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Preface

Lactose is a disaccharide with unique characteristics. For instance, the
beta-glycosidic bond that joins galactose and glucose. This sugar also has a lower
caloric value and a lower glycemic index than other mono and disaccharides.
Furthermore, lactose sweetness is less than that of sucrose, and the crystals

of lactose have excellent plasticity and compressibility properties. Consequently,
lactose and lactose derivatives are widely used in the food and pharmaceutical
industries. This book reviews some aspects of lactose properties and synthesis
(Section 1) as well as the recent advances in the recovery of lactose and lactose
derivatives from cheese whey (Section 2).

In the first section, two chapters describe lactose synthesis, its biological role in
mammals, and its key physicochemical properties. The exclusive source of lactose is
mammals’ milk since this sugar is synthesized in the mammary glands by the Golgi
apparatus of alveolar epithelial cells. Unlike other disaccharides, a beta-glycosidic
bond joins the galactose and glucose in a lactose molecule. Accordingly, lactose
metabolism requires a unique enzyme (lactase) able to hydrolyze the beta-glycosidic
bond. Newborn and young mammals produce enough lactase enzyme to completely
metabolize lactose; nevertheless, adult mammals metabolize lactose deficiently,
leading to maldigestion problems upon consumption of milk or food products
containing lactose. The food and pharmaceutical industries are aware of the

lactose intolerance problems among the population. Hence, these industries are
looking for lactose substitutes or derivatives that could be used in food and drug
production.

In the second section, the first chapter provides information on recovering lactose
from cheese whey through membrane technology. The following chapters are
devoted to production of lactose derivatives, including lactitol, organic acids
(acetic, ascorbic, butyric, citric, propionic, succinic, and lactic acid), lactulose,
sialyl lactose, galacto-oligosaccharides, and lactosucrose. Cheese whey is a
byproduct of the cheesemaking industry that contains chiefly water, lactose,
proteins, and a minor proportion of minerals and fat. The conventional method
of recovering lactose from cheese whey is crystallization, but membranes have
recently gained attention in the dairy industry. Alternatively, the lactose in cheese
whey can be transformed into organic acids by fermentation. Microorganisms

like lactic acid bacteria are used to produce galacto-oligosaccharides or other
polysaccharides. Lactose derivatives like lactitol are used in bakery, confectionery,
chocolate, desserts, and chewing gum. This sugar alcohol is not found in nature,
and it has a low caloric value (2.0 kcal g-1) since the lactase enzyme can barely
hydrolyze lactitol. All these lactose derivatives open new perspectives in the use of
lactose in the food and pharmaceutical industries.

I want to thank all the authors who contributed with their hard work and
knowledge of lactose and lactose derivatives. This book would not have been



possible without your excellent work. I also would like to thank IntechOpen Author
Service Manager Ms. Sandra Maljavac for her support during the publication of
this book.

Néstor Gutiérrez-Méndez

Chemistry Faculty,

Autonomous University of Chihuahua,
Chihuahua, Mexico
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Chapter1
Introductory Chapter: Lactose

Néstor Gutiérrez-Méndez

1. The biological role of lactose

Milk provides infants with essential nutrients to support the first months of
life. Newborns and young animals obtain their energy mostly from milk lipids and
lactose (~17 k] per gram of lactose). Only lactose provides 40% of the energy needs
of suckling mammals. This fact explains why almost all the mammalian milk con-
tains 40-75 g of lactose per litter, and why the milk of mammals is the only source
in nature with a significant content of lactose [1-3]. Congenital deficiency to digest
lactose is rare in baby mammals since it can lead to growth delay, dehydration, and
even the death [3].

Lactose is a disaccharide synthesized in the mammary gland of mammals,
and only scarce plant species show this saccharide. The Golgi vesicles of mam-
mary epithelial cells synthesize lactose from two molecules of glucose. One of this
glucose is first epimerized to galactose (Leloir pathway) and phosphorylated. Then,
condensation with the other glucose occurs through the lactose synthetase system.
This system comprises the enzyme galactosyl transferase and the protein modifier
a-lactalbumin. When the protein modifier binds to the galactosyl transferase, it
catalyzes the synthesis of lactose from uridine-diphosphate-galactose (UDP-gal)
and glucose [1-3]. In the absence of the protein modifier, the galactosyl trans-
ferase does not synthesize lactose and instead catalyzes the synthesis of N-acetyl
lactosamine on glycoproteins. This last reaction occurs in most tissues, but in
the mammary gland of women after giving birth, the increase in prolactin and a
decrease in progesterone hormones induce the formation of the protein modifier
(a-lactalbumin). Consequently, the breast can synthesize lactose in the milk for the
nourishment of newborn mammals [2, 3].

Lactose digestion in humans involves the action of intestinal lactase. Lactose
is a disaccharide containing galactose and glucose linked by a f 1-4 glycosidic
bond. This sugar cannot be transported across the epithelial cell membrane into
the enterocytes and then into the bloodstream as a disaccharide. The release of
galactose and glucose monomers by hydrolysis of the f-glycosidic bond allows
their transport into the enterocytes through the Na* dependent transporter SGLT1.
Then, the GLUT?2 transporter carries these monosaccharides into the blood [2, 3].
The B-glycosidic bond in lactose molecules is hydrolyzed in the small intestine by
a p-galactosidase. There are three types of these enzymes in human tissue: (a) the
B-galactosidase in the lysosomes, (b) the B-galactosidase in the cytosol of cells, and
(c) the B-galactosidase in the small intestine. It is worth to mention that the human
intestinal p-galactosidase has similarities to intestinal lactases reported in rabbit
(83%) and rat (77%). However, this enzyme has no sequence homology with the
other two types of p-galactosidases in human tissue, the f-galactosidase in bacteria,
or different kinds of f-galactosidases found in eukaryotic cells [2, 4].

The intestinal p-galactosidase (like other carbohydrate-hydrolyzing enzymes)
is situated close to the brush border on the upper surface of enterocytes on the
microvilli. Hundreds of tiny finger-like structures (villi) protrude from the small
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intestine wall. These villi have additional extensions (microvilli) that form the
brush border of enterocytes. The small intestine has three segments, duodenum
(5-6 cm long), jejunum (2.5 m long), and ileum (4-5 m long). The f-galactosidase
is all over the small intestine, but primarily in the jejunum, where the pH is 7-8,
and the bacterial concentration is low [2, 4]. The human intestinal f-galactosidase
is unique because it has two different active sites within one polypeptide chain.
Therefore, this enzyme can hydrolyze lactose, but also other types of substrates.
One of the active sites hydrolyses lactose into galactose and glucose and cleaves
other substrates like cellobiose, cellotriose, cellotetrose, and cellulose (EC 3.2.1.108).
The other active site hydrolyses phlorizin, an aryl a-glucoside linked to phloretin
(EC 3.2.1.62). The active area for phlorizin also cleavage p-glycosides with a size-
able hydrophobic chain like cerebrosides, made up of ceramide (sphingosine with
a fatty acid attached) bonded by a p link to galactose or another hexose. The hydro-
lysis of cerebrosides provides sphingosine, a key molecule maintaining the mem-
branes of the brain. Consequently, the full name of the intestinal p-galactosidase is
lactase-phlorizin hydrolase or LPH [2-4].

2. Lactose intolerance

The loss of intestinal -galactosidase (LPH) reduces humans’ capability to metab-
olize lactose. The synthesis of LPH starts in humans during the gestation (8-34 weeks)
and reaches its peak at birth. After the first 6-12 months of life, p-galactosidase begins
to decline. Over the four years, at least 60% of people reduce their levels of LPH to
5-10%. The decline in lactase after weaning occurs in all mammals. [1-4]. The levels of
LPH during adulthood vary significantly between ethnic groups. For instance, more
than 90% of Chinese and Japanese adults have low lactase levels and potential lactose
intolerance, in contrast with the only 10% of white Northern Europeans. The domes-
tication of cattle by European populations promoted for centuries milk as a food item
for adults. Therefore, many people in this ethnic group developed a persistent lactase
expression during adulthood (lactase persistent) [2, 3].

Most adult individuals have reduced activity of LPH in the small intestine
(lactase non-persistent, or wild-type condition), and only a minority of humans
have a high level of LPH activity (lactase persistent). Any deficiency of intestinal
p-galactosidase is considered hypolactasia, and a total lack of LPH activity in
the small intestine is referred to as alactasia. This last condition is infrequent,
and before the twentieth century, infants with congenital alactasia had a little
expectation of surviving. There are two conditions for hypolactasia: primary adult
hypolactasia (lactase non-persistent) and secondary adult hypolactasia (acquired
hypolactasia). The primary hypolactasia is due to the normal decrement with the
age of lactase quantity in the small intestine. This decrement occurs because the
human body reduces the transcription of the lactase gen (LCT; NCBI reference
sequence XP_016859577.1), or by a reduction in the translation of the mRNA. The
reduction of lactase in adults does not mean automatically that these individu-
als will have problems digesting lactose. Some researchers estimate that 50% of
the regular p-galactosidase activity is enough for adequate lactose assimilation.
However, human adults with low quantities of LPH (<50%) in the small intestine
cannot properly digest the lactose in 100 mL of milk (lactose maldigestion). The
secondary hypolactasia is different; this derives from an intestinal infection (by
bacteria, viruses, or protozoa), severe malnutrition, inflammatory bowel diseases,
actinic enteritis, and extensive use of antibiotics (i.e., kanamycin, neomycin,
polymycin, and tetracycline). Additionally, diverse substances in the gut lumen
can induce inhibition of LPH activity. Nevertheless, secondary hypolactasia can be
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treatable and potentially reversible [1-4]. On the other hand, lactose intolerance
occurs when a lactose maldigester shows gastrointestinal problems. Bacteria in the
large intestine convert lactose into gases and diverse metabolites if this sugar is

not hydrolyzed in the jejune by the LPH. The most common symptoms of lactose
intolerance are the development of flatulence, abdominal distention, and diarrhea.
There is no exact data, but about two-thirds of adult humans cannot digest lactose
properly [2]. Therefore, nowadays, the dairy industry is looking to develop dairy
products without lactose for consumers suffering from lactose intolerance.

3. Physicochemical properties of lactose

Lactose is a reducing disaccharide of galactose and glucose discovered in milk
in the 17th century. Both the galactose and the glucose can form a hemiacetal link
and create a ring structure. A B-glycosidic link connects the two pyranose struc-
tures deriving in a 4-O-p-D-galactopyranosyl-D-glucopyranose molecule. This
disaccharide has a chiral center that exists as two isomers: a-lactose and p-lactose.
The a-isomer rotates the plane of polarized light +92.6° and the B-isomer +34° at
20°C. When lactose is in an aqueous milieu, its ring structure opens and closes
interchanging between the a- and p-isoforms (mutarotation). At some point, these
isoforms acquire an equilibrium (mutarotation equilibrium). Lactose mutarota-
tion is a slow process that is very temperature-dependent. For instance, at 18.8°C
the mutarotation equilibrium is achieved in 6.5 hours with a proportion of 40%
of a-lactose and 60% of p-lactose; but at 0°C, the stability can take up to 72 hours.
Overall, the proportion of p-lactose is always higher than the a-lactose at mutarota-
tion equilibrium, because the p-isoform is more soluble than the a-isoform. For
example, at 35°C the solubility of a-lactose is 7 g per 100 g of water, in contrast, the
solubility of B-lactose is 50 g per 100 g of water [2, 5-7]. Certainly, the solubility
of both isoforms will decrease if the temperature drops. Like other sugars, lactose
molecules nucleate and crystallize when the concentration of this sugar overcomes
its maximum solubility at a specific temperature. The dairy industry applies this
principle to crystallize lactose from whey, a by-product of cheesemaking [8].

This by-product of cheesemaking contains 0.8 — 1% protein, 0.06% fat, 4.5 - 6%
lactose, and 90 — 92% of water. To crystallize lactose from the cheese whey, it needs
to be first, defatted, deproteinated and evaporated to concentrate lactose between
39 and 56%. At this concentration, lactose will crystallize when the evaporated whey
is cooled enough (i.e., 20-25°C). During the cooling step, lactose moves through
and beyond the metastable zone (MZ), a region between the solubility and super-
solubility of lactose. The spontaneous nucleation of lactose occurs when the super-
solubility is exceeded, outside the MZ. Therefore, the width of the MZ determines
the temperature drop necessary to induce lactose nucleation. After nucleation,
crystals’ growth depends on the degree of lactose saturation and the temperature,
since the last one affects lactose solubility [7, 9-13]. The overall process of lactose
crystallization is slow. In consequence, mutarotation can occur during the nucleation
or the growth of crystals. However, if the mutarotation rate is lower than the crystal-
lization rate, the kinetics of mutarotation will dominate over the nucleation and
crystal growth. The industrial process of lactose crystallization from cheese whey
is slow (up to 48 h) and requires an elevated lactose concentration to induce nucle-
ation (high evaporation cost). Different approaches have been studied to overcome
the drawbacks of lactose crystallization. Among these are the seeding of lactose
nuclei, anti-solvents (i.e., ethanol and acetone), and the appliance of high-power
ultrasound. Alternatively, methods other than crystallization have been investigated
to recover lactose from the cheese whey, like the use of membranes [9, 11, 14-17].
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4., Final remarks

Despite the persistence of lactose intolerance in the population, the dairy
industry produces 400,000 tons of crystalline lactose worldwide [6]. The food and
pharmaceutical industries use large amounts of lactose. Foods like instant coffee,
infant formula, baked foods, and many others utilize lactose as an ingredient. This
saccharide has a lower caloric value and a lower glycemic index than other carbohy-
drates. Additionally, lactose is less sweet than sucrose, and it has good plasticity and
compressibility. These properties of lactose explain why most pharmaceutical pills
contain lactose as a filling material. Derivative lactose compounds like lactic acid,
lactitol, lactulose, and oligosaccharides gain interest in the food industry [5, 6, 12].
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Chapter2
Lactose Synthesis

Lorena Mardones and Marcelo Villagrin

Abstract

This chapter is related to lactose synthesis, its chemistry, regulation, and
differences between species, especially in cattle. Lactose synthesis takes place in the
Golgi apparatus of mammary epithelial cells (MEC) by the lactose synthase (LS)
enzyme complex from two precursors, glucose and UDP-galactose. The enzyme
complex is formed by galactosyltransferase, and it is associated with a-lactalbumin.
Importantly, the lactose secreted determines the volume of milk produced, due to
its osmotic properties. Milk contains 5% lactose and 80% water, percentages that
remain constant during lactation in the different mammalian species. The low
variation in milk lactose content indicates that lactose synthesis remains constant
throughout the period of lactation and that is highly conserved in all mammals.
Lactose synthesis is initiated during the first third of the pregnancy, increasing after
birth and placenta removal. Different glucose transporters have been involved in
mammary glucose uptake, mainly facilitative glucose transporters GLUT1, GLUTS,
and GLUT12 and sodium-glucose transporter SGLT1, with more or less participa-
tion depending on mammal species.

