharides, glucose and galactose, which are transported
across the epithelial cell membranes into the enterocytes and then into the
bloodstream via active transport by a sodium-dependent galactose transpor-
ter (Wright et al., 2007). Lactose itself cannot be transported across the cell
membrane, and hence lactase is essential for the nourishment of neonatal
mammals, whose sole source of nutrition is milk and in which lactose is the
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major carbohydrate component. However, in adult mammals the enzyme
activity usually decreases significantly following weaning (Sebastio et al.,
1989; Buller et al., 1990; Lacey et al., 1994; Pie et al., 2004).

Humans differ in this respect, and it has long been noted that whilst
some adults are able to digest large quantities of fresh milk, others cannot,
and show symptoms of lactose malabsorption following ingestion of a lactose
load. This difference is most commonly due to normal genetically determined
variation in the quantity of lactase present in the adult small intestine, and
individuals with little lactase are described as lactase non-persistent or are
said to have primary adult hypolactasia, or be lactose maldigesters, while
those who maintain a high level of lactase are said to be lactase persistent.
This normal variation is quite distinct from the absence of lactase from birth,
which is an extremely rare and potentially fatal inborn error of metabolism
and is referred to as congenital alactasia. A number of mutations within the
coding region of the lactase gene have been identified in Finnish patients
suffering from this condition that affect the primary structure of the protein,
resulting in a non-functional lactase enzyme (Kuokkanen et al., 2006).

Lactase level can also be reduced if damage occurs to the brush border due
to gastrointestinal disease, and this condition (which is usually reversible) is
referred to as secondary or acquired hypolactasia (Villako and Maaroos, 1994).

People who have either primary or secondary lactase deficiency are
lactose intolerant, as judged by a lactose tolerance test, and may exhibit
symptoms of lactose intolerance. This chapter is concerned primarily with
the former scenario, and considers lactose malabsorption in the context of
genetically controlled variation in the expression of lactase in adults.

6.2. Lactase and its Structural Gene, LCT

The gene LCT, which encodes the enzyme lactase, a 5-glycosidase capable of
hydrolysing a variety of substrates and often known as lactase-phlorizin
hydrolase (LPH), maps physically to chromosome 2q21 (Kruse et al., 1988;
Spurr and White, 1991; NIH/CEPH Collaborative Mapping Group, 1992;
Harvey et al, 1993). The nucleotide sequence exhibits fourfold internal
homology, suggesting that two partial gene duplication events occurred in
the evolution of this gene. Two of the homologous domains (I and IT) occur in
the pro-region of the molecule and the others (III and IV) are found in the
mature polypeptide (Mantei et al., 1988).

The 5787 bp pre-pro-lactase-phlorizin hydrolase mRNA transcript is
encoded by 17 exons (Boll et al., 1991). The pre-pro-protein, composed of
1927 amino acids (Mantei ez al., 1988) contains a putative signal sequence of
19 amino acids, and a large ‘pro’ portion of 847 amino acids, both of which
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are proteolytically removed before the protein assumes its mature form. The
19 amino acid pre-sequence is first removed in the ER by a signal peptidase,
yielding pro-LPH molecules, which become N-glycosylated and pair up to
form homodimers (Grunberg and Sterchi, 1995). This dimerisation is essen-
tial for the acquisition of transport competence and full enzymic activity of
LPH (Naim and Naim, 1996). Further (O-linked) glycosylation occurs once
the pro-LPH homodimer has been translocated to the Golgi apparatus, which
is also the predominant site of proteolytic cleavage of the pro-sequence (Naim
et al., 1987). The pro-sequence has been shown to play a vital role in the
maturation of LPH, being involved in folding, targeting and dimerisation of
the molecule (Panzer et al., 1998).

Residues from Ala 867 onwards comprise the 160 kDa glycoproteins
found anchored to the brush border of the jejunum as mature LPH homo-
dimers (Mantei et al., 1988). LPH is an amphiphilic molecule, consisting of a
short cytoplasmic domain followed by a membrane-spanning hydrophobic
domain (residues 1883-1901) at its C-terminus, orientating the molecule such
that the bulky, hydrophilic N-terminal projects into the lumen (Skovbjerg
etal.,1981; Wacker et al., 1992). It is within this N-terminal portion that both
catalytic activities reside, and it has been demonstrated that the active site for
phlorizin hydrolysis is distinct from that for lactose (Leese and Semenza,
1973; Columbo et al., 1973; Skovbjerg et al., 1981). The active sites are
situated within the homologous domains III (Glul271) and 1V (Glul747),
respectively (Arribas et al., 2000).

The “phlorizin hydrolase site’ is situated closest to the brush border and
preferentially catalyses the hydrolysis of 5-glycosides with large, hydrophobic
aglycones (galactosyl and glucosyl g-ceramides, phlorizin and other aryl- or
alkyl-g-glycosides). The ‘lactase’ catalytic site has been shown to have a
preference for (-glycosides with hydrophilic aglycones (e.g. lactose, cello-
biose and some [-1,4-linked small glucose oligomers) (Leese and Semenza,
1973; Columbo et al., 1973; Skovbjerg et al., 1981). LPH is also capable of
hydrolysing various flavonol and isoflavone glucosides (Day et al., 2000), but
it is not currently known which active site is used.

6.3. Symptoms of Lactose Intolerance

The symptoms of lactose intolerance due to lactose malabsorption, and
caused when milk is consumed by a lactase non-persistent person, vary
greatly from person to person, but if they are evident, they usually manifest
themselves within 1-2 h of ingestion.