Keywords: lactose, glucose, glucose transporter, mammary epithelial cells

1. Introduction

The mammary gland plays an essential role during the early postnatal life of young
mammals, providing them nutrients, water and electrolytes, and immune protection
until they reach the size and maturity to survive independently. The mammary gland
has a stroma rich in adipose cells and glandular epithelium that origins a lobule-
alveolar system, in which terminal there are alveolar epithelial cells involved in milk
production. The mammary gland development, as well as its fundamental structure is
very similar among different species, with little differences in function, architecture,
and number of glands. For example, in rodents, the branches are few and disperse,
whereas ruminants have more branches and they are concentrated in the terminal
of alveoli [1]. This gland undergoes cyclic changes that make it reach its maximal
development in lactation. This is a unique model of cyclic morphogenesis in adults,
with four characteristic steps replicated in each pregnancy and which ends with its
involution in menopause. The four phases of mammary gland maturity in adulthood
are proliferative phase, secretory differentiation phase, secretory activation phase, and
lactation phase [2, 3]. Although breast development begins during embryogenesis,
it is during pregnancy when terminal maturation of the gland occurs, developing a
lobule-alveolar system characterized by branching of the galactophorous ducts and
the differentiation of terminal buds to alveoli. Growth of mammary gland is stimu-
lated during pregnancy by the mammotrophic combination of steroids (estrogen,
progesterone, and corticosteroids) and polypeptide hormones (prolactin, growth
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hormone, and placental lactogen). The four phases of breast differentiation that occur
after conception have clear histological differences, as can be seen in Figure 1. In the
first phase, there is an increase in the amount of glandular tissue, associated with an
increase in the number of acini. The second phase is defined by the beginning of lipid
synthesis and by its accumulation inside mammary epithelial cells (MEC). The third
phase is characterized by the presence of differentiated MEC, capable of producing
and secreting all the constituents of milk, which results in a dilation of the alveoli and
the presence of an eosinophilic secretion that occupies the acinar lumen. The final
phase of mammary gland development is called the lactation phase, and it is the stage
in which breastfeeding is established [2]. At this stage, milk secretion is continuous,
which is associated with a greater degree of dilation of the alveoli and the presence of
milk secretion in the acinar lumen. The process of mammary gland involution starts
after weaning and develops in two stages. The first step is a reversible first phase, which
lasts a few days, and is due to the release of local breast factors that trigger apoptosis

of the secretory epithelia. The second phase, the remodeling, involves the replacing of
the lobule-alveolar structures by adipose tissue, degradation of the extracellular matrix
and its basal lamina, and the remodeling of adipose tissue [4].

Figure 1.

Histological characteristics of mammary morphogenesis in adults. (a) virgin; (b) proliferative phase;
(c) secretory differentiation phase; (d) secvetory activation phase; (e) lactation phase; and (f) early
involution. Hematoxylin and eosin staining, bar 50 pm [5].

2. Glucose uptake in mammary epithelial cells

Glucose supply to the mammary gland is pivotal to maintain the high rate of
proliferation of glandular epithelium in pregnancy and the continuous production of
lactose, fat acids, and proteins during lactation [6]. Studies in cows demonstrate that
between 60 and 85% of plasmatic glucose is distributed to the mammary gland during
lactation and that duodenal glucose injection increases mammary gland glucose uptake
and lactose synthesis glucose supply to the mammary gland during lactation, whereas
the inhibition of this process or the renal reabsorption of glucose decreased them
[7, 8]. On the other hand, in rodents, glucose uptake of the mammary gland duplicates
2 days before delivery, and it remains high during all lactation period, and in humans,
30% of glucose intake is used to lactose production in established lactation [9]. The
whole organism adapts to the synthesis of milk; the initial negative energy balance is
reversed by greater hepatic gluconeogenesis and decreased peripheral glucose use [10].
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The necessity of glucose supply for the proliferation of MEC is very important
to lactation persistency, being, together with secretory activity, the two factors that
define the lactation curve and peak [4, 11]. In rodents, milk production is mainly
associated with a high proliferation of MEC, whereas in cows it is principally due
to the increase in secretory activity per cell [12]. In general, MEC proliferation is
low in virgin and early pregnancy (5%) in mice, where it has been associated with
stem cell renewing, but it persists throughout lactation period, associated with cell
replacement, with low net growth, associated with the expression of Ki67 [5, 11].
For example, in cows, the MEC replacement reaches 50%, whereas in rodents
it is lower than 25% [11]. When lactation declines, proliferation decreases, and
it is exceeded by apoptosis rate, but also the secretory activity by cell decreases
[11]. In particular, in humans, mammary growth for lactation starts at week 20 of
pregnancy, whereas in mice it starts at day 12 of pregnancy. Studies in mice have
established that DNA content increases from the middle of pregnancy until day 5 of
lactation, doubling every 6 days, maintaining a net proliferation rate of only 0.3%
during lactation, due to parallel apoptosis and loss of cells in milk [13].

The glucose transporters already identified in mammary epithelial cells of
rodents, humans, and ruminants are facilitative glucose transporters GLUT1,
GLUTS, and GLUT12, SGLT1, and the bidirectional sugar transporter SWEET1
(sugars will eventually be exported transporter) [7, 8, 14-16] (Figure 2). The
GLUT transporters were initially identified due to the capacity of MEC to transport
3-O-methyl-D-Glucose and inhibition of this by cytochalasin B [17-19]. There are
differences in the location and magnitude of peak expression of glucose transport-
ers due to differences between species in the prevalence of cell proliferation or
secretory activity [8, 20, 21]. In cows, the increase in the expression of GLUTs is in
order of magnitude greater than in rodents, which reflects that its secretory activity
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Figure 2.

Glicose uptake in mammary epithelial cell. Distribution of glucose transporters and glucose concentration in
different compartments is detailed. MEC, mammary epithelial cells; myoMEC, mammary myoepithelial cells;
GLUT, facilitative glucose transporter; SGLT, sodium-glucose cotransporter; SWEET, sugars will eventually be
exported transporter.
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is highly dependent on the expression of glucose transporters [6, 14]. The maximum
expression of GLUT1 observed was between late pregnancy and late lactation,
reaching an increase of 5-fold at the protein level and 50-fold at mRNA level
[5, 15, 17, 18, 22]. The increase in GLUT8 expression is lower, but it follows the same
pattern, associated with cytokeratin 18 and Ki67 expression and MEC proliferation
[5, 8]. However, some studies also found an increase of GLUT1 expression in MEC
in early pregnancy, which could be related to the start of lipid synthesis in secre-
tory activation phase, when sterol regulatory element-binding protein (SREBP),
a transcription factor, appears, or to stem cell renewal [2, 5, 10, 23]. Although the
majority of authors found over 60% of GLUT1 expression in plasma membrane in
rat lactating gland, some studies found it almost exclusively at intracellular level
[5, 19, 20, 24]. Interestingly, in early weaning of BalB/BalC mice, GLUT1 is also con-
centrated intracellularly, but, due to a decrease in lactation at this step, that could be
associated with its accumulation in proteasomal compartment or to apoptotic bod-
ies phagocyted by other epithelial cells acting as nonprofessional phagocytes [5, 25].
The intracellular concentration of glucose in the MEC is mainly determined by its
incorporation by GLUT1 transporters in the basolateral membrane and by the activ-
ity of the cytosolic hexokinases, which transform glucose into glucose-6-phosphate
[2, 23]. The induction of the expression of hexokinase II in the cytoplasm of MEC
during the period of breastfeeding is essential in the determination of intracellular
glucose levels, because this enzyme has low glucose affinity (K, 0.3 mM) [26]. On
the other hand, glucose is also transported to the lumen of the alveolus, through
GLUT12, reaching a concentration of 1.5 mM in milk, equivalent to the concentration
found in the cytoplasm of the MEC [20, 26].

3. Lactose synthesis in the Golgi of MEC
3.1 Lactose complex

The first evidence of lactose synthesis in the Golgi of mammary alveolar cells
dates back to 1980, when it was associated with the activity of galactosyltransferase
and the presence of lactalbumin and bivalent metals such as manganese and cal-
cium [27]. The lactose synthase (LS) synthetizes lactose (beta 1,4-galactoglucose)
from UDP-galactose and glucose, and it is located specifically in trans-Golgi. The
LS is an enzymatic complex of galactosyltransferase and LALB. LALB is only
found in mammary epithelial cells, allowing galactosyltransferase to be specific for
the formation of this disaccharide, making galactosyltransferase add galactose to
glucose at even low concentration of glucose, increasing its affinity to this carbo-
hydrate 1000-fold [23, 27]. In others cells, galactosyltransferase adds galactose to
N-acetylglucosamine glycoconjugates, but in MEC, LALB changes substrate speci-
ficity from N-acetylglucosamine to glucose. In fact, the lactose synthesis depends
directly on the amount of LALB associated with the galactosyltransferase that is
inserted in the inner face of the Golgi apparatus membrane [28]. The LALB knock-
out produces a viscous, low-lactose milk difficult to remove from the mammary
gland, highlighting the osmotic role of lactose in milk yield [29].

LALB expression increases immediately after delivery in pig and rodents and is
regulated by lactogenic hormones [30-32]. LS has a K, of 1.5 mM for glucose and
60 pM for UDP-galactose; thus, the limiting stage in lactose synthesis is the avail-
ability of glucose in the Golgi [2, 23, 27]. Lactose synthesis begins in the first third
of pregnancy but increases considerably after childbirth, as levels of placental sex
steroids decrease, which has an inhibitory effect on lactose synthesis [1]. Lactose pro-
duction remains relatively constant throughout the entire lactation process thanks to
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the action of prolactin and other lactogenic hormones and the stimulation associated
with mammary gland emptying. The lactose is secreted in the milk together with
LALB, a, B, and k caseins, p-lactoglobulin, others nutrients, and immunomodula-
tory molecules [1]. Lactose represents around 5% of the milk content in all species,
which revealed that is a highly conserved process. Also lactose is an osmotically active
molecule, defining the water content in milk, which is in average 80% [1, 7]. In cows,
in particular, milk is 5.0% lactose, 3.4% fat, and 2.3% protein. In seals, the lactose
content of milk is minimal, and fat is predominant (50%), followed by 6.0% protein.
This could be explained because pups need to double their weight in only 4 days

to survive adverse environmental conditions [1]. On the other hand, human milk

has a similar fat content to cow milk (3.7%), less protein content (1.0%), and more
lactose (7.0 v/s. 5.0%). Donkeys presents similar content of macronutrients in milk to
human, with 74% lactose, 2.0% protein, and 0.4% fat [9].

3.2 Golgi’s glucose transporters

The first studies related to glucose transport to the Golgi of MEC concluded
that this was mediated by GLUT and SGLT transporters, since the transport of
monosaccharides was inhibited by phloretin and phlorizin, known inhibitors of
both types of transporters [33]. These vesicles present stereospecificity for several
monosaccharides, such as D-glucose, L-glucose, D-xylose, 2-deoxy-D-glucose,
and D-fructose. Moreover, the vesicles showed low permeability for glucosamine,

a substrate of the GLUT1 transporter; for this reason, we assume that another
glucose transporter is involved in the incorporation of glucose into this organelle. A
decade later, another GLUT was identified in Golgi vesicles of MEC of late-lactating
mice through Western blotting and binding studies of cytochalasin B, co-localizing
with 110-kDa coatomer-associated protein f-COP [19, 24]. Interestingly, the results
revealed that there is a second cytochalasin B-sensitive glucose transporter, which
could correspond to GLUTS, cloned after such studies [34, 35]. In our last study,

we were able to identify GLUTS8 in the Golgi of lactating MEC in mice, co-localized
with LALB, 58 K Golgi protein, and Golgi membrane-associated protein 130 [5].
Additionally, SGLT1 was identified in the Golgi of MEC from lactating cows, but no
functional studies have been performed [23]. As SGLT is an active transporter that
mobilize glucose thanks to electrochemical sodium gradient at the plasma mem-
brane, more studies related to ion gradient between cytoplasm and inside the Golgi
should be performed to really know the contribution of this transporter to glucose
uptake into the Golgi of MEC. In Figure 3, we show glucose transporters present in
the Golgi of mammary epithelial cell and their association with lactose synthesis.

In summary, the reports highlight a variable increase in the expression of
GLUT1, GLUTS, and GLUT12 in pregnancy and/or lactation in different models,
including rodents and ruminants, but their responsibility in glucose uptake in the
Golgi of mammary epithelial cells, an essential step to lactose synthesis, is not clear
[8, 24, 36]. Moreover, although GLUTS has been co-localized with Golgi proteins in
MEC and in different compartments of endomembrane system in other cell types,
GLUT1 has been found in the Golgi of MEC only in some of the species and strains
studied, and its intracellular localization had been associated with mitochondria,
which in not part of endomembrane system [5, 24, 33, 37]. In particular, GLUT8 has
been found in late endosome and reticulum.

3.3 Lactose synthesis regulation

The lactose synthesis depends principally on lactogenic hormones and glucose
uptake in the Golgi of MEC. It starts in the first third of pregnancy, increasing
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Figure 3.

Glucose transporters in the Golgi of mammary epithelial cell associated with lactose synthesis. Distributions of
glucose transporters in this ovganelle are detailed. MEC, mammary epithelial cells; GLUT, facilitative glucose
transporter; LS, lactose synthase; LALB, lactalbumin; GS, galactosyltransferase.

considerately after parturition, when placental sexual steroid hormones decrease
and lactogenic hormones increase [30-32]. The principal lactogenic hormone

is prolactin, which is stimulated by suckling. The milk production also has been
associated with the removal of an inhibitory agent of secretory activity of MEC

in milk. Other factors involved in milk production are light and sexual hormones.
The increase in light photoperiod from 16 to 18 h increases milk production, due
to prolactin via insulin-like growth factor (IGF-1) and somatotropin, whereas
pregnancy decreases milk production, due to an increase in estrogens [8]. There

is still controversy over the role of LS in milk production. In particular, LALB
knockout mice were unable to produce milk, and lactogenic hormones change LALB
expression only in particular species. For example, in humans, prolactin increases
LALB mRNA, but in rabbits it decreases it, and in other species it does not produce
any change [20, 24]. Also, it has been proposed that hexokinase and the different
enzymes involved in glucose transformation to UDP-galactose are important for
lactose synthesis [7].

As it has been described, the limiting stage in lactose synthesis is the avail-
ability of glucose in the Golgi [27], but a combination of lactogenic hormones
failed to induce their expression in bovine mammary explants [22, 30]. There
are not changes in GLUT8 or GLUT12 expression in response to insulin, leptin,
growth hormone, or glucose, but estradiol and progesterone increase GLUT1 in
MEC [15, 17, 19, 38]. GLUT1 was redistributed to an intracellular compartment,
presumably the Golgi, in response to prolactin and hydrocortisone, associated with
phosphatidylinositol-3-kinase (PI3K) and protein kinase C (PKC) pathways and
STATS5 binding to its promotor [39-41]. The upregulation of GLUT1 in pregnancy
and lactation also has been associated with an increase in serotonin via 5adenosine
monophosphate-activated protein kinase (AMPK) and hypoxia via HIFla [22, 28].
On the other hand, serotonin increased GLUTS in the mammary gland and
hypoxia and lipopolysaccharide decrease it [10]. GLUTS is internalized in response
to insulin in trophodermic cells and changed its expression in insulin-sensitive
tissues, such as the liver and kidney, but failed to produce effects in adipocytes and
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neuroblast cells [42-44]. Some carbohydrates also produce changes in location and
expression of GLUTS, i.e., glucose induces GLUTS trafficking from the Golgi to the
reticulum of hippocampal cells in rats and upregulates it in 3T3-L1 adipocytes

[42, 45]. On the other hand, fructose downregulates GLUT8 expression in colon
tissue and CaCo-2 colon carcinoma cells but increases its expression in hepatocytes,
where it is located in the plasma membrane [46-48]. GLUTS8 promoter has a
binding sequence to transcription factor NF1, which has been associated with the
response of GLUT4 to insulin and cyclic adenosyl monophosphate (cAMP) [42, 49].

4, Conclusion

Mammals rely exclusively on milk supply from the mammary gland to survive at
an early age. The proliferation of mammary epithelial cells and mammary establish-
ment depend on glucose supply to the gland, whereas lactose synthesis depends
directly on glucose entry into the Golgi of MEC, which is conjugated with UDP-
galactose by lactose synthase to produce the disaccharide lactose. MEC presents
polarized expression of GLUT1, SGLT1, and GLUT12 in its plasma membrane and
also expresses GLUT1, GLUTS, and SGLT1 in the Golgi. Hormones and oxygen
tension regulate the expression of these transporters; however, further studies are
necessary to explore the effects of light/dark cycles and suckling in their expression,
since these are factors involved in milk production. Additionally, the kinetics of
transporters involved in glucose uptake in the Golgi or cytoplasm of MEC also needs
to be explored. Understanding the regulation and function of glucose transporters
will be useful to improve efficiency of milk yield in both, humans and cattle.
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MEC mammary epithelial cell

GLUT facilitative glucose transporter

SGLT sodium-glucose transporter

SWEET sugars will eventually be exported transporter
LALB lactalbumin

LS lactose synthase

SREBP sterol regulatory element-binding protein

K, Michaelis-Menten kinetic constant

p-COP 110-kDa coatomer-associated protein

AMPK 5’ adenosine monophosphate-activated protein kinase
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Abstract

Cheese whey, the co-product from cheese making processes, is a natural and
cheap source of high value compounds, mainly proteins, small peptides, oligosac-
charides, lactose, and minerals. Lactose is the main component (about 90%) of the
dry extract of cheese whey. This carbohydrate has plenty of application in the food
and pharmaceutical industries due to its relative low sweetening power, caloric
value, and glycemic index. Besides, lactose is currently available for diverse physi-
cochemical properties, namely particle size, bulk density, distribution, and flow
characteristics, extending its use for a larger range of applications. Recovery of
lactose from cheese whey can be carried out through different processes, such as
membrane processes, crystallization, anti-solvent crystallization, and sonocrystal-
lization. This chapter aims to furnish a deep insight into the performance of
membrane processes for lactose recovery from cheese whey.

Keywords: cheese whey, lactose recovery, membrane processes, nanofiltration,
ultrafiltration

1. Introduction

Dairy industry is one of the major food processing industries in the world,
manufacturing a broad range of different products. Therefore, it generates large
amounts of by-products during the processing of milk and manufacture of dairy
products (e.g., cheese, butter, and yogurts), leading to problems of their
management/utilization [1].

Cheese whey is the most abundant co-product in the cheese-making and casein
industries. It contains about 65 g L ™" of dry matter, being lactose the main compo-
nent (70-80%), proteins (9%), corresponding to 20% of all milk proteins, and
minerals (8-20%) and, to a much lesser extent, hydrolyzed peptides from casein-k,
lipids, and bacteria, which resulted from cheese manufacturing [2, 3]. Generally,
for each 100 kg of milk, around 10-20 kg of cheese is manufactured, and 80-90 kg
of liquid whey is released [4]. According to Food and Agriculture Organization
Corporate Statistical Database (FAOSTAT), more than 114 million tons of whey
were produced worldwide in 2013, with Europe producing 63 million tons in that
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year [5]. Data from the European Whey Products Association (EWPA) indicated
that about 6 million tons of whey (dry matter) were produced in the European Union
in the year 2015 [6]. In spite of these larger volumes produced, only around 50% of
the whey annually produced in the world is valorized into different added-value
products. This is because, although cheese whey is an inexpensive and abundant
source for developing new added-value products (e.g., foods, pharmaceuticals, and
energy), its low solid content makes it difficult for direct utilization [4]. Therefore,
for recovering any of its components, such as the lactose, several processes, mainly
separation processes, should be used. The intended final use of lactose determines the
process that should be used for its separation from cheese whey.

2. Membrane processes

Membrane separation is a filtration process based on the use of membranes for
the separation of dissolved or colloidal solids in liquid mixtures, or the separation of
small components in gaseous mixtures. A membrane is a permselective barrier
between two phases (feed/retentate) and permeate, which preferably allows the
permeation of a component (or components) of the feed retaining others, leading to
their separation, purification, or concentration. The difference in permeability
(membrane transport) between the components of the mixture is due to differences
in size (ratio between mean pore radius of membrane and size of solute to be
separated) and/or chemical selectivity for membrane material (relationship among
chemical characteristics) [4].

These processes differ from frontal filtration in the following characteristics:
(1) the particle size they separate; (2) tangential rather than dead-end mode of
feed introduction; and (3) use of membranes, in spite of depth filters. Therefore,
these processes allow to expand the scope of frontal filtration for separating
components of smaller dimensions (less than 1 pm). The parallel flow limits the
accumulation of substances retained on the membrane due to shear stress and two
different product streams are obtained (Figure 1). When using membranes, the
components are retained to the surface in a thin film, called the active layer or
skin, and so higher retention rates are possible [4, 7].

Membrane separation processes can be classified according to the driving force
that controls the mass transfer rate of the individual components from one phase to
another. These driving forces can be of several natures such as concentration gradi-
ents, temperature, pressure, and external force fields. The main processes used at an
industrial level are pressure-driven processes, such as microfiltration, ultrafiltra-
tion, nanofiltration, and reverse osmosis [8, 9]. In these processes, by applying a
pressure, the solvent and some solutes freely permeate the membrane, while others
are retained to varying extents, depending on various factors, such as solute, mem-
brane characteristics, operating parameters, or others [8, 9]. The size of the particle
or molecule to be separated as well as its chemical properties determines the

R RENCRE? o o

Feed MEMBRANE
PUMP

Permeate

Figure 1.
Diagram of a membrane separation process [4].
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structure (porous or dense, pore size, and pore size distribution) of the membrane
to be used. The nature of the solvent (aqueous or organic), the cleaning method, the
applied pressure, and the temperature influence the type of membrane material
[10]. When it progresses toward microfiltration, ultrafiltration, nanofiltration, and
reverse osmosis, the size or molecular weight of particles or molecules that are
retained by the membrane, pore size, and porosity decreases. This means that the
hydrodynamic resistance of the membranes to mass transfer is increasing, requiring
higher applied pressures to achieve the same permeation fluxes.

Following water and wastewater treatment, the food industry ranks second in
applications of those processes. Most applications are in the dairy industry (pro-
duction of whey protein concentrates; milk protein standardization), followed by
the beverage (wine, beer, vinegar, and fruit juice) and egg product industries
[8, 11]. In the food industry, the application of membrane separation processes
provides several benefits, such as food safety, competitiveness, innovation, and
environmental compatibility. Food safety through membrane processes can be
achieved, for example, by cold sterilization, using microfiltration. They are com-
petitive with other concentration processes, for example, thermal processes, due
to their lower energy consumption. In addition, they can be easily integrated into
industrial plants due to ease of implementation, possibility of using compact
modules, and good automation. So, these processes are currently present in sev-
eral industrial plants, namely in the development of new value-added products,
for example, from by-products (cheese whey or second cheese whey) and/or
residues of the food industry. In addition, since only cleaning agents are used and
the processes can be operated under mild conditions (pressure and temperature),
they are recognized as green processes [3].

2.1 Membranes

The membranes can be manufactured with different types of materials (poly-
meric or inorganic), may have different structures (symmetrical or asymmetrical),
and are usually commercialized in arrangements of membranes, with a high surface
area per unit volume, called modules.

The nature of the material used is an important aspect of membrane processes
because it can affect the behavior and performance and limits the use of a mem-
brane, for a particular application. Regardless of its nature, that material must have
good thermal, mechanical, and chemical stability; hydrophilicity or hydrophobicity;
ease of manufacture on a wide variety of dimensions pores; modules; and configu-
rations [4, 7]. In this respect, inorganic membranes made from ceramic materials
are the most used, due to its higher thermal, chemical, and mechanical stability than
polymeric membranes. These characteristics allow its use in a wider pH region and
with different organic solvents. Furthermore, they are easier to clean and disinfect,
since more concentrated solutions of strong acids and bases and higher tempera-
tures can be used, keeping their life span. Some disadvantages of these membranes
compared to polymeric ones are mainly associated with its higher cost, the need of
using higher flow rates (greater energy consumption), and to the fact that, cur-
rently, does not exist in the market ceramic nanofiltration membranes with limit of
separation less than 250 Da [12].

The classification of membranes according to their structure is shown schemat-
ically in Figure 2. Symmetrical membranes include microporous and homogeneous
membranes (dense and nonporous). The thickness of the symmetric membranes
can vary approximately from 10 to 200 pm, the resistance to mass transfer being
determined by the total thickness of the membrane. Thus, the thinner the mem-
brane, the higher the permeation rate [7]. These membranes are applied in
microfiltration and can be classified, on an absolute scale, through their maximum
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Figure 2.
Schematic representation of membrane structure.

equivalent pore diameter. Homogeneous membranes are mainly applied in gas
separation. Asymmetric membranes have a structure consisted of a very thin film
on their surface with a thickness in the range of 0.1-0.5 pm, called skin or active
layer, which is based on a porous support layer, the thickness of which can vary
between 100 and 200 pm [4, 7]. The separation occurs only at the surface, in the
active layer, retaining components whose molar mass is greater than the molecular
weight cut-off (MWCO) of the membrane, which is defined as the molar mass that
is 90% rejected by this membrane. The manufacturing process of the membranes
still leads to obtaining two different substructures: the integral asymmetric mem-
brane design and nonintegral asymmetric membranes, the latter forming part of the
composite membranes. Integral asymmetric membranes are obtained from a single
polymer. Composite membranes, also called thin-film, thin, or ultrafine layer com-
posites, are manufactured with a polymer (or other material) different from that
used in the layer support and in several stages, which make it possible to optimize
each of them, independently. These membranes are used in ultrafiltration,
nanofiltration, and reverse osmosis.

The design of the modules is based on two types of membrane configurations:
flat and tubular. Plate modules and spiral-wound modules involve flat membranes,
while tubular, capillary, and hollow fiber modules are based on tubular membrane
configurations. In general, an industrial membrane installation consists of the asso-
ciation of several modules, which are selected and configured in parallel or in series,
depending on the production/specification of the final product. The selection of the
module configuration, as well as the module arrangement, is based on several
factors: economic considerations; type of application; ease of cleaning, mainte-
nance, and operation; compactness of the system; and scale and possibility of
replacing membranes.

2.2 Performance of membrane processes

The main parameters used to evaluate the performance of a membrane are the
permeate flux that is a measure of its productivity and the apparent rejection
coefficient, which allows us to estimate their selectivity. The permeate flux (J,) is
defined as the amount, in volume or mass, that passes through the membrane per
unit area and time, that is,
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where J, is the volumetric permeate flux (m s™1); V is the volume of the perme-
ate (m>); A is the membrane surface (m?); and  (s) is the time required to collect
the volume of permeate V.

The rejection coefficient is a measure of membrane selectivity for the separation
of a given solute, which may be partially or totally retained by it, while the solvent
freely permeates the membrane. The apparent (or observed) rejection coefficient,
R, is defined as follows:

2

where Cr is the concentration of a particular solute in the feed, and C,, is the
concentration of this solute in the permeate.

The apparent rejection coefficient depends on the experimental conditions,
namely transmembrane pressure and feed circulation velocity. This coefficient is a
dimensionless quantity, which can take values between 0 and 1, as the solute freely
permeates the membrane or is completely retained by it, respectively. The latter
situation corresponds to an ideal semi-permeable membrane.

The permeate flux and apparent rejection coefficient are influenced by several
factors related to solute characteristics (size and shape, macro and micro solute
coexistence), membranes (more hydrophobic/hydrophilic character, surface charge
distribution, and surface roughness), operating parameters (transmembrane pres-
sure, feed circulation velocity, and temperature), environmental conditions (pH,
ionic strength, and osmotic pressure), and type of module (plane and tubular) [13].
These factors give rise to the resistive phenomena mass transfer across the mem-
brane, referred to as concentration polarization and fouling, which can severely
affect the performance of membrane processes. Another factor that can reduce the
performance of membrane processes is the effect of osmotic pressure.

Concentration polarization consists in the formation of a concentration gradient
in a thin layer near the membrane surface, caused by the accumulation of the
retained species and leads to the initial decrease of permeate fluxes, which may also
contribute to a reduced selectivity. It mainly affects those processes with larger pore
membranes (higher permeate fluxes) such as microfiltration and ultrafiltration and
can be minimized through the use of low pressures, high feed circulation rates, and
low solute concentrations.