Undigested lactose passing through the small intestine into the colon
has two physiological effects. First, an osmotic gradient is set up across the
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gut wall, which results in a large influx of water to redress the osmotic
imbalance, causing symptoms of diarrhoea. Second, the lactose can be uti-
lised as an energy source by colonic bacteria, which ferment it to produce
fatty acids and gaseous by-products, potentially causing discomfort, bloating
and flatulence.

Most lactase non-persistent individuals can tolerate small amounts of lac-
tose (as contained in the milk added to tea or coffee). Diarrhoea and discomfort
are not seen in all individuals who are diagnosed as lactose maldigesters in a
lactose tolerance test, even after consumption of 50 g of lactose, and it has been
suggested that variation in the composition of the gut flora between individuals
may be responsible for some of this variation (Hertzler and Savaiano, 1996;
Hertzler et al., 1997), as well as a psychosomatic component (Briet et al., 1997).
In contrast, two separate studies suggest that around 40% of self-diagnosed
lactose malabsorbers are actually lactose digesters (Saltzman et al., 1999; Peuhkuri
et al., 2000). This effect is perhaps due to prevalence in the public consciousness of
‘dairy intolerance’ caused by extensive media coverage of the condition, leading
individuals to assign any symptoms of gastrointestinal discomfort to this cause.

The symptoms described above were first attributed to a lack of lactase
following the observation that a proportion of intestinal tissue samples from
healthy adults with histologically normal mucosa had virtually no lactase
activity (Auricchio et al., 1963; Dahlqvist et al., 1963). The discovery of this
enzyme deficiency or ‘abnormality’ in humans ignited the interest of research-
ers into the inter-individual differences in our capacity to tolerate milk and its
derived dairy products. In the following years, data on lactase persistence
frequencies in other populations began to accumulate and a global picture
began to develop that challenged the original perception of lactase non-
persistence as the ‘abnormal’ phenotype.

6.4. Diagnosis of Lactase Non-Persistence/Persistence

In order to collect information on the worldwide frequencies, alternatives to
direct quantification via biopsy of the small intestine were used. Biopsies are
the most accurate method for establishing lactase activity. However, they are
invasive and are not usually a preferred routine diagnostic for lactose intol-
erance, normally being obtained only when a patient is undergoing endo-
scopy to exclude another gastrointestinal complaint.

Several indirect methods have been developed for the purpose of diag-
nosis, all of which utilise lactose digestion to inform on an individual’s lactose
tolerance status, and by implication lactase persistence status. The general
practice is to give a lactose load after an overnight fast. The two most widely
used methods are described below.
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6.4.1. The Blood Glucose Test

A baseline measurement of blood glucose is taken before ingestion of a
lactose load, and then at various time intervals (usually every 30 min) for the
following 2 h. An increase in blood glucose indicates lactose digestion (lactase
cleaves the lactose molecules into glucose and galactose, allowing absorption
into the bloodstream and subsequent detection), and no increase, or a ‘flat line’,
is indicative of a lactose non-digester/maldigester or intolerant phenotype.

6.4.2. The Breath Hydrogen Test

This test measures hydrogen production by colonic bacteria. If a lactose
dose meets the enzyme lactase in the small intestine, no changes in breath
hydrogen will be observed, and a diagnosis of lactose tolerance is made.
Conversely, in lactose maldigesters, the lactose load passes through the
small intestine and into the colon where it is digested by bacterial fermenta-
tion, one by-product of which is hydrogen. Some of this hydrogen is absorbed
into the bloodstream and released into the breath (where it can be detected) as
the blood passes through the lungs. A baseline measurement of breath hydro-
gen is taken, prior to ingestion of the lactose load, and further readings are
taken at 30 min intervals from the time of ingestion for the following 3 h.

In both cases, somewhat arbitrary cut-off points have to be set for
distinguishing the two phenotypes and both methods inform on the person’s
ability to digest lactose rather than the given individual’s lactase expression.
We infer the lactase persistence status of an individual from these tests, and
must therefore keep in mind that there will be an error in both directions.

Some of these observed errors could be attributed to test design, parti-
cularly the quantity of lactose administered. Non-persistent individuals express
aresidual amount of lactase, approximately 10% of adult levels (Semenza et al.,
1999) and so when only a low-lactose dose is used the quantity passing through
to the colon may not be large enough to increase breath hydrogen by the
standard >20 ppm increment. Using the blood glucose method would, on the
other hand, have the opposite effect. Lactase-persistent individuals may show
an insufficient rise in blood glucose to cross the nominated threshold (usually
1.1 mmol/L). Also, some studies suggest that even lactase-persistent people fail
to digest a proportion of consumed lactose, and therefore an increase in breath
hydrogen could be observed even in persistent subjects when a high-dose
challenge (such as 50 g) is used (Bond and Levitt, 1976).

Apart from dose, many other factors can impact upon the test result; gastric
emptying and intestinal transit times could exert an effect both on blood glucose
and breath hydrogen measurements. Diarrhoeal disease is known to reduce
lactase expression temporarily as a result of villus flattening and loss of the cells
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which express lactase (Villako and Maaroos, 1994) and hence a genetically
persistent individual may be classified as a maldigester in this instance. Also,
the use of antibiotics may disrupt the gut flora and result in erroneous results.
Colonic adaptation to dairy products may affect breath hydrogen production by
increasing bacterial populations that have increased metabolic activity for lactose
(Hertzler and Savaiano, 1996). Also, some individuals will be ‘hydrogen non-
producers’ (as a result of having a sterile gut or a hostile gut pH with acidity too
severe for the existence of hydrogen-producing bacteria), and in this situation the
breath hydrogen test would be uninformative.

In the clinical setting, there are ways of improving the quality of the test.
These include retesting, and giving a dose of lactulose to test for hydrogen
production, and investigation of other causes of the lactose intolerance.