Fouling consists of pore obstruction (on or in the surface), caused by solute-
membrane or solute-solute interactions, which mainly depend on the characteristics
of the solutes, of the membrane, and of operating conditions and the type of
module. This phenomenon can lead to a sharp reduction in permeate flux and can
alter membrane selectivity [14]. In order to reduce the effects of fouling, various
preventive methods can be used such as (1) use a suitable pre-treatment for the
food (pre-filtration, pH adjustment, and adequate heat treatment); (2) select
the most suitable membrane (narrow pore size distribution, hydrophobicity
characteristics, presence of charged groups, or with certain functional characteris-
tics on the membrane surface); (3) use the modules with spacers and work with
high feed circulation rates or even at low permeate fluxes, by reducing the applied
transmembrane pressure; and (4) use the rotary (or vibratory) modules, in which
the membrane moves on a rotating cylinder, creating greater turbulence close to the
membrane, compared with conventional tangential modules, while maintaining low
shear rates within the fluid [15].
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The effect of osmotic pressure in the decline of permeate fluxes is generally
neglected in microfiltration and ultrafiltration since the solutes to be separated in
these cases have very high molar masses. However, if the concentration of macro-
molecular solutes is very high, then this effect will have to be accounted for. The
phenomenon is especially important in reverse osmosis and also nanofiltration,
since in these processes, the solutes that separate are of low molar mass, so the
osmotic pressures can be high, decreasing the effective pressure.

In addition, the performance of the overall membrane process should also take
into account economic factors, such as membrane prices and shelf life, cleaning and
disinfection reagents, and energy consumption.

3. Lactose recovery through membrane processes

In the industrial process that is currently used for lactose production, membrane
separation techniques have already been introduced because lactose is currently
recovered from the whey ultrafiltration permeate. The whey proteins separated
have different and interesting applications (e.g., whey protein concentrates, WPC,
or whey protein isolates, WPI), thus contributing to the valorization of cheese
whey. The Commonwealth Scientific and Industrial Research Organization
(CSIRO) developed a method for the possible commercial production of pharma-
ceutical quality lactose, which integrates the following operations: ion exchange (for
calcium and magnesium removal), nanofiltration/diafiltration (for lactose separa-
tion, concentration, and purification), evaporation, crystallization, and chromatog-
raphy, allowing not only to obtain high purity lactose, as well as mineral salts and
calcium from cheese whey. This process has several benefits because through the
use of nanofiltration/diafiltration, it is produced by a purified lactose concentrate,
minimizing simultaneously the evaporation costs due to the reducing volume.
Besides, the nanofiltration permeate can be subjected to reverse osmosis, producing
water of good quality (e.g., for cleaning and diafiltration).

The recovery of lactose from cheese whey by membrane processes is mainly
carried out by nanofiltration (NF) of the ultrafiltration permeates, due to their
physical-chemical composition. Those permeates are composed of small solutes,
being lactose the major compound of the dry matter, followed by several ions such
as, sodium, potassium, calcium, magnesium, chloride, phosphate, and citrate.
Therefore, the specific selectivity of NF to this type of solutes and its lower energy
consumption, compared with other processes such as reverse osmosis and evapora-
tion, has boosted their use in dairy [8, 16, 17] and other agroindustrial sectors.

One of the most important uses of nanofiltration is the production of whey-
demineralized lactose concentrates in the food industry, or even, if enough purifi-
cation is achieved, for pharmaceutical purposes. The demineralization of dairy
fluids is very important to reduce their high salt content (8-20% of dry matter)

[3, 18], which causes several difficulties in processing. A high salt content leads to
slow lactose crystallization rate because it reduces lactose solubility in supernatant
liquor during crystallization.

The major drawback of the NF process is the fouling caused by mineral precip-
itation of salts, namely calcium phosphates. Another reason for the decrease of
permeate flux is the increase of osmotic pressure and concentration polarization,
due to the accumulation of lactose and salts (sodium, potassium, and chloride) near
the membrane surface, causing a reduction in the effective pressure [19, 20].

Guu and co-workers [21] found that the application of NF for sweet whey or UF
permeates allowed to increase the production of lactose crystals by about 10 and
8%, respectively, for a VRR of 3.0. This behavior was attributed to the partial
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demineralization of the permeate, especially in terms of the monovalent ions,
sodium and potassium. These results raised the interest for the integration of NF
membranes in the lactose production plants at the industrial level.

Rice and co-workers [22] carried out nanofiltration of ultrafiltration permeates
using polyamide membranes NF270 and observed a severe flux decline during
filtration at high temperatures and pH, due to calcium phosphate precipitation,
because of its lower solubility in these operating conditions. Those authors
suggested that if the pH of the feed was reduced, fouling could be avoided, despite
changing the separation properties of the membrane.

Cuartas-Uribe and co-workers [23] studied the concentration of lactose from
whey ultrafiltration permeates, combining concentration by nanofiltration with
continuous diafiltration modes, and found that the best operating conditions were a
transmembrane pressure of 2.0 MPa and a volume dilution factor of around 2.0
because a good removal of chloride was possible with the lowest lactose loss for the
permeate. Although these authors claimed that no fouling problems were detected
during NF tests, experiments at a larger scale should be performed to evaluate the
economic feasibility of the process.

Ferg and co-workers [24] also investigated the recovery of lactose through a
combination of membrane processes, namely MF (nominal pore size 0.2 pm), UF
(5 kDa MWCO), ion exchange, and RO, and obtained an overall lactose recovery of
74%, with a purity of 99.8%.

Bertoluzzi and co-workers [25] compared the performance of two double-stage
membrane processes for treatment of dairy wastewaters: (1) microfiltration (MF)
plus NF and (2) MF plus OI. For MF, a hollow fibber module was used, being
membranes made of poly(ether sulfonate)/poly(vinyl pyrrolidone) (PES/PVP)
mixture with a pore size of 0.20 pm. In the NF and RO experiments, polymeric flat-
type membranes were used, being these membranes made of polyamide composites.
For the NF experiments, they used two different membranes (NF90 and NF),
which are made of the same material but have different rejection properties, since
NF90 is a tighter membrane, while the other one is a looser membrane, as can also
be confirmed by their hydraulic permeabilities to pure water. Before the experi-
ments, the dairy wastewater was prefiltrated across a filter of 0.25 pm to remove
solids and to avoid a quick fouling of membranes. After that, microfiltration was
also used as a pretreatment for the next operation (NF or OI) with the objective of
improving their performance. The authors found that the sequence of MF followed
by RO allowed a better removal of total solids and organic matter. Besides, the
composition of the final permeate was compatible with the discharge on receiving
waters according to the Brazilian environmental regulations or could be used in
cleaning-in-place processes in the dairy factory. Although the results of this study
are a good basis for other similar dairy wastewaters, since the variety of
manufacturing processes involved in dairy products used is too large, for each type
of sample/desired goal, a previous study is always necessary.

Macedo and co-workers [20] used a combination of UF/NF and UF/DF followed
by NF/DF of the previous permeates, to recover lactose from the permeates both of
sheep cheese whey (PUF-S) and of goat cheese whey (PUF-G) (Figure 3).

Both samples were subjected to the following pretreatment: filtration (using
traditional cotton cloths), skimming for fat removal, and low pasteurization. NF of
both permeates was carried out with NFT50 (NF) membranes until a volume
concentration factor (VCF) of about 2.5. It was observed a sharp decrease (around
60%) in the permeate flux in the case of PUF-S and a smaller reduction (about
20%) in PUF-G (Figure 4). The authors attributed this different behavior to the
following factors: the higher concentration of lactose and applied pressure used in
the case of PUF-S (higher permeate fluxes) led to a greater and faster accumulation
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(AP = 2.0 x 10° Pa; <v>=0.94ms *), at T = 25°C [20].

of lactose near the membrane surface, causing a higher increase in the osmotic
pressure and concentration polarization phenomena. On the other hand, since the
pH was 6.06 and the initial concentrations of calcium and phosphate were also
higher than those of PUF-G, most probably, mineral fouling occurred due to the
formation of insoluble calcium phosphates. In the case of PUF-G, the lower pH
(5.43) and calcium and phosphate concentrations, due to the effect of dilution by
diafiltration, were less prone to mineral fouling, leading to a more stable permeate
flux. In spite of that, the permeate fluxes were lower during all the run, likely
because of the highest concentration of chloride ions in goat cheese whey, which
caused a greater initial osmotic pressure and therefore a lower effective transmem-
brane pressure. Beyond this, it is likely that also protein fouling contributed to this
behavior since the pH of PUF-G was closest to the isoelectric point of p-lactoglobu-
lin, the most abundant whey protein.

These results suggest that, in order to reach a better NF performance for recov-
ering lactose, the following procedures should be applied: (1) precipitate calcium or
use ionic exchange resins with the objective to reduce calcium concentration in the
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permeates, avoiding the decline of permeate fluxes during NF, due to the formation
of calcium phosphates and (2) optimize NF/DF process to improve the performance
of recovery process of lactose.

Membrane processes, for example, nanofiltration, also play a role in the recovery
of mother liquor (or delactosed permeate) resulting from the crystallization pro-
cess. This co-product was investigated after fractionation by membrane processes
(NF and reverse osmosis) for salt substitute in soup formulations [26, 27]. By NF,
the residual lactose was recovered and recycled to the crystallization tank, enhanc-
ing the yield of this process. On the other hand, the permeate was subjected to
reverse osmosis producing a retentate enriched in salt, which will be used in the
food industry. A detailed review about the possible valorization of the mother liquor
is described by Oliveira and co-workers [28].

Several processes for lactose production involving advanced technologies are
commercially available. Most of them include membrane processes, namely
nanofiltration and reverse osmosis for the production of edible lactose, crystalline
lactose, and lactose syrup, which can be used for the production of galactooligosac-
charides.

The integration of membrane processes for recovering bioactive compounds
from cheese whey, in small and medium dairies, in spite of the initial cost of the
equipment, must be investigated in each case. The economic viability of these plants
will depend on the valuation to be given to the different separated fractions. Cheese
producer’s associations may play a decisive role in the concentration of all the
cheese whey released in a given region, in a single plant for processing/recovery of
value-added compounds.

4, Conclusions

The recovery of lactose from cheese whey allows not only the valorization of this
co-product in the cheese industry, but also to mitigate the environmental damage
caused by it. This work is focused on the use of membrane processes for lactose
recovery. The selection of the most suitable process depends on several factors such
as composition of the initial cheese whey (quite varied, especially in the case of
those resulting from artisanal cheese production), volume produced, and final
intended application for lactose. Progress in these processes will lead to an overall
improvement in the process of recovering lactose from cheese whey. In the case of
membrane separation, its implementation at the industrial level is increasing. Hith-
erto, its use in small and medium scales is conditioned by the initial economic
investment, depending rather on the synergy of the various producers, which in
turn should be driven by their associations.
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Abstract

The first report on the synthesis of lactitol dates back to the early 1920s. Nearly
100 years have passed since then, and the applications of lactitol have exceeded its
original purpose. Currently, lactitol is used in bakery, confectionery, chocolate,
desserts, chewing gum, cryoprotectant, delivery agent, and stabilizer in biosensors.
Lactitol is the main reaction product derived from the hydrogenation of lactose.
This chapter is aimed at providing a succinct overview of the historical develop-
ment of lactitol, a summary of its synthesis, and an overview of its properties and
applications.

Keywords: lactitol, catalytic hydrogenation, sugar alcohols, low-calorie sweeteners,
lactose utilization

1. Introduction

Lactitol, a sugar alcohol, is not found in nature, and its synthesis requires lactose
in solution, hydrogen gas, and solid catalyst. The first attempts of lactitol synthesis
were made about 100 years ago. Since then, the synthesis of lactitol has evolved into
a highly efficient process with a projected production of 1.9 million metric tons by
2022 [1]. In a nutshell, the synthesis consists in the incorporation of a hydrogen ion
into the carbonyl group of lactose. Such incorporation involves a set of multiple
elementary reactions known as Langmuir-Hinshelwood-Hougen-Watson (LHHW)
kinetics. The hydrogenation has consensually thought to occur by adsorption, reac-
tion surface, and desorption of the reactants. A number of kinetics models suggest
that the surface reaction is the predominant step [2]. Within the surface reaction,
the reaction between two adsorbed species is catalyzed by a transition metal sup-
ported in an inert material. Over the years, several catalytic systems (metal and
support) have been investigated in terms of their physical and chemical properties.
An important feature of the catalytic hydrogenation is the multiphase nature of
the reaction, where liquid, solid, and gas are brought into contact for a given time.
Upon completion of the reaction, lactitol is separated from the slurry by centrifuga-
tion and crystallization. In crystalline form, lactitol can exist in four crystal forms,
depending on the crystallization protocol [3]. Each type of crystal is characterized
by its melting point and solubility. The most common structure of lactitol is the
monohydrate form, and therefore it is the most studied one.

35 IntechOpen



Lactose and Lactose Derivatives

Lactitol is best known as a nutritive sweetener, whose relative sweetness is
between 30 and 40% comparable with that of sucrose [4]. More importantly,
regulatory agencies such as European labeling and FDA consider a caloric value
of lactitol as 2.4 and 2.0 kcal g, respectively, which correspond to a reduction
of 48-40% with respect to sucrose [5]. The molecular structure of lactitol offers
stability over a wide range of pH and temperature, making it a suitable candidate for
the synthesis of biopolymers, hydrogels, and surfactants. Over the last past decades,
lactitol has emerged into a multipurpose ingredient from low-caloric sweetness to
coating material in chewing gums.

This chapter summarizes relevant advancements over the 100 years of lactitol
history. Section 2 provides a historical overview of lactitol, highlighting some of the
most significant milestones. Section 3 discusses an overview of the catalysts used
for the hydrogenation of lactose. Section 4 addresses some chemical and physical
properties of lactitol. Finally, a summary of current and potential applications of
lactitol is discussed in Section 5.

2. Historical timeline

Figure 1 illustrates selected milestones of lactitol over the past 100 years. A
comprehensive review of the technological advancements of lactitol can be found
elsewhere [1]. Chemical catalysis was perhaps the first great contributor to the
advancement of lactitol. In 1920, Senderens [6] hydrogenated lactose over activated
nickel. Senderens’ catalysis was very unstable, making unrealistic any kind of
large-scale production. The stability of nickel-based catalysts became a reality with
the invention of the sponge nickel by Raney in 1925 and 1926 [7]. Raney’s inven-
tion consisted of crystalline particles of active nickel embedded within an inactive
metal. In subsequent years, the reaction kinetics of hydrogenation was elucidated,
which allowed the production of lactitol at high yields and selectively.