A recent study by members of our group (Mulcare et al, 2004)
attempted to estimate the error in both the blood glucose and the breath
hydrogen test from published data. Results were pooled from papers that
compared either indirect method with each other or with a verified phenotype
based on direct enzyme assays from jejunal biopsy. Exact protocols varied
between the pooled data set, but all included a minimum 50 g lactose load and
measured a change in the parameter one or more times between 30 min and
4 h after ingestion. The error of the blood glucose method was 7% false
positive (i.e. non-persistent individuals classified as lactose digesters) and
9% false negative (i.e. persistent individuals classified as lactose malabsor-
bers). The breath hydrogen method was found to give a slightly more accurate
assessment of lactase persistence status, with approximately 5% false positive
and 7% false negative error. Thus, the evidence suggests that to obtain the
most accurate indirect assessment of lactose tolerance status, a breath hydro-
gen test should be undertaken. The most accurate method (from our own
experience) requires a fast of 12 h to be observed prior to consumption of the
lactose dose, 50 g of which is the widely accepted standard (equivalent to
approximately 1 L of cow’s milk). A baseline breath hydrogen measurement
should be taken prior to the lactose dose, and at 30 min intervals afterwards
for the following 3 h (Peuhkuri, 2000). Test results for subjects with a H,
baseline of zero (possible non-producers), or greater than 20 ppm (suggestive
of failure to fast or bacterial overgrowth of the colon), should be interpreted
with caution and followed up if possible.

6.5. Worldwide Distribution of Lactase Persistence

A number of surveys of lactase persistence phenotype frequencies have been
carried out in many populations throughout the years, so that the global dis-
tribution of lactase persistence is now fairly well characterised (Figures 6.1a, b)
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Figure 6.1a. Worldwide distribution of frequency of lactase persistence. Dark grey indicates
the proportion of lactose digesters (presumed lactase persistent) in a given population and light
grey represents maldigesters (presumed non-persistent). A central circle indicates that the overall
frequency for that country is comprised of different ethnic groups with very different phenotype
frequencies. For examples of these cases, see Figure 6.1b. (Data taken from Bloom and Sherman,
2005; Mulcare, 2006)
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Figure 6.1b. Examples of countries in which individual ethnic groups display large differences
in lactose absorption capacity.

(Swallow and Hollox, 1999). These frequencies reveal clearly that lactose intol-
erance is the most commonly observed phenotype in humans, with lactase
persistence being common only in those populations with a long history of
pastoralism and where milking has been practised. Lactase persistence is at
highest frequency in north-western Europe, with a decreasing cline to the south
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and east. In India, the frequency of lactase persistence is higher in the north than
the south, and in the rest of the world, lactase persistence frequency is generally
low. In Africa, the distribution is patchy, with some pastoralist nomadic tribes
having high frequencies of lactase persistence compared with the neighbouring
groups inhabiting the same country (Bayoumi ez al., 1981), with a similar pattern
observed between Bedouin and neighbouring populations in the Middle East
(Cook and al-Torki, 1975; Snook et al., 1976; Hijazi et al., 1983; Dissanyake et al.,
1990).

The noted correlation of lactase persistence phenotype with the cultural
practice of milking engendered the hypothesis that this trait has been subject
to strong positive selection.

6.6. Identifying the Causes of Lactase Persistence

As discussed above, many research groups (Sebastio et al., 1989; Buller et al.,
1990; Lacey et al., 1994; Pie et al, 2004) reported lactase activity in the
intestine of young and suckling mammals, but not in the intestine of the
corresponding adult of the species, which provided further evidence that the
ancestral state for mammals (and therefore humans) is for lactase expression
to be down-regulated following the weaning period.

Many enzymes are regulated via an inducible system whereby expres-
sion of an enzyme is activated or increased if the concentration of its substrate
is high, for example, the lac operon in Escherichia coliis an inducible system in
which -galactosidase is expressed only in the presence of lactose (Jacob and
Monod, 1961). Initially, an inducible system was hypothesised to regulate
lactase expression in humans (Gilat, 1971; Cook, 1988), and would indeed
provide a neat explanation of why lactase is down-regulated following wean-
ing and why lactase persistence is seen more commonly in populations where
milk forms an integral part of the diet. However, many animal studies have
shown no increase in lactase activity in response to prolonged exposure to
lactose (Plimmer, 1906; Leichter, 1973; Gutierrez et al., 2002), and studies in
human populations confirm this: a study of 50 adult Thai individuals who
voluntarily ingested daily lactose doses for I month reported no improvement
in lactose absorption or increased lactase activity, thus demonstrating that
the enzyme is not inducible (Keusch ez al., 1969).

By the early 1970s, it had been established using family studies that the
lactase persistence polymorphism in humans had a genetic cause, and was
inherited in an autosomal dominant manner (Ferguson and Maxwell, 1967,
Sahi, 1974). In another study, monozygotic twins showed 100% concordance
of lactase persistence phenotype, and phenotype frequencies in dizygotic
twins were found to agree with expectations of an autosomal dominant
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pattern of inheritance (Metneki et al., 1984). Further evidence that lactase
persistence is a genetic trait, and more specifically that it is caused via a cis-
acting element was produced in the early 1980s. Ho et al. (1982) reported a
trimodal distribution of lactase:sucrase ratios in British natives. Both lactase
and sucrase were extracted from autopsy material (from individuals without
gastrointestinal disease) with the sucrase activity serving as an internal stan-
dard correcting for non-genetic variation. The trimodal distribution was
interpreted to represent individuals homozygous for lactase persistence (high-
est lactase activity), heterozygotes (mid-level activity) and non-persistent
homozygotes (low-lactase activity) (Ho ez al., 1982). The intermediate lactase
activity observed in the heterozygotes indicated that only one copy of the
lactase gene was being fully expressed, and concordant results were subse-
quently obtained for individuals of German ancestry (Flatz, 1984). Confir-
matory evidence for the cis-acting nature was obtained from mRNA studies.
Allelic variants of exonic single nucleotide polymorphisms (SNPs) were used
to identify particular transcripts and their expression levels. Europeans of the
persistent phenotype who were heterozygous for exonic polymorphisms were
used to demonstrate monoallelic expression at the mRNA level (Wang et al.,
1995).

Studies of the LCT immediate promoter show a conserved ~150 bp
region that exists in human, rat, pig and mouse, suggesting that key regula-
tory elements important for lactase expression are encoded within this small
region (Troelsen, 2005). This region has been shown to drive low-level expres-
sion in an intestinal cell line (Troelsen ef al., 1992), while transgenic mouse
experiments using rat and pig promoter constructs of different sizes show that
elements outside this conserved 150-bp region are required for high and
tissue-specific expression of lactase (Troelsen et al., 1994; Krasinski et al.,
1997; Lee et al., 2002; Wang et al., 2006). A 1kb pig promoter construct is
sufficient to mimic endogenous gene expression in transgenic mice (Troelsen
et al., 1994). However, a 2 kb rat promoter is required to produce the same
effect (Lee et al., 2002). In addition, the different enhancer sites encoded
within the upstream regions are thought to make distinct contributions to
the spatial and temporal expressions of LCT (Wang et al., 2006). The differ-
ence in promoter structure outside the proximal region in different species
demonstrates the difficulty of finding a suitable model organism in which to
replicate the lactase persistence phenotype.

A number of transcription factors have been identified that are impor-
tant for lactase expression (Figure 6.2) (Troelsen, 2005). The transcription
factor Cdx-2 is implicated in the regulation of many intestinally expressed
genes (Freund et al., 1998; Beck, 2004) and has a number of binding sites
upstream of the LCT initiation codon, including two within the 150 bp
conserved proximal promoter region (Troelsen et al., 1997). Cdx-2 has been
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GATA HNF-1a
-127 GTGTACTGAT TTTGTCATCA DAGETAACCC AGTTARATAT

GATA Cdx-2 TATA
-77 @EADCACTTA GTATTIDACA ACCTCAGIIG CAQTTATAAR

-27 CACATACCTC CTAACAGTTC ATGGAGCTGTCTT

Figure 6.2. Transcription factor-binding sites of LCT proximal promoter in humans (adapted
from Troelsen, 2005). The transcription initiation codon is indicated in bold.

suggested to be involved in differentiation of the absorptive cells of the
intestinal epithelium (Mutoh et al., 2005) and has been shown to up-regulate
LCT expression in vitro. These observations would appear to support the
findings that Cdx-2 may regulate lactase expression at the brush border (Fang
et al., 2000).

The transcription factor HNF-1 is also known to modulate the expression
of lactase (Spodsberg et al., 1999; Krasinski et al., 2001; Bosse et al., 2006). One
HNF-1-binding site occurs in the proximal promoter region, and both human
and pig promoters contain distal HNF-1 sites, although only the proximal site
shows conservation between the two species (Spodsberg et al., 1999). HNF-1« is
probably the main isoform binding the HNF-1 site (Spodsberg et al., 1999;
Bosse et al., 2006), and it has been shown that HNF-1« and Cdx-2 act synergis-
tically to activate lactase promoter activity in vitro (Mitchelmore ez al., 2000).

The GATA-4/5/6 transcription factors have been shown to play a
critical role in the development of a number of endoderm-derived tissues, of
which the small intestine is one (reviewed by Burch, 2005), and they are also
implicated in the transcriptional regulation of a number of intestinally
expressed genes, including sucrase-isomaltase (Krasinski ez al, 2001;
Boudreau et al, 2002), intestinal fatty acid-binding protein (Gao et al.,
1998) and trehelase (Oesterreicher and Henning, 2004), as well as lactase.
GATA-4, -5 and -6 all bind to a number of GATA recognition sites which
occur upstream of LCT, including two within the proximal promoter (Fitz-
gerald et al., 1998; Fang et al., 2001). It is thought that GATA-4 is the primary
GATA factor responsible for modulating LCT expression, due to the highly
correlated expression pattern of the two genes in small intestinal epithelia, in
combination with the observation that GATA-4 binding to the proximal
promoter is more evident than binding of either GATA-5 or -6 in EMSAs
using nuclear extracts prepared from mouse intestinal epithelia (van Wering
et al.,2004). Further to this, it has been shown that transgenic mice producing
an inducible mutant form of GATA-4 have significantly reduced LCT
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expression levels (Bosse et al., 2006). However, in vitro, all GATA factors
bind the proximal sites with similar affinity, and it has been found that
GATA-5 and HNF-1a« are capable of co-operating to stimulate expression
from the proximal promoter in this context (Krasinski et al., 2001).

While the identified recognition sites and the corresponding transcrip-
tion factors of the proximal LCT promoter are undoubtedly important in the
basal regulation of lactase expression, they are, as discussed above, not
sufficient for the correct temporal and spatial expressions of the gene, and
hence this region is not thought to be involved in causing lactase persistence.
Indeed, sequencing of LCT and the immediate promoter region in Europeans
showed no nucleotide changes that were absolutely associated with persis-
tence/non-persistence (Boll er al., 1991; Lloyd et al, 1992; Poulter et al.,
2003).