Early production of lactitol was aimed at research facilities, where potential
applications were investigated throughout 1930-1970. In 1938, the crystalline
structure of lactitol was elucidated by purification and crystallization of the
hydrogenated slurry [8]. A second anhydrous crystalline form of lactitol, dihydrate,
was discovered by 1952 [9]. In subsequent years, lactitol entered the fields of nutri-
tion, material science, and biotechnology. Fortification of infant food, synthesis
of lactitol-based polyethers, sweetening agent, and animal feed are examples of
applications of lactitol.
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Figure 1.
Selected scientific and commercial milestones of lactitol over the past 100 years. Adapted from [1].

36



Hundyred Years of Lactitol: From Hydrogenation to Food Ingredient
DOI: http://dx.doi.org/10.5772/intechopen.93365

In 1977, the sweetness intensity of lactitol was established by the develop-
ment of the sweetness scale using sucrose as a reference [10]. Soon after, lactitol
was incorporated in confectionary formulations and chewing gum. In the 1980s,
lactitol found applications in the field of hygiene and medicine, where it was used
to formulate toothpaste, mouthwashes, and aseptic products. Metabolic concerns
related to the consumption of lactitol were studied in 1981 [11]. In years thereafter,
lactitol was used for the treatment of liver disease [12]. In 1993, the Food and
Drug Administration (FDA) granted the status of Generally Recognized as Safe
(GRAS) [13]. The current literature on applications of lactitol reveals about 3000
patents, ranging from a low-calorie sweetener to a surfactant and stabilizer agent.
Nowadays, lactitol and other sugar alcohols represent a significant global market
with various applications, and its production is projected to reach 1.9 million metric
tons by 2022.

3. Production of lactitol
3.1 Catalytic hydrogenation

Lactitol is not found in nature, and it can only be produced through catalytic
hydrogenation of lactose. Thus, the transition state theory of catalytic surface
reactions is the foundation of lactitol synthesis. The actual synthesis consists of
a sequence of elementary reactions, namely adsorption, surface reaction, and
desorption [14]. Collectively, all these reactions are known as the Langmuir-
Hinshelwood-Hougen-Watson (LHHW) kinetics [2]. Figure 2 illustrates the
LHHW kinetics that is formulated from a presumed elementary step. Then, the
rate is derived through the different elementary steps with the assumption of one
of them is the rate-determining step, while the others are achieved the equilibrium.
The overall reaction rate is strongly affected by temperature and pressure since
these variables determine the equilibrium of the elementary reactions.

3.1.1 Adsorption

Lactose and hydrogen are adsorbed through chemisorption, where the exchange
of electrons with surface sites leads to the formation of a chemical bond [15].
Lactose is adsorbed from the bulk solution, a process that overcame the interac-
tion forces of the solvent. A molecular mechanism is responsible for adsorbing the
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Figure 2.
Illustration of Langmuir-Hinshelwood-Hougen-Watson kinetic. Adapted from [2]. Numbers 1, 2, and 3
represent adsorption, surface veaction, and desorption, respectively.
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lactose and hydrogen is followed a dissociative mechanism (H,<2H*) due to the
action of transition metals. Dissociative adsorption requires an adjacent vacant site,
and the rate of attachment is proportional to the square of the vacant concentra-
tion [16]. The adsorption of reagents occurs within a very short timeframe. Once
the adsorption is completed, the adsorbed molecules are in equilibrium with those
molecules in the bulk phase.

3.1.2 Surface reaction

Examples of reaction mechanisms occurring at the surface include duel-site,
single-site, two adsorbed species, and unabsorbed species [17]. Such mechanisms
have been used for hydrogenation of a number of carbohydrates including, glucose,
fructose, xylose, and lactose [18].

3.1.3 Desorption

The products of the surface reaction are subsequently desorbed into the reaction
medium. Theoretically, the rate of desorption is exactly the opposite in sign to the
rate of adsorption [19]. However, the desorption of reaction products is regarded as
rapid and therefore neglected within the rate equation.

3.2 Catalysts

The design and selection of catalyst systems have been a major research topic in
organic synthesis and chemical engineering. Several factors should be considered for
the adequate selection of a catalyst system including, the transition metal, support-
ing material, preparation methods, and solvent. For lactose hydrogenation, metals
such as nickel (Ni), ruthenium (Ru), and palladium (Pd) within a range of 1-10%
are commonly used due to their relatively high reactivity and selectivity toward
aldehyde groups. The concentration of the metal is linearly related to its activity
within a limited range of 1 to 10%. Outside the concentration range, the metal is not
available for reaction. A number of metal-based catalysts have been developed for
lactitol production, including nickel-based, ruthenium-based, and other metal-
based catalysts.

3.2.1 Nickel-based

Raney in 1920s patented a protocol where active metal (Ni) was embedded
within an inactive metal (Al) frame [7]. The activity of the Raney’s catalyst results
from the random distribution of nickel crystals within the inactive crystal lattices
[20]. A number of metals have been added into the Raney-nickel catalysts to further
increase the reactivity [21]. Chromium, molybdenum, and tungsten are examples
of metals added. The use of metal promoters (Cr-, Mo-, and Fe-Ni) showed a
five-fold rate enhancement over non-promoted Raney nickel in the hydrogenation
of glucose [21]. Although nickel-based catalysts are an effective catalyst for lactose
hydrogenation, it suffers from the deactivation problem due to the nickel leach-
ing and catalyst sintering. This results in a loss of catalyst activity and high nickel
content in the lactitol product solution.

3.2.2 Ruthenium-based

Ruthenium is another metal used as a catalyst supported in different materials,
such as carbon, alumina, silica, and synthetic gel. The ruthenium catalyst was effective
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for the hydrogenation of monosaccharides and disaccharides [22]. Ruthenium-
based catalysts are supported in alumina (Ru/Al203), silica gel (Ru/gel), titanium
dioxide (Ru/Ti02), crosslinked polystyrene (Ru/CP), and activated carbon (Ru/C).
Ruthenium-based catalyst is more active than a nickel-based catalyst, and this leads
to the higher catalyst selectivity [23]. Moreover, ruthenium-based catalyst was more
stable than Ni based catalyst in the hydrogenation process; this leads to the extended
lifetime of catalysts [23].

3.2.3 Other metal catalysts

Metals such as copper (Cu) and Pd have also been studied for the hydrogenation
of lactose. For instance, Cu/SiO, was effective for the catalytic transformation of
lactose to a high yield mixture (75-86%) of sorbitol and galactitol [24]. The boron
nitride supported palladium (Pd/h-BN) was applied for the hydrogenation of
lactose. The results indicated that the high lactose conversion ratio (up to 50%) was
obtained with this catalyst.

3.3 Reaction pathways

Lactitol is the main product formed during the hydrogenation of lactose, fol-
lowed by a considerable formation of lactulose, lactulitol, lactobionic acid, sorbitol,
and galactitol [23]. All these compounds are formed through a combination of
hydrogenation, isomerization, hydrolysis, and oxidation. Figure 3 illustrates the
reaction pathways occurring during the hydrogenation of lactose. A number of fac-
tors influence the occurrence and extent of a given reaction. Temperature, pressure,
pH, agitation, type of catalysts, concentration, and catalyst load are examples of
such factors [2].

3.3.1 Hydrogenation

Lactose is readily reduced to its corresponding alcohol, where the carbonyl
group reacts with the hydrogen ion. This reaction is represented by scheme (1), and
it is the main reaction occurring during the hydrogenation. Concomitantly, other
reducing sugars (lactulose, galactose, and glucose) are also hydrogenated to form
their respective alcohol (lactulitol, galactitol, and sorbitol). These reactions are
exemplified in scheme (4), (10), and (9), respectively. Lactulose is formed through
isomerization, while galactose and glucose are formed via hydrolysis of lactose.

3.3.2 Isomerigzation

The temperature used during hydrogenation may trigger the isomerization
of lactose via enolization of the glucose molecule, scheme (4). Hypothetically,
galactose, and glucose may undergo isomerization to form D-Tagatose and fructose,
respectively. The yield corresponding to derives from isomerization is rather low.
This is because the isomeric form of a reducing carbohydrate is prone to hydrogena-
tion. Scheme (9) and (10) illustrate the hydrogenation of glucose and galactose,
respectively.

3.3.3 Hydrolysis
Lactose may hydrolyze to some extent, leading to the formation of galactose

and glucose, scheme (8). Lactulose and lactulitol may also hydrolyze, and their
respective product can be hydrogenated. These sets of reactions are illustrated in
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Reaction scheme during catalytic hydrogenation of lactose.

scheme (5). Prolong reaction time and high temperature can induce the hydrolysis
of lactitol, which leads to the formation of sorbitol and galactose, scheme (2).

3.3.4 Oxidation

Lactose can undergo dehydrogenation forming lactobionic acid, scheme
(11). This situation would occur under a limited concentration of hydrogen.
Subsequently, the lactobionic acid may undergo hydrolysis (scheme (13)) to form
gluconic acid and galactose.

3.4 Production of lactitol

The industrial hydrogenation of lactose is commonly done in a batch mode
using sponge nickel as a catalyst. In the hydrogenation of lactose, the reaction
temperature ranged from 130 to 180°C, while the pressure of hydrogen gas varied
between 50 and 170 bars. Figure 4 exemplifies a hydrogenation batch reactor.

The batch reactor is charged at the top of the tank. This type of reactor is based
upon the movement of hydrogen from the gas phase to a liquid phase and across a
liquid-solid interface to the surface of the supported catalyst, where the hydrogen
gas is adsorbed. During the reaction, hydrogen gas is consumed by the catalytic
reaction creating concentration gradients across the reactor. Such gradients control
the net movement of hydrogen gas to the catalyst and, therefore, the speed of the
reaction. Temperature, pressure, and agitation are the main variables controlling
the reaction rate and final yield. Batch reactors offer the advantage of not having
large temperature gradients, and the development of velocity profiles is negligible,
which simplifies the operation. The performance of a batch reactor for catalytic
hydrogenation depends on the hydrogen movement across the reactor. This feature
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is the principal disadvantage of the batch reactor since they are designed to control
the mass transfer only through agitation.

Alternatively, catalytic hydrogenation can be performed by a continuous flow
of reactants. Conceptually, the continuous operation has been exemplified in a
trickle-bed reactor using structured catalysis [19]. A simplified diagram of the
continuous hydrogenation of lactose is presented in Figure 5. The process mainly
consists of feed streams, heat exchangers, reactor units, and separator. Kasehagen
[25] exemplified the production of lactitol under continuous mode using a lactose
solution (50% wt/wt) in water with sponge nickel (1.8%) at 160°C and 130 bar.
Under such conditions, about 98% of lactose was converted into lactitol.

Mixing
valve

Preheating
Hydrogen
(gas phase)

Lactose
solution

Reactor

Cooling Lactitol
shury

Figure 4.
Continuous-stirred tank reactor for batch hydrogenation of lactose.
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Schematic vepresentation of continuous hydrogenation of lactitol.
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4. Properties of lactitol
4.1 Chemical and crystalline forms

In solid-state, lactitol can exist in different crystalline forms, having different
melting points. Early observations showed the existence of two forms of anhydrous
lactitol having different melting points [8, 9]. XRD and IR-spectra revealed three
hydrate forms (mono-, di-, and tri-hydrate), two anhydrate (A and B), and one
amorphous form [3, 26, 27]. The most common form of lactitol is monohydrate,
which is obtained through slow crystallization of the lactitol slurry. Lactitol is a
monoclinic polyol with one intra- and eight inter-molecular hydrogen bonds in its
chemical structure [27]. All hydroxyl H-atoms form hydrogen bonds, which give rise
to an eight-membered ring, chair conformation of the galactopyranosyl ring. The
crystalline form of lactitol dihydrate is tetragonal with 3 intra- and 12 inter-molecular
hydrogen bonds in its chemical structure [28]. Similar to lactitol monohydrate, all
hydroxyl H-atoms form hydrogen bonds resulting in a chair configuration of the
galactopyranosyl ring.

4.2 Solubility

Lactitol is found commercially as a crystalline powder. Interestingly, lactitol proper-
ties and therefore its potential application depend on the given crystalline form. Lactitol
is recovered after hydrogenation, where the spent catalyst is removed via ion-exchange.
Then, the slurry is evaporated under vacuum, and subsequently crystallized under pre-
scribed protocol. Once the crystals are formed, the lactitol slurry is centrifugated and
dried. Crystallization is the key step during the formation of a given crystal form. The
crystallization of carbohydrates can be used as a general guideline of the crystallization
of lactitol. Nurmi and Kaira [29] provided the most accurate guides in the literature for
the crystallization of lactitol. Solubility curves of the lactitol crystals are illustrated in
Figure 6. For simplicity, the solubility curve was divided into four regions.

The region IV illustrates the required conditions to yield lactitol in anhydrous
form. This has been illustrated by Nurmi and Kaira [29], who crystallized a 91%
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Figure 6.
Solubility curves of lactitol anhydrous, monohydrate, dihydrate, and trihydrate.
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lactitol solution to obtain lactitol anhydrous. The solution was cooled from 95 to
75°C within 10 h, inducing the crystallization from solution. Similarly, Heikkila
etal. [30] obtained lactitol anhydrous by cooling from 90 to 80°C a 90% lactitol
solution. The working conditions for yielding lactitol monohydrate are exemplified
in region II. Heikkild et al. [30] obtained lactitol monohydrate using a four-step
crystallization. Heikkild’s protocol involved the cooling of a 82% seeded lactitol
solution from 70 to 40°C in 16 h. Wijnman et al. [31] obtained lactitol in the form of
monohydrate by seeding a 80% solution of lactitol, and cooled it from 75 to 50°C in
18 h. The remaining mother liquid from this protocol was seeded and cooled down
to 18-15°C to obtain lactitol dihydrate, indicated in region II. Wijnman et al. [31]
followed a similar protocol to obtain 60% yield of lactitol dihyrate. Lactitol trihy-
drate, which is illustrated in region I, is obtained by further crystallization of the
mother liquid at temperatures lower than 10°C [29].