Subsequent research has, therefore, focused more intensely on the
upstream regions of LCT, looking for regulatory elements that influence
the lactase persistence phenotype. Interestingly, many enhancer motifs
occur upstream of the proximal promoter, which are different depending on
the species, and are recognised by various transcriptional regulators (includ-
ing Cdx-2, HNF-la and GATA factors) (Troelsen, 2005; Lewinsky et al.,
2005). One such highly variable region was identified ~900 bp upstream of
the lactase start site (Harvey et al., 1995; Hollox et al., 1999). A nucleotide
change, C-958T, was found to affect greatly interaction with an unidentified
DNA-binding protein. However, this polymorphism was not considered to be
causal of lactase persistence because the ancestral allele, C, was present in
both lactase-persistent and non-persistent people. If functional in vivo, this
SNP may perhaps affect the timing of down-regulation or spatial expression
along the length of the intestine or modulate the effect of other nucleotide
changes.

In fact, several polymorphisms exist across the 50kb LCT gene and
association studies revealed that very few haplotypes (i.e. a particular combi-
nation of alleles at each SNP) occur in most of the human populations tested,
although greater diversity was observed in African populations (Hollox et al.,
2001). One particular combination of alleles, designated the ‘A’ haplotype, is
particularly common in northern Europe and is found to associate with
lactase persistence (Harvey et al., 1998).

6.7. ldentification of Causal Variations

A putative causative single nucleotide polymorphism (—/39/0C>T) has been
described 13.9 kb upstream of the LCT transcription initiation site (Enattah
et al., 2002). It is located in an intron of an adjacent gene, M CM6, and occurs
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on the background of the A haplotype (Poulter et al., 2003). The -13910*T
allele was found to associate completely with directly ascertained lactase
persistence in 196 Finnish individuals, and subsequent studies have con-
firmed a tight association between -/39/0*T and lactase persistence in popu-
lations of northern European ancestry (Poulter ez al., 2003). In fact, the A
haplotype extends far beyond the 50 kb LCT gene region, with carriers of the
-13910*T allele tending to have completely identical chromosomes extending
for nearly 1 Mb (Poulter et al., 2003; Bersaglieri et al., 2004).

In vitro studies demonstrated that the -/39/0*T allele increases tran-
scription in promoter—reporter construct assays in a colon carcinoma cell line
(Caco-2) (Troelsen et al., 2003; Olds and Sibley, 2003), providing evidence
that it may have enhancer activity in vivo. A transcription factor, Oct-1,
was identified which bound more strongly to the -/3970* T-containing motif
than to the alternative C allele, providing a possible mechanism for the up-
regulation of LCT (Lewinsky et al., 2005).

These observations were regarded by many as compelling evidence that
the cause of lactase persistence had been identified, and some groups have
recommended using the absence of the -139/0*T allele as a diagnostic test for
lactose intolerance (Rasinpera et al., 2004).

However, researchers in our group noted that -/39/0*T was extremely
rare in sub-Saharan African populations, even in those populations where
lactase persistence frequency had previously been reported to be high. A
statistical procedure was designed that enabled a comparison to be made
between -13910*T allele frequencies and the expected allele frequencies given
the previously published lactase persistence frequency for an ethnically
matched group. This procedure corrected for genotyping and sampling
errors, and despite being conservative, found a highly significant difference
between the observed and expected frequency of -13910*T if it was assumed
to be causal of lactase persistence. The study concluded that -13910*T could
not be causal of lactase persistence throughout sub-Saharan Africa (Mulcare
et al., 2004). The exceptions to this observation, i.e. African populations in
which -13910*T was able to account for the lactase persistence frequency
were in the Fulani and Hausa populations of Cameroon (Mulcare et al.,
2004), and Berber populations from Algeria and Morocco (Myles et al.,
2005). In both cases, this is thought likely to be a reflection of the demography
of those populations, and there is evidence to suggest contacts between these
and Eurasian populations (Cruciani et al., 2002; Myles et al., 2005).

The distribution of -/3910* T could be interpreted in one of the two ways;
either -713910*T is not truly causal of lactase persistence, but is very strongly
associated with the causal element and therefore acts as a marker for lactase
persistence. In this case, the apparent rarity of -/39/0*T in sub-Saharan Africa
could be explained by this variant appearing on the lactase persistence carrying
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chromosome after humans had begun to spread out of Africa. The other
possibility is that the identification of -/39/0* T as a cause of lactase persistence
is correct, but that there is heterogeneity of the trait, and that different causal
variations have appeared independently in other human populations.

Subsequent research has sought to distinguish between these two sce-
narios, and our recent study of Sudanese volunteers concluded that -73910*T
could not be causal in this group. The test cohort consisted of 94 unrelated
individuals of the Jaali ethnic group, from whom buccal DNA was collected
and phenotypic information was obtained using the breath hydrogen method.
The lactase persistence frequency was 48%, yet only one individual carried a
single -/3910*T allele. Furthermore, it was shown that -/39/0*T was not
simply a linked marker on the background of the A haplotype chromosome
which was carrying the as yet unidentified true cause. The A haplotype was
not frequent enough to account for, and did not associate with, lactase
persistence (Ingram et al., 2007). The interpretation of this was that lactase
persistence probably evolved more than once in human history.

Reinforcing this conclusion, we and another research group (Ingram ez al.,
2007; Tishkoff et al., 2007) reported new sequence variants which were associated
with lactase persistence in east Africa and that were located in very close proxi-
mity to -7/3910*T. Both groups reported association of a different SNP (-/13915*G
and -14010*C, respectively) with lactase persistence, in different populations,
although neither association was 100%. The presence of a few individuals who
carried an allele but were diagnosed lactase non-persistent could be explained by
secondary lactase loss. However, the individuals who were tested persistent but
carried no allele at -7/39/0*T must carry a variation elsewhere — indicating that
there may be more, as yet unidentified, causal variants.

Footprint analysis (empirical determination of DNA-protein-binding
sites) of sequence encompassing the intron 13 region reveals transcription
factor recognition sequences for Cdx-2, GATA, HNF-3a/Fox and HNF-4«
along with Oct-1 (Lewinsky et al., 2005). However, the newly identified SNPs
affect only the Oct-1-binding site (Figure 6.3).

Electrophoretic mobility shift assays (EMSAs) were used to ascertain
the effect of the new alleles on Oct-1 binding. It was found that only -13910*T
(and to a much lesser extent -13907*G) oligonucleotide probes bound to Oct-
1, and that binding of the other alleles (the ancestral sequence as well as
-13915*G and -13913*C) was undetectable. It was therefore concluded that
the Oct-1 protein is unlikely to play a critical role in causing lactase persis-
tence (Ingram et al., 2007). The identification of the other associated allele,
-14010*C, situated 100 bp away from the predicted Oct-1-binding site would
appear to confirm this (Tishkoff ez al., 2007).

Analysis in vitro of the effects of some of the newly identified intron 13
variant alleles on transcriptional regulation indicates that they affect
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Cdx-2 -14010G>C
GATCACGTCA TAGETTATAG AGTGCATAAA GACGTAAGTT ACCATTTAAT

ACCTTTCATT CAGGAAAAAT GTACTTAGAC CCTACAATGT ACTAGTAGGC

; ~13915T>G
GATA Oct-1 : ~13913T>C
CTCTGCGCTG GCAATACAGA TAAGATAATG TAGCOCCTGG CCTCAAAGGA
- 5 —13910C>T
HNE3A/FOX  “rermmmesmemmmsmmsemmmmm —13907C>G
ACTCTCCTCC TTAGGTTGCA TTTGTATAAT GTTTGATILD

HNF4a
TAGATTGEICELLIGAGEEC T GCATTCCACG AGGATAGGTC AGTGGGTATT

Figure 6.3. Transcription factor-binding sites as identified by Lewinsky et al. (2005) with
positions of intron 13 sequence variants indicated in bold.

enhancer activity. Transcription activity of the LCT core promoter was
enhanced twofold by the addition of the ancestral sequence of M CM6 intron
13, and this activity increased further (by up to 25% more) when one of the
variant alleles (-14010*C, -13907*G or -13915*G) was present (Tishkoff et al.,
2007). The effect seen was extremely small and the authors did not include -
13910*T as a positive control (previously shown by Lewinsky et al. (2005) to
enhance transcription activity a further 80% compared to the ancestral allele).
However, the small size of the effect may be attributable to the limitations of
the cell line used in the study (a colon carcinoma cell line and the only cell line
known to express lactase) (Hauri et al., 1985).

The predictive value of these in vitro functional studies with respect to
the effect exerted in vivo is therefore uncertain, but the observations, together
with those made previously (Troelsen et al, 2003; Olds and Sibley, 2003;
Lewinsky et al., 2005) indicate that this region is important in the regulation
of LCT expression.

6.8. Evolutionary Considerations

6.8.1. Genetic Adaptation

The original observation of a positive correlation between lactase persis-
tence frequencies and milk drinking led to the widely held notion that lactase
persistence has been subject to positive selection. In the intervening years,
molecular evidence has accumulated which would appear to corroborate this
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hypothesis. Research focussing on the haplotype diversity observed around the
lactase gene in various populations suggested that the very different haplotype
frequencies observed in northern Europeans compared to other populations
are most probably explained by a combination of genetic drift and strong
positive selection for lactase persistence (Hollox ef al., 2001).

The chromosome carrying -/3910*T is a real outlier in the context of
molecular signatures of selection compared with the rest of the human genome.
First, -13910*T occurs on an extremely extended haplotype background, which
is present in the northern European population at very high frequency. This is
consistent with a model of recent positive selection (Bersaglieri et al., 2004), in
which alleles surrounding the causal variant ‘hitch-hike’ rapidly to high fre-
quency due to strong positive selection, and haplotype length is exaggerated,
indicating a recent event where recombination has not decayed the allelic
associations in the region (reviewed in Sabeti et al., 2006). Diversity of so-called
microsatellite polymorphisms (variable simple repetitive sequences that occur
throughout the genome) can also be analysed and interpreted in a similar way —
reduced microsatellite diversity (as seen on the -7/3910* T carrying chromosomes)
indicates that this particular haplotype has risen in frequency quickly and
recently (Coelho ez al., 2005). These observations are consistent with selection
for lactase persistence along with the recent practice of dairying, approximately
9000 years ago in Europe, and date estimates of -/39/0*T place it within this
time period (Bersaglieri ez al., 2004; Coelho et al., 2005). Recent data confirm the
absence of the -/13910*T allele in ancient DNA samples of the early Neolithic
period, consistent with this dating, and supporting the model that the cultural
trait of dairying was adopted prior to lactase persistence becoming frequent
(Burger et al., 2007). Some of the newly discovered African alleles are also
reported to occur as part of an extended haplotype, suggesting that they too
carry these signatures of recent positive selection (Tishkoff ez al., 2007).

The identification of the newly associated alleles themselves suggests
that lactase persistence has been selected for independently in several differ-
ent human populations, thus the ability to digest milk has been extremely
advantageous, at least for some, in the last few thousand years.