4.3 Caloric value

Evidence of the reduced-calorie value of lactitol dates back to the 1930s, where
the enzymatic hydrolysis of lactitol was found to be significantly slower than that
of lactose [32]. This observation pointed out the possibility of a reduced calorie
effect of lactitol. Indeed, Hayashibara and Sugimoto [33] measured the concentra-
tion of lactitol in the intestines of rabbits injected with a 20% solution of lactitol.
After hours of injection, the lactitol concentration did not, while the concentra-
tion of glucose was reduced by 85%. Van Es et al. [34] analyzed the metabolized
energy derived from lactitol and sucrose. They found that the energy contribution
to the body was 60% less than for sucrose. European labeling considers a blanket
caloric value of lactitol as 2.4 kcal g™ [5]. At the same time, the Food and Drug
Administration (FDA) establishes a general value of 2.0 kcal g, a reduction of
48-40% with respect to sucrose.

4.4 Sweetness

Lactitol is known for its mild and clean sweet taste [4]. Relative sweetness is
measured in relation to a reference value of 1, which corresponds to the sucrose
sweetness at a given concentration [5]. Lactitol possess a relative sweetness from
0.3 to 0.42. Generally, lactitol sweetness is considered to be 30-35% of the sucrose
sweetness. Thus, simply replacing sucrose with lactitol requires substantial amount
of lactitol. Alternatively, lactitol is combined with other sweeteners to synergisti-
cally reduce the sucrose concentration.

4.5 Health claims

Lactitol is not considered as essential nutrient, but its consumption has been
clinically linked to a number of health benefits. Health benefits and claims associ-
ated with the consumption of sugar alcohols have been reviewed elsewhere [35, 36].
Overall, sugar alcohols are a limited source of energy for oral bacteria that results in
less production of acid. van der Hoeven [37] studied the cariogenicity of lactitol in
fed rats, and observed that lactitol significantly reduced caries development when
compared with sucrose. This observation was in agreement with the rate of fermen-
tation by oral bacteria. Acid production from lactitol occurred at much lower rate
than the acid production of sucrose. Clinical evidence demonstrated a reduction in
the incidence of caries by the substitution of sucrose with sugar alcohols in chewing
gum and candies. van Loveren [38] postulated that the preventive effects against
caries in gums and candies formulated with sugar alcohols are due to a stimulation
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of the salivary flow, providing a buffer capacity that washes away soluble carbo-
hydrates. However, there is no consensus regarding the minimal dose required to
reduce caries. Nevertheless, van Loveren [38] suggested that chewing of sugar-free
chewing gum at least 3 times per day may reduce caries incidence.

Lactitol is frequently prescribed as a laxative agent for the treatment of chronic
constipation [39]. As a laxative agent, lactitol is minimally absorbed in the small
intestine, and when it reaches the large intestine, it creates an osmotic gradient that
increases the water retention in the stool, enhancing its passage. Miller et al. [40]
performed a meta-analysis on the efficacy and tolerance of lactitol for adult consti-
pation. It was found that lactitol supplementation was not only well tolerated but
also significantly improved symptoms of constipation.

5. Applications of lactitol
5.1 Cryoprotectant and dryoprotectant

Lactitol is a polyol having the ability of preventing physical and chemical deg-
radation of protein preparations during frozen and drying. The effectiveness of
lactitol as a cryoprotectant agent was demonstrated in fish muscle (rainbow trout),
where lactitol preserved the structure of myofibrillar proteins [41]. Interestingly,
lactitol influenced the kinetic of formation of hydrophobic residues in the surface of
proteins. Similarly, Nopianti et al. [42] added lactitol to prevent protein denaturation
of threadfin bream surimi during 6 months of frozen storage. A formulation made
of 6% of lactitol resulted in protective effect comparable with that obtained for
polydextrose and sorbitol. Ramadhan et al. [43] cryoprotected duck surimi by the
addition of lactitol. More importantly, the studied by Ramadhan et al. [43] showed a
protective effect after five cycles of freeze-thaw during 4-month of frozen storage.

Lactitol can form glassy matrices within the protein structure that immobilizes
the system and preventing unfolding. Moreover, lactitol may form hydrogen bonds
with the surrounding protein, helping the preservation the enzymes. Such mecha-
nisms have been validated during the drying of protein preparations. Kadoya et al.
[44] freeze-dried a solution of L-lactic deydrogenase and bovine serum albumin
using lactitol monohydrate as a cryoprotective agent. Microscopic observation
indicated the formation of hydrogen bonds that substitute water molecules, and
maintaining the activity of L-lactic dehydrogenase. This is an important observa-
tion showing the protective effect of lactitol in pharmaceutical applications that
helps to minimize product immunogenicity.

The preservation of archeological artifacts has benefited from the protective
effect of lactitol. The stability of archeological wood was performed by the impreg-
nation of lactitol prior to freeze-drying. It was showed that the impregnation of
lactitol resulted in higher hygroscopicity compared with polyethylene glycol impreg-
nation [45]. Babinski [46] treated waterlogged archeological oak with lactitol, and
evaluated changes in dimensions and moisture content. Lactitol reduced the wood
shrinkage after freeze-dried by replacing water molecules and fill the cell walls.

5.2 Surfactant and hydrogel

The structure of lactitol confers higher chemically stability than lactose and
sucrose. Lactitol stability is due to the absence of the carbonyl group, resulting
stability over a broad range of pH (3-9). Moreover, lactitol is not a reducing sugar
(absence of carbonyl group) which does not participate in the Maillard reactions.
Such properties of lactitol offer potential for non-conventional applications, such
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as surfactants, emulsifiers, and hydrogels. Indeed, Van Velthuijsen [47] produced
a non-ionic emulsifier made of lactitol via esterification of palmitic acid under
alkaline conditions. Lactitol esters displayed relevant detergent activity by remov-
ing soil and stains from towels. Dupuy et al. [48] determined the micellization of
lactitol-based surfactants in water. It was found that lactitol surfactants were barely
dispersed at low concentrations, and the formation of micelles was due to their
stearic hindrance. Drummond and Wells [49] produced mono-esters of lactitol
with chain lengths from C8 to C16—octyl, dodecyl, and hexadecyl. The interfacial
tension of such surfactants was determined by putting them in contact with hexa-
decane and triolein. The chain of the surfactant minimally reduced the interfacial
tension than their shorter chain counterpart. Surfactants made of lactitol displayed
the tendency to foaming over 30 min. This is an important observation indicating
the great potential of lactitol based surfactants to be used as emulsifiers. It is worth
to mention that surfactants made of lactitol have not been produced commercially.
Disaccharides from renewable sources can be used as building blocks for the
synthesis of polymers and hydrogels. Wilson et al. [50] produced polyether poly-
ols via lactitol propoxylation at alkaline environment. Lactitol polyether polyols
showed similar viscosity and hygroscopicity than their counterpart sucrose-based
polyols of the same hydroxyl number. Moreover, the decomposition of lactitol
polyols was negligible. Wilson et al. [50] prepared rigid polyurethane foams from
lactitol polyether polyols. Lactitol based foams showed physical properties com-
parable to that of the commercial foams. Hu et al. [51] hydrogenated sweet whey
permeates and synthesized polyurethane foams by propoxylation of lactitol slurry.
The lactitol foams were showed low-density, strong mechanical properties, and
thermal stability. Lin et al. [52] controlled the propoxylation of lactitol to produce
polyether polyols with nine polypropylene oxide branches. Such lactitol polyether
polyols were used to prepare hydrogel via acylated polyethylene glycol bis carboxy-
methyl ether. Lactitol hydrogels absorbed water up to 1000% of their dry weight.
Remarkably, these hydrogels expelled free water at a temperature above 30°C.
Lactitol can be seeing as building block compound to design delivery systems for
bioactive compounds. Already, Han et al. [53] prepared poly(ether polyol) hydrogel
from lactitol, and it was showed ability of delivering acetylsalicylic acid over a pH
range of 4-9. More importantly, the release was controlled by the amount crosslink-
ing of the hydrogel. Han et al. [53] used lactitol cross-linked hydrogel to incorporate
protein for controlled release of the protein into the surrounding fluid. It was
found that the release of p-lactoglobulin, bovine serum albumin, and y-globulin
was constant over 2 h in a temperature range of 37-45°C. Constant release at such
temperature range approaches the human body temperature, suggesting the use of
lactitol based delivery system for clinical applications. Chacon et al. [54] prepared
hydrogels of lactitol having swelling capacity up to 81-fold. The length of polypro-
pylene oxide branches and the extent of crosslinking controlled the swelling capac-
ity of the hydrogels. Chacon et al. [54] added a lipase within the lactitol hydrogel
for temperature-controlled release. About 90% of the enzyme was released into the
medium within the first 60 min at temperatures between 25 to 40°C. The develop-
ment of drug delivery systems used lactitol as a target group [55], where the carrier
is incorporated in liposomes for treatment of liver disease.

5.3 Bakery
Sugar reduction and replacing in bakery formulations has not been a trivial task
in the past. This is because sugar not only provides a pleasant taste but also plays a

critical role in the development of the quality characteristics of the batter or dough.
Psimouli and Oreopoulou [56] replaced sugar with lactitol in equal amount for
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cake formulations. The resulting batter was comparable in terms of flow index and
the temperature of starch gelatinization. Sensory analysis indicated no significant
difference between the batter formulated with lactitol and the one formulated
with sugar. Frye and Setser [57] employed lactitol as a sweetener to optimize cake
formulations having a reduction of 45% in the caloric content. Such formulations
showed comparable attributes with a standard layer cake. Similarly, Zoulias et al.
[58] evaluated the role of lactitol and other polyols as a sucrose replacement on the
texture profile of cookie dough. The lactitol formulated dough resulted in medium
values of hardness and consistency.

5.4 Chocolate and confectionary

The formulation of sugar-free chocolate represents a significant challenge
because the entire sugar needs to be replaced, which in turns, affects the melting
properties of the chocolate [59]. Mentink and Serpelloni [60] formulated a low-
calorie chocolate having an equimolar blend of maltitol, lactitol, and isomaltulose.
The formulation showed technical and organoleptic properties comparable to those
of traditional formulation with sucrose. Synergistic effects have been reported when
sugar alcohols are combined with other sweeteners. de Melo et al. [61] developed a
sugar-free chocolate having acceptable sensory scores by the combination of high-
intensity sweeteners and blends of sugar alcohols.

Sugar alcohols have also been used in the manufacture of hard-boiled sweets.
Blends of lactitol, sorbitol, and mannitol provided sticky texture due to their
hygroscopic nature. Such challenge is the principal limitation in the formulation
of hard-boiled candies with sugar alcohols. Serpelloni and Ribadeau-Dumas [62]
enhanced the process of hard coating by using a syrup of sugar alcohols. Another
investigation on the role of replacing sugar in syrups demonstrated that about 40%
of the total sugar can be replaced with lactitol without changes in the moisture con-
tent and density [63]. Lactitol addition produced a two-fold increase in the viscosity
of the syrup. Blankers et al. [64] formulated a syrup sweetening suitable for soft
confectionery applications. The syrup is made of lactitol and polydextrose, and it is
combined with the lactitol slurry derived from lactose hydrogenation.

5.5 Chewing gum

Lactitol in combination with other sugar alcohols is used to formulate sugar-
free chewing gum. The hygroscopicity of lactitol is relatively low, which facilities
its incorporation into the gum. Huzinec et al. [65] incorporated lactitol within
the microcrystalline cellulose carrier. With such blend, the release of flavor was
extended in chewing gums. McGrew et al. [66] used active compounds in combina-
tion with mannitol, xylitol, maltitol, lactitol, and hydrogenated starch hydrolysates
to control release of such active agent that are embedded in the gum base. Yatka
etal. [67] formulated a generic gum base containing oligofructose and sorbitol,
maltitol, xylitol, lactitol, and mannitol. Such a generic formulation was blended
with glycerol. Subsequently evaporated to produce a low-moisture and sugar-free
chewing gum. The combination of oligofructose and sugar alcohols improved qual-
ity properties, including texture, moisture adsorption. Reed et al. [68] formulated
hard-coated chewing gum coated with a layer of lactitol, maltitol, and sorbitol.

5.6 Biosensor development

Lactitol can be used as an additive for biosensors because of the stabilizing effect
on enzymes. Karamitros and Labrou [69] used lactitol to immobilize isoenzyme

46



Hundyred Years of Lactitol: From Hydrogenation to Food Ingredient
DOI: http://dx.doi.org/10.5772/intechopen.93365

glutathione transferase. About 5% of lactitol resulted in a prolonged stability of the
enzymes. Gibson and Woodward [70] combined diethylaminoethyl-dextran hydro-
chloride (DEAE-Dextran) and lactitol for the stabilization of enzymes in a dry
state. Such combination of DEAE-Dextran (10%) and lactitol (5%) preserved up to
95% of the activity after 16 d. Zhybak et al. [71] immobilized creatinine deaminase
and urease in the presence of lactitol, and reported improvement in the stability of
the biosensor. Remarkably, biosensor selectivity was not impacted by the addition
of lactitol.

6. Conclusions

Over the past 100 years, lactitol has been evolving successfully finding new
applications while its original purpose has expanded. Today, lactitol is added into
a number of food formulations, such as bakery, confectionery, chocolate, desserts,
chewing gum, and cryoprotectant. Research strategies for expanding the applicabil-
ity of lactitol are needed including, solubility at different conditions, rheological
behavior, heat stability, thermogravimetric analysis, stability toward heat and pH,
particle size, bulk, and particle density, and crystallization kinetics.
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Abstract

Organic acids constitute a group of organic compounds that find multiple
applications in the food, cosmetic, pharmaceutical, and chemical industries. For
this reason, the market for these products is continuously growing. Traditionally,
most organic acids have been produced by chemical synthesis from oil derivatives.
However, the irreversible depletion of oil has led us to pay attention to other
primary sources as possible raw materials to produce organic acids. The microbial
production of organic acids from lactose could be a valid, economical, and sustain-
able alternative to guarantee the sustained demand for organic acids. Considering
that lactose is a by-product of the dairy industry, this review describes different
procedures to obtain organic acids from lactose by using microbial bioprocesses.

Keywords: lactose, cheese whey, organic acids, acetic acid, lactic acid, citric acid,
L-ascorbic acid, succinic acid, propionic acid, butyric acid, hyaluronic acid

1. Introduction

Organic acids (OAs) are compounds with relatively weak acidity properties
[1, 2]. Carboxylic acids with one or more carboxyl groups (~COOH) are the most
common OAs, following the sulfonic acids (—=SO,0OH). Under certain circumstances,
alcohol (with a group —OH) can also act as acid. Other groups, like thiol (-SH),
enol, and phenol, also can confer acidity character to solutions, but all of them are
very weakly acidic. Nowadays, many industrially produced organic acids (OAs)
are synthesized from nonrenewable sources like petroleum oil [3]. Still, as can be
expected, these sources could be depleted shortly, and it would lead to finding new
renewable sources to produce OAs [4, 5].

Among others, a promising raw material is agro-industrial wastes (AIWs) [6, 7].
By its nature, AIWs could classify as complex organic compounds, which include
mono- and polysaccharides, fats, and proteins. These raw materials are biotrans-
forming by microbes in nature, so it is also able to metabolize AIWs into several OAs.
Some of AIWs are by their constitution liquids like cheese whey (CW), molasses;
but others are solids like bagasse, and citrus, potato, and banana peels. For liquid
AIWs, the submerged fermentation (SmF), anaerobic or aerobic, is a suitable alter-
native [8-10], while solids could use the solid-state fermentation (SSF) [8, 11-13].
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Some revisions regarding the microbial production of OAs have been published
[3, 14-16]. Also, some authors focused their attention on the use of AIWs in SSF to
produce OAs [11-13, 17-19].

Volatile fatty acids (VFAs) are the smallest and simplest organic acids [20].
VFAs can be classified as short-chain fatty acids (SCFA, C,-C¢ carboxylic acids),
medium-chain fatty acids (MCFAs, C;-Cyy), long-chain fatty acids (LCFA, Cs3-
C11), and very-long-chain fatty acids (Cy, and higher) [21, 22]. SCFAs and MSFAs
are commonly involved in the anabolic process and in the energy metabolism of
mammalian cells. SCFAs are produced by colonic bacteria and are metabolized by
the liver and enterocytes, whereas MCFAs are gotten from triglycerides that are
found, for example, in milk or dairy products [23, 24]. OAs have been used since
time immemorial by humankind in the seasoning of foods and sauces, such as
vinegar, and more recently has been widely used as food additives, preservatives,
descaling and cleaning agents [3, 25, 26]. They can also be used as precursors of
other more complex organic compounds of broad utility in fine and pharmaceuti-
cal chemistry [27, 28].

OAs have certain relevant usefulness characteristics like its preservative, buffer-
ing and chelating capacity, in addition to its traditional use as an acidulant in food
formulations, and most of them are GRAS classified [9, 28]. Among others, the
foremost OAs are citric, acetic, lactic, tartaric, malic, gluconic, ascorbic, propionic,
acrylic, and hyaluronic acids [28]. Nowadays, citric acid is the most widely
produced OA in the world [29, 30].

The preferred carbon source to achieve their biosynthesis is glucose. Other
sugars like fructose, galactose, maltose, and cellobiose can be metabolized for many
bacteria and yeast. While cellulose, lignin, and more complex polysaccharides could
be adequately transformed by using fungi [31], in this review, however, are mainly
discussed the different reports showing that lactose also can be used to produce
organic carboxylic acids with different uses.

2. The cheese whey and lactose

Lactose (C1;H2%041, MW 342297 g mol™}, [IUPAC name: p-D-galacto-
pyranosyl-(1 — 4)-D-glucose) is a disaccharide present naturally in milk and dairy
products [32]. Today lactose is produced mainly as sweet whey from cheese-making
industry as a by-product [33]. Lactose contents in whole milk are 4.9% for cows,
and 4.8% for sheep and goats [34]. Water (94% wt.), lactose (4.5% wt.), protein
(0.6% wt.), mineral salts (0.35% wt.), ash (0.5% wt.), and some traces of fat
(500 ppm) and lactic acid (500 ppm) are the main components in sweet whey [35].

There are numerous technologies for the processing of the whey generated from
the production of the various types of cheese [36-39]. Almost all start with pas-
teurization of cheese whey (CW) to decrease the microbial bioburden and to reduce
the degradation of lactose and whey proteins. Subsequently, solid-liquid separation
stages are usually used to remove the casein micro-lumps and the fat that may still
contain the CW, using clarifying and disk centrifuges, for this purpose [40].

The defatted and pasteurized CW can then be subjected to microfiltration to
retain the bacteria debris, before proceeding to the separation of the proteins, lac-
tose, and mineral salts [41]. Membrane filtration has been used to isolate the whey
proteins, mineral salts, and water present in CW [38, 42-44]. In this sense, ultrafil-
tration membranes can be suitable to isolate whey proteins, while nano-filters can
separate the remaining lactose and mineral salts. Finally, the separated products are
usually concentrated using evaporators, and dried, using technologies such as spray
drying (SD) [45-48].
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Figure 1.

Worldwide production projections (in metric kilo-tonnes per annum) of milk, cheese, whey, and lactose
powder up to 2028 [51].

The most valuable components of whey are, in this order, whey proteins,
lactose, and mineral salts. From a conventional process of obtaining lactose from
sweet whey, whey powder (on March/2020, 880 EUR/ton), as well as deproteinized
whey powder, lactose powder, mineral salts powder, and powder of whey proteins,
can be obtained. From the latter, which is the product with the highest added value
(on March/2020, 2030EUR/ton), different whey proteins presentations are usu-
ally obtained, like whey protein concentrate (WPC), whey protein hydrolysates
(WPH), and whey protein isolate (WPI) [49].

Asworldwide milk and cheese production has seen a constant increment in
recent years, several millions of tons of whey are produced annually as a by-product
[50] (Figure1). A significant portion of whey has been used as an animal [51] and
human feed supplementation due to its content of value proteins and minerals
[52-56]. However, the enormous volumes of whey generated often overcome in
many places the capacity of dairy-waste treatment plants [57]. For this reason, have
focused the attention of numerous researchers’ intent to valorize the whey and
diminish the quantity of whey treated as waste [57-61].

Additionally, lactose is the component of whey that most contributes to the high
biochemical oxygen demand (BOD) and chemical oxygen demand (COD) values
in the dairy wastes [58, 62-64], bringing values around 30-50 and 60-80 kg m™>,
respectively [58, 64]. The great volumes of whey generated in the dairy industry
could be the main obstacle to the further growth of cheese production in the next
years [57]. One of the direct ways to reduce the adverse effects on the environment
exerted by whey is using lactose containing the whey [65]. Lactose or “milk sugar”
is a disaccharide formed by galactose and glucose, has a sweetening power, slightly
lower than sucrose [32, 66]. It is usually used as a food additive [33, 67] or as a start-
ing raw material for other products of agro-industrial interest [68, 69].

3. Organic acid market: overview and perspectives

The citric acid (2415 kilo-tonne per annum (ktpa)), L-ascorbic acid (132 ktpa),
tartaric acid (30 ktpa), itaconic acid (43 ktpa), and bio-acetic acid (1830 ktpa)
were produced by microbial fermentation, while gluconic acid (50 ktpa, with a
67:33 proportion between fermentative and chemical synthesis way), lactic acid
(35 ktpa, 50:50), and malic acid (30 ktpa, 30:70) were produced by both fermen-
tation and chemical synthesis, and, finally, some organic acids, like formic acid
(1150 ktpa), butyric acid (80 ktpa), propionic acid (50 ktpa), and fumaric acid
(20 ktpa) were chemically synthesized [12, 70-72]. This outlook and its pro-
portions have not changed much today, and the global market of OAs shows a
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sustainable growth of 5.48% AAGR (average annual growth rate) in the last years
and it is expected that it could increase globally up to US$9.29 billion by 2021 and
US$11.39 billion by 2022 [3, 73-75].

Biosynthesis of an OA is obtained by the biochemical pathway of cellular
metabolism, as the final end product or as an intermediate product of a path [26].
Bacteria and fungi are the most available and suitable living organisms for the
industrial production of OAs. The microbial production of organic acids is usually
an attractive route for industrial implementation compared to chemical synthesis
because the conditions used in microbial bioprocesses tend to be less extreme (in
terms of temperature, pressure, extreme pH) and more friendly to the environment
[3, 76]. However, this may be effective only if the concentration of these acids in
the fermentation broth are high enough (in the order of tens or hundreds of grams
per liter), and these are obtained in reasonably short times [77]. Also, the microbial
bioconversion of sugars into organic acids is frequently carried out by strict anaero-
bic microorganisms, with relatively long fermentation, reduced productivity, and
low titers of organic acids in the fermentation broth [27]. Those facts conspire with
its large-scale implementation, and to turn the biotechnology in an economically
attractive choice to the production of organic acids (Figure 2) [3, 26, 78].

In this context, the processes of isolation and purification of organic acids
become critical [78, 79]. Various alternatives for the isolation and purification of
organic acids from fermentation broth or biomass have been used. Among the most
used primary purification methods are precipitation with Ca-salt or hydroxide
[77], ammonium salt, organic solvents [80], and ionic solutions [81]. Microbial
fermentation can produce directly only a few organic acids [74], and even more
scarce are the microorganisms that can use lactose to achieve this.

3.1 Acetic acid

Acetic acid (C;H,0,, MW 60.052 g mol ™}, IUPAC name: Ethanoic acid) isa
monocarboxylic acid commonly used as a chemical starting reagent in the produc-
tion of important chemicals, like cellulose acetate, polyvinyl acetate, and synthetic
fibers. Vinegar (near 4% vol. acetic acid) is produced by fermentation of different
carbon sources by acetic acid bacteria [82] and is widely employed in food prepa-
ration and cooking since ancient times. Currently, three-quarters of the world
production is obtained by carbonylation of methanol (by chemical synthesis),
basically from nonrenewable sources, while 10% is still obtained from the microbial
biotransformation of sugars [83]. By 2014, the global acetic acid market reached
12,100 ktpa, with an average price of US$ 550 per ton and average annual growth
of 4-5% [14]. In 2018, world production reached 16,300 ktpa, near to US$ 12.48
billion, forecasting production of 20,300 ktpa by 2024. China with 54% and the US
(18%) are the largest producers [84, 85].
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Worldwide production of some organic acids between 2018 and 2025. (A) High-, (B) medium -, and
(C) low-level of global production.

56



Bioconversion of Lactose from Cheese Whey to Organic Acids
DOI: http://dx.doi.org/10.5772/intechopen.92766

3.2 L-ascorbic acid

A case is the L-ascorbic acid (vitamin C, C¢HgOg, MW 176.124 g mol™}, IUPAC
Name: (5R)-[(1S)-1,2-Dihydroxyethyl]-3,4-dihydroxyfuran-2(5H)-one), one of the
organic acids with the highest production and sales volumes today. Vitamin C can
be obtained by microbial biosynthesis but from D-sorbitol [86].

Ascorbic acid, previously called hexuronic acid, is a soluble white solid and
organic compound that presents itself as two enantiomers: L-ascorbic acid (vitamin
C), and D-ascorbic acid, without any biological role found [87, 88]. Vitamin C is
an essential nutrient for humans and many animals, and its deficiency can cause
scurvy, in the past a common disease among sailors in long sea voyages [89]. It is
used in as a food additive and a dietary supplement for its antioxidant properties
[87, 88]. There is a report, however, that achieves the synthesis of vitamin C from
the lactose present in the cheese whey, but through a defined group of chemical
reactions [90]. In 2015 was produced 150.2 ktpa of ascorbic acid with a revenue
of US$820.4 million. By 2017, China produced near to 95% of the world supply of
vitamin C, having revenue of US$880 million [91].

3.3 Butyric acid

Butyric acid (C4HgO,, MW 88.106 g mol %, IUPAC Name: Butanoic acid) isa
mono-carboxylic acid, and it is an oily, colorless liquid that is soluble in water, etha-
nol, and ether. Salts of butyric acid are known as butyrates. Butyric acid is a chemical,
commonly used as a precursor to produces other substances, like biofuel [92, 93],
cellulose acetate [94, 95], and methyl butyrates [96], the two last coatings, and flavors
compounds, respectively. Chemical synthesis is still the primary way of production
of butyric acid due to the availability of raw material [92]. But some research explores
the microbial biotransformation from renewable sources like agro-industrial wastes
[72]. Clostridium tyrobutyricum can produce butyric acid from lactose, present in
milk and cheese, along with H,, CO,, and acetic acid [97]. By 2016, the butyric acid
worldwide market was around 80 ktpa, with a price of US$ 1800 per ton [98]. By
2020, global production of butyric acid is expected to reach 105 ktpa [99].

3.4 Citric acid

Citric acid (C¢HgO7, MW 192.123 g mol ™!, IUPAC Name: 2-Hydroxy-propane-
1,2,3-tri-carboxylic acid) is a water-soluble tricarboxylic acid. Citric acid is widely
used in the food and pharmaceutical industry due to its antimicrobial, antioxidant,
and acidulant properties [100]. Citric acid can be produced from the citrus (like
lemon, orange, lime, etc.), by chemical synthesis, or microbial fermentation [101].
Many microorganisms have been used to produce citric acid by microbial fermenta-
tion [102-104]. Among others, the fungus Aspergillus niger is the preferred choice to
produce several useful enzymes and metabolites due to its ease of handling, and it
being able to achieve high yields by using different cheaper agricultural by-products
and wastes [101, 105]. By 2018, the worldwide citric acid production was more than
2000 ktpa, more than a half was produced in China. The global citric acid market
is projected to reach a level of around 3000 ktpa by 2024, growing at a 4% CAGR
during this period.

3.5 Propionic acid

Propionic acid (C3HegO,, MW 74.079 g mol™, IUPAC Name: Propanoic acid)
is an organic acid, colorless oily liquid with an unpleasant smell. Propionic acid
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(PA) is a valuable mono-carboxylic acid used in chemical, pharmaceutical, and
food industries, as a mold inhibitor, as a preservative of foods, as a significant
element in the vitamin E production, and as a chemical intermediate in the
chemical synthesis of cellulose fiber, perfumes, herbicides, etc. [16, 106, 107].
Today, propionate is mainly obtained for two processes. From ethylene, a nonre-
newable source synthesized from oil, through the Reppe process [108], or from
ethanol and carbon monoxide catalyzed by boron trifluoride (by the Larson
process) [109].

Although chemical synthesis is the primary way of its production, the microbial
production of PA is gaining attention and importance due to the depletion of
petroleum sources and due to pieces of evidence of the more environmentally
friendly microbial process [107, 110]. Propionibacterium is the most employed
microorganism used for PA large-scale production [107, 111]. In 2020, the world-
wide production of PA would reach 470 ktpa. The leading producers remain to be
in Germany (BASF SE), USA (Dow Chemical Co. and Eastman Chemical), and
Sweden (Perstorp). At the same time, the primary consumers are in the EU, USA,
China, and India.