6.8.2. Cultural Adaptation

The correlation between pastoralism, milk drinking and lactase persis-
tence is not, however, true for all populations, for example, the Dinka and
Nuer in Sudan (Bayoumi et al., 1982) and the Somali in Ethiopia (Ingram,
2008) have a low-lactose persistence frequency despite cows or camels playing
a very important role in their lifestyle. These populations are not completely
dependent on milk despite its consumption being substantial, and therefore
the selective pressure for lactase persistence may have been less strong.
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In these populations and in many other peoples, it seems that the lactose
concentration is moderated by cultural adaptation. Milk is processed to sour
milk, yoghurts and cheeses, which have a reduced lactose content, and
individuals also adapt their consumption habits by taking smaller quantities
of milk at a time. These cultural adaptations enable non-persistent indivi-
duals to benefit from the calorific, mineral and vitamin constituents of milk
without inducing the associated symptoms of lactose malabsorption, and are
complemented by adaptations of the large intestinal bacterial flora (see
Diagnosis of lactase non-persistence/persistence).

6.9. Selective Forces

What were the selective forces that resulted in the elevated lactase persistence
frequencies observed in certain populations? A number of theories have
attempted to explain the apparent selection for lactase persistence. Because
of the worldwide distribution of lactase persistence and the generally coin-
ciding pattern of historically milk-drinking populations, Simoons (1970) and
McCracken (1971) independently suggested that the selective force for lactase
persistence was milk dependence. This has become known as the ‘culture-
historical hypothesis’, and suggests that the increase in lactase persistence co-
evolved alongside the cultural adaptation of milk drinking.

The model works only on the premise that the advantage was conferred
specifically by fresh milk, as non-persistent individuals are also able to benefit
from the calorific, vitamin and mineral contents of milk by processing it,
which reduces the lactose content (e.g. by fermentation to yoghurt or cheese),
and therefore selection is most likely to have occurred in populations for
whom fresh milk formed an integral part of the diet.

A problem with this hypothesis is the ‘non-fit’ populations, who have
either a high lactase persistence frequency without being milk dependent, or
who rely heavily on milk products but who have a low reported frequency of
lactase persistence. However, statistical modelling has suggested that an
incomplete correlation does not necessarily provide evidence against the
culture-historical hypothesis, and non-fits may be expected if some lactase-
persistent populations have recently stopped milking or other populations
have only recently adopted the habit, therefore allowing insufficient time for
lactase persistence to be driven to high frequency (Aoki, 1986). Furthermore,
this model does not account for migration, which may provide further expla-
nation for the imperfect correlation.

Other statistical analysis also provides evidence in favour of the culture-
historical hypothesis; Holden and Mace (1997) performed an analysis that
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revealed lactose digestion capacity had most likely evolved as an adaptation
to dairying, and concluded that high-frequency lactose digestion capacity did
not evolve in the absence of milking.

More recent research sought to address the question of why some
populations and not others had adopted the cultural habit of milk drinking.
It was found that frequencies of lactose malabsorption were higher in popu-
lations where environmental conditions, such as extremes of climate or high
incidence of endemic cattle disease made it impossible to raise livestock,
thereby supporting the culture-historical hypothesis by providing further
evidence that lactase persistence is selected for only in environments condu-
cive to dairying. The exceptions to the general distribution were a number of
African groups who had high lactase persistence and maintained herds
despite environmental conditions being unfavourable. The authors suggest
that these groups managed to circumvent harsh environmental conditions by
becoming nomadic (Bloom and Sherman, 2005).

Other evidence in support of the culture-historical hypothesis has been
provided by the observation that high intra-allelic diversity of cattle-milk
protein genes in Europe coincides with the geographic incidence of lactase
persistence, which is suggested to be consistent with large herd sizes kept for
dairying and selection for high milk yields (Beja-Pereira et al., 2003).

The arid climate hypothesis, first suggested by Cook and al-Torki
(1975) speculated that in desert climates (i.e. Middle and Near East) where
water and food were scarce, nomadic groups could survive by utilising milk as
a food source, and in particular, as a source of clean, uncontaminated water.
The benefits to persistent individuals may have become even more pro-
nounced during outbreaks of diarrhoeal disease, when non-persistent indivi-
duals would be unable to utilise milk as a water source without exacerbating
their condition. This scenario could be particularly pertinent to desert
nomads who consume camel milk, as these animals continue to lactate for
several days in the absence of water.

Obviously, the benefits of drinking milk cannot be explained by the arid
climate hypothesis in northern Europe. Here, the calcium absorption hypoth-
esis has been suggested to explain the distribution of the trait (Flatz and
Rotthauwe, 1973). The low-light levels experienced in the northern hemi-
sphere are associated with an increased risk of developing rickets and osteo-
malacia due to a lack of vitamin D (which is synthesised by the skin in the
presence of sunlight). Calcium may help to prevent rickets by impairing the
breakdown of vitamin D in the liver (Thacher et al., 1999), and is itself an
essential mineral required for bone health. Lactase non-persistent individuals
could obtain calcium from yoghurt or cheese, dairy foods that contain a
reduced level of lactose. However, milk proteins and lactose are believed to
facilitate the absorption of calcium (for review, see Gueguen and Pointillart,
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2000), and hence the ability to drink fresh milk, which contains both calcium
and components that stimulate its uptake (along with small amounts of
vitamin D) may have provided an advantage to persistent individuals.

In only one case has selection against lactase persistence been proposed.
Anderson and Vullo (1994) suggested that selection had acted in favour of
lactase non-persistence in malarial regions because of the observation that
individuals with flavin deficiency are at a slightly reduced risk of infection by
malaria. The consumption of milk, which is rich in riboflavin was, therefore
said to be unfavourable as it would keep the flavin level in the bloodstream
high. This explanation is not widely supported, and is thought to be an
unlikely mechanism by which to explain the current distribution of lactase
persistence.

6.10. The Role of Other Factors that Influence
Lactase Expression

While it has been well established that regulation of LCT is predominantly
under transcriptional control, there is evidence to suggest that additional
levels of control over expression of the enzyme exist (Rossi et al., 1997).
Heterogeneity of the lactase non-persistence phenotype has been reported
by a number of research groups. Some have observed individuals who show
slower/abnormal processing (Witte et al., 1990; Sterchi ez al., 1990) which
may imply post-translational controls such as glycosylation and/or transpor-
tation, whilst others have made observations suggestive of epigenetic regula-
tion. Although most non-persistent individuals show no immuno-histological
staining for lactase in the jejunal biopsies of the small intestine (concordant
with low lactase activity and transcriptional regulation of LCT), it was found
by Maiuri et al. (1991) that some individuals show patchy expression of the
enzyme in the intestinal epithelia. This mosaic expression pattern may result
from somatic cell changes in methylation or histone acetylation.

6.11. Present-Day Health and Medical Considerations

Lactose malabsorption is often confused with other illnesses associated with
milk drinking, such as milk protein allergy, which has quite different causes
(reviewed by Crittenden and Bennett, 2005), and in recent times lactose
intolerance has been blamed for causing a variety of systemic conditions,
often without clear evidence (Matthews et al., 2005; Campbell and Matthews,
2005). Nonetheless, it does appear that the consumption of milk and milk
products by those who cannot digest lactose is a relatively common cause of
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irritable bowel syndrome in Europe and the USA (Vesa et al., 2000). Many
commercial dairy products and other foods contain very high concentrations
of lactose which are introduced in manufacturing, so that lactose is more
widespread in the diet than it was for that same person’s ancestors. Lactose
tolerance testing can be a useful way of detecting lactose malabsorption and
enabling avoidance of the cause. In countries such as Finland, which has a
high frequency of lactase non-persistence in comparison with the rest of
northern Europe, commercial low-lactose products are readily available
(Harju, 2003).

Many studies have attempted to demonstrate the health benefits of milk
consumption in lactase-persistent people, e.g. by providing protection against
osteoporosis as well as contrasting studies that have claimed adverse effects of
lactase persistence and associated high milk consumption. This research has
so far failed to produce reliable and reproducible results in either direction. It
has been suggested that lactase-persistent individuals may be at reduced risk
of developing osteoporosis (Obermayer-Pietsch et al., 2004); however, a
recent study of post-menopausal women found no significant increase of
osteoporosis in ‘molecularly defined’ lactose maldigesters. The maldigesters
were found to consume less milk but tended to have an increased intake of
calcium supplements (Enattah ez al., 2005a). The same group found that
‘molecularly defined’ lactose maldigestion did, however, increase the risk of
developing osteoporosis in individuals aged over 85 (Enattah et al., 2005b).

Some studies suggest an association of lactase persistence with ovarian
cancer, said to be caused by the toxicity of galactose to oocytes (Meloni et al.,
1999); however a meta analysis combining data from a number of studies
showed association only in cohort and not case—control designed research
(Larsson et al., 2006). Likewise, association studies of lactase persistence with
diabetes produce similarly conflicting results (Meloni et al., 2001; Enattah
et al., 2004). These often-contradictory findings are difficult to evaluate
because of the high risk of confounding effects such as mixed ancestry and
dietary intake.

6.12. Genetic Testing

The discovery of the new lactase persistence-associated SNPs in sub-Saharan
African and Middle Eastern populations, along with the observations dis-
cussed above makes the development of a universal genetic test for lactase
persistence currently unfeasible. Furthermore, both research groups who
identified new lactase persistence-associated SNPs found that there were
many individuals without a —13.9/-14.0 kb variant allele but who were lactase
persistent, which indicates that there are other alleles yet to be found, and
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they are unlikely to reside within the sequenced region (Ingram et al., 2007
Tishkoff et al., 2007). The currently used genetic test for lactase persistence
types only the -/39/0*T allele (Rasinpera et al., 2004) and can therefore
reliably predict lactase persistence status only of individuals of northern
European descent, and its use should be restricted to members of that popu-
lation. In addition, recently developed assays relying on probe/template
melting curve analysis have been shown to give inaccurate genotype informa-
tion in the presence of the new alleles (Weiskirchen et al., 2007).

6.13. Summary

Lactose malabsorption refers to the situation in which the milk sugar, lactose,
is not hydrolysed and absorbed within the small intestine because of a reduced
level of the enzyme lactase. Instead, the lactose is digested by bacteria present in
the colon, and this can be associated with symptoms of lactose malabsorption.

In humans, the persistence of lactase into adulthood is a genetically
controlled polymorphic trait that varies widely in frequency between different
populations. A number of single nucleotide polymorphisms have been iden-
tified upstream of the lactase gene that associate with lactase persistence, of
which one predominates in Europe (-13910*T). These changes are thought to
up-regulate lactase expression. However, transcriptional regulation of lactase
expression is complex and the precise mechanism underlying lactase persis-
tence remains unknown.

In recent times, the consumption of fresh milk and dairy produce has
become somewhat less fashionable, and a number of illnesses and symptoms
have been attributed to ‘lactase intolerance’ without clear evidence. What
cannot be disputed is that the ability to digest lactose has clearly been hugely
advantageous to some populations in relatively recent human evolutionary
history. For individuals who are genetically unable to digest lactose, adapting
to taking small quantities or consuming lower-lactose products, such as
yoghurts and cheeses, should be sufficient to avoid symptoms of lactose
malabsorption. While genetic testing of -/139/0*T in Europeans with irritable
bowel syndrome may aid differential diagnosis, this test cannot be considered
useful in populations with mixed ancestries such as the urban UK and USA.
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