3.6 Lactic acid

Lactic acid (C3HsO3, MW 90.078 g mol ™", IUPAC Name: 2-Hydroxypropanoic
acid) was the first organic acid commercially produced by microbial fermenta-
tion [112]. Bacterial fermentation of carbohydrates had been the main way for the
industrial production of lactic acid (LA) with production level between 70 and
90% for 2009 [113]. The rest of production was achieved by chemical synthesis
mainly from acetaldehyde coming from crude oil [114]. A racemic mixture of LA
commonly is obtained by chemical synthesis, while L-lactic acid can be obtained by
homofermentative anaerobic bacteria like Lactobacillus casei and Lactococcus lactis.
Otherwise, heterofermentative bacteria produced carbon dioxide, ethanol, and/or
acetic acid in addition to LA [115].

LA is currently used and has been approved as a food additive, preservative,
decontaminant, and flavoring agent (with a code E270) [116, 117]. Also, it is used
for chemical synthesis [118], mainly to produce poly-lactic acid (PLA), a thermal-
and bioplastic polyester with widespread use in many applications [119, 120].

PLA is used, for example, in medical implants [121], as plastic fiber material in
3D-printing [122, 123], and as a decomposable packing material [124, 125].

In 2020, LA and PLA worldwide production will be around 1571 and 800 ktpa,

respectively, with China, USA, EU, and Japan being the primary producers [126].

3.7 Succinic acid

Succinic acid (C4H¢O4, MW 118.088 g mol ™%, [UPAC Name: Butanedioic acid)
has been widely used in many industries, as a food, detergent, and toner additive,
for solders and fluxes, and as an intermediary commodity in the chemical and
pharma industry [127]. After the increment of oil prices and diminishing availabil-
ity of nonrenewable sources, researchers turned their attention over to the renew-
able feedstocks to produce succinic acid. SA as an intermediate in many biochemical
pathways could be produced by many microorganisms and use many carbon
sources [127]. For instance, the anaerobic-facultative bacteria Actinobacillus succino-
genes can produce succinic acid from sugar cane molasses alone [128] or supplement
with corn steep liquor powder [129].

Glucose as a carbon source has also been used to produce succinic acid by engi-
neering strains of Corynebacterium glutamicum [130], Escherichia coli [131], and
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Saccharomyces cerevisiae [132]. Succinic acid (SA) is a bulk OA commodity, and by
2010 the bioproduction was between 16 and 30 ktpa, and its expected annual growth
was 10% [133], and by 2025, it is expected to exceed 115 ktpa [134].

3.8 Other acids

No reports of microbial obtention of tartaric (C4HgOg, dicarboxylic acid),
itaconic (CsHgOy4, dicarboxylic acid), and fumaric acid (C4H4Oy4, dicarboxylic acid)
from lactose have been found. Some of those, however, can be obtained indirectly,
since there are published studies of the biosynthesis of itaconic acid [135-137],
fumaric acid [138, 139] from glucose, and the latter can be obtained from the
chemical or enzymatic hydrolysis of lactose.

4. Microbial bioprocesses for obtaining organic acids based on lactose

Like other renewable sources based on residual plant biomass from agricultural
productions rich in complex polysaccharides, lactose has been used as a starting
raw material to establish bioprocesses to produce different organic acids. Although
there are microbial enzymes capable of breaking the bonds of polysaccharides, this
would involve energy and time, which in the case of lactose would be less compli-
cated and faster. In the case of lactose, this could become the starting material for
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Some of the organic acids that can be obtained microbially from lactose or whey.
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Name Source Microorganism(s) Culture conditions and Ref.
production results’
Acetic acid, WP Clostridium thermolacticum Anaerobic, batch, 58°C, [140,
C,H,0, and Moorella pH72,300h,0.81g g’l, 141]
thermoautotrophica 98 mM

WP Acetobacter aceti Aerobic, continuous [142-
membrane bioreactor, 144]
at303K,D=0.141h7",
969gL™,098gg™,
482¢gL'h™

CW Propionibacterium Anaerobic, batch, 35°C, [145]

acidipropionici pH65,78h,0.11¢g LY acetic
acid + 0.33 g L™ propionic
acid

Ccw Lactobacillus acidophilus Anaerobic, 37°C, 72 h, [146]
pH65,7gL™”

Acrylic acid, SCW Clostridium propionicum Anaerobic, +propanoic and [147]
C3H,0, acetic acids, 33°C, pH 71,
0.133mmol g™
L-Ascorbic acid, CW Kluyveromyces lactis Aerobic, shake-flask, 48 h, [148]
CeH;Os 30°C,30 mg L™
Gal Saccharomyces cerevisiae Aerobic, shake-flask,144 h, [149]
Zygosaccharomyces bailii 30°C,040gg™, 70 mg L™
Propionic acid, SWP Propionibacterium Anaerobic, fibrous bed bio- [150]
C3HeO, acidipropionici reactor (immobilized cells),
135:65gL™!

Ccw P, acidipropionici Anaerobic facultative, [151]

61gL™”
Propionibacterium Anaerobic, 82g L™
freudenreichii
CwW P, acidipropionici Anaerobic, 0.33 g Lt [145]
Lactic acid, SWP Lactobacillus casei Anaerobic, 36 h, pH 6.5, [152]
C3HgO; 37°C,3373gL™"

SWP Lactobacillus vhamnosus Anaerobic, 37°C, pH 6.2, [153]
200 rpm, 50 h, 143.7g L™

Ccw Lactobacillus acidophilus Anaerobic, 37°C, 72 h, [146]
pH65,4262gL™"

CW Mixed culture of acetogenic Dark anaerobic, 35°C, [154]

and fermentative bacteria HDT =1day, 10.6 gL ™" day™
Butyric acid, CW Clostridium beijerinckii Anaerobic, 37°C, pH 5.5, [155]
CHs0, 0.08gL'h™, 12gL™"

CwW Clostridium butyricum Anaerobic, + 5g L'YE [156]
or + 50 ug L~! biotin, 37°C,
pH65,19gL™"

Succinic acid, CW Anaerobiospirillum Anaerobic+CO,, + Glu, [157]
C4HgOy4 succiniciproducens pH6.5,39°C,36h,
165gL7,033gLh™

CwW Actinobacillus succinogenes Anaerobic+CO,, 38°C, [158]
pH6.8,48h,28 gL,
044gL'h™

PWP Enterobacter sp. LU1 Microaerobic, + Gly, 34°C, [159]

pH7,288h,69gL™"
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Name Source Microorganism(s) Culture conditions and Ref.
production results’
Malic acid, Milk Escherichia coli K-12 Stationary culture for 72 h at [160]
C4HeOs 37°C,168 mg g~ DW
Gluconic acid, CW Pseudomonas taetrolens Aerobic, + Glu, 30°C, [161]
CeHiO; aeration: 1L min~%,
350-500 rpm, pH 6.5,
88gL™"
Citric acid, CW Aspergillus niger ATCC9642 Aerobic, +15% sucrose, [162]
CeHs0; 30°C, 16 h, 106 g L™
Lactobionic CwW Pseudomonas taetrolens Aerobic, 30 °C, + Gly, [161]
acid, C1,H,,01, aeration: 1L min~),
350-500 rpm, pH 6.5,
78gL™"
CW Aerobic, + Lac, 30°C,

aeration: 1L min~?,
350-500 rpm, pH 6.5,

100gL™
Hyaluronic acid, CCW, Streptococcus gooepidemicus Aerobic (1vvm), 37°C, [163]
(C14H»NOy), HCW pH 6.7 and 500 rpm
Lac Lactococcus lactis Anaerobic, 1% [164]

Lac +10 ng mL ! nisin,
30°C, 24 h (12 h after
induction), 0.6 g Lt

WP: whey permeate; PWP: powder whey permeate; CW: cheese whey; SCW: sweet cheese whey; SWP: sweet whey
powder; CCW: concentrate cheese whey; HCW: hydrolysate cheese whey; Gal: galactose; Gly: glycerol; Glu: glucose;
Lac: lactose; YE: yeast extract; HDT: hydraulic detection time.

*In terms of concentration, yield, and/or productivity of the acid.

Table 1.
Chavacteristics of some organic acids produced by bioconversion of lactose from commercial products or
agro-industrial by-products.

the production by microbial bioprocesses, not only of the most demanded organic
acids today but of other less-used ones that still not as highly in demand. However,
subsequent studies must be carried out to make these technologies a viable and
economically attractive alternative [3, 19].

Nowadays, however, some organic acids can be obtained by microbial biopro-
cesses directly from lactose (Figure 3), cheese whey, or both, using the different
routes of their metabolisms (Table 1). The most demanded organic acids, like
citric, acetic, and lactic acids, have been produced from whey (Table 1). Even
more complex organic acids like poly-lactic and hyaluronic acids can also be pro-
duced from lactose. Another advantage of microbial production is related to the
possibility of producing the racemic biological active acids exclusively. L-lactic
acid is produced almost exclusively by lactic-acid bacterium Lactobacillus casei or
L-ascorbic acid (vitamin C) by certain recombinant yeast strains of Kluyveromyces
lactis or Saccharomyces cerevisiae [148, 149]. However, for some of the organic
acids, the titers reached are still too low for these bioprocesses to be scaled to
industrial production in an economically feasible way, and the chemical synthesis
remains the most desired choice. At the industrial scale, to produce organic acids
competitively, it would be necessary to have adequate sources of raw materials
(cheap and renewable) and enhanced microbial strains (easy and safe to handle
and able to work at high productivity). Also, it would be necessary to dispose
of industrial facilities and technical expertise (technical constrains) to achieve it
(Figure 4).
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Figure 4.
Successful commercial production of organic acids by microbial biotransformations: keys to success.
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Figures.
Some of the microbial metabolic pathways for the synthesis of organic acids.

The microbial bioprocesses could be enhanced through optimization of up-

and downstream processes that must be combined with metabolic engineering to
increase productivity. Also, genetic engineering techniques could be used to obtain
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robust industrial strains that raise the expression levels of the genes involved in the
metabolic pathways of synthesis of organic acids or repress others that deviate to
produce unwanted by-products [164, 165].

Some of the identified metabolic pathways are associated with the tricarboxylic
acid (TCA) cycle and demonstrate that most organic acids represent metabolites
associated or partially associated with growth (Figure 5). A detailed study of these
pathways can address the overexpression of some genes or repression of others
using genetic engineering techniques.

5. Conclusion

Organic acids constitute a market with a sustained increase at present. Many of
them are produced on a large scale by chemical synthesis from petroleum deriva-
tives. Still, more recently, other alternatives, cheap and renewable sources of raw
materials, are being intensively studied, among which is whey. This trend will be
reinforced soon, which, together with the improvement of microbial processes, will
allow more and more bioprocesses to appear at the large scale, which will become
the trend of this market in the future. Among the countries whose territories
contain the majority of the companies dedicated to supplying the world demand
for organic acids, the People’s Republic of China stands out, which is expected to
continue to be the country that will dominate this market in the coming years.
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Abstract

Cheese whey (CW) is the yellow-green liquid main by-product from cheese
manufacturing. Historically, it has been recognized as a major environmental pol-
lutant. Nowadays, it represents a source of high-quality nutrients, such as lactose.
Enzymatic bioprocesses, chemical synthetic reactions and microbial bioprocesses
use lactose as substrate to obtain relevant derivatives such as lactitol, lactulose, lac-
tosucrose, sialyllactose, kefiran and galacto-oligosaccharides. These lactose deriva-
tives stimulate the growth of indigenous bifidobacteria and lactobacilli improving
the intestinal motility, enhancing immunity and promoting the synthesis of
vitamins. Also, they have versatile applications in pharmaceutical, biotechnological
and food industries. Therefore, this book chapter shows the state of the art focusing
on recent uses of CW lactose to produce value-added functional compounds and
discusses new insights associated with their human health-promoting effects and
well-being.

Keywords: cheese whey, bioprocesses, value-added functional compounds, lactose,
kefiran

1. Introduction

Cheese whey (CW) is the yellow-green liquid main by-product from the
manufacture of cheese [1]. “Serum milk” remaining after the precipitation and
removal of milk proteins by proteolytic enzymes or acid may also be defined as
CW [2]. Industrial cheese manufacturing processes produce sweet or acid whey
(Figure 1). Normally, the production of 1 kg of cheese requires 10 kg of milk
originating 9 kg of CW [3, 4]. Worldwide cheese production was estimated by
FAO (Food and Agricultural Organization) at 22.65 M tons in 2014 [5]. Therefore,
CW is estimated at 203.9 M tons. Besides, the global growth rate of it is parallel
to the cheese production and it has been calculated about 2% per annum [6]. This
amount represents a challenge difficult to deal with.

Previous studies have reported high quantity of organic matter in CW [7]. The
chemical composition of it is shown in Table 1. This by-product has 50, 000-102,
000 mg/L Chemical Oxygen Demand (COD) and 27, 000-60, 000 mg/L Biological
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Overview of value-added functional compounds using lactose from cheese whey as substrate.

Chemical composition (g/100 g)

Cheese whey type Total solids Lactose Protein Fat Ash

Sweet cheese whey 6.7 4.8 0.6 0.25 0.54

Sweet cheese whey permeate 5.5 4.7 0.05 <0.01 0.51

Acid cheese whey 5.1 44 0.73 0.05 0.6

Acid cheese whey pemeate 5.8 43 0.06 <0.01 0.56
Table 1.

Chemical composition of different types of cheese whey.
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Oxygen Demand (BOD) [7]. Due to its high BOD, CW presents 175-fold higher
organic load than typical sewage effluents [6]. Lactose (4-O-8-D-galactopyranosyl-
D-glucose) is one of the main CW components. It causes about 90% of COD and
BOD [8]. Moreover, CW represents about 85-95% of the milk volume. This amount
has been partially land spreading, disposal to natural water bodies or municipal sewer
systems [2-4]. Consequently, it is considered a major pollutant to the environment.

On the other hand, CW is a liquid with high nutritional content [9]. It retains
about 55% of the milk nutrients such as lactose, whey proteins, lipids, vitamins
and minerals (Table 1). The chemical make-up of it can vary depending on the
animal species from which milk was obtained [1]. It has been reported that about
50% of the total CW worldwide production is used it [10]. Animal feeding or as
an ingredient in therapeutic formulations and food applications are common CW
uses [11, 12]. Several technological approaches have been developed to transform it
into value-added compounds reducing the environmental impact. CW processing
is carried out directly by physical or thermal treatments to obtain protein isolate
(WPI), whey protein concentrate (WPC), whey protein hydrolysates, whey perme-
ate, lactose and other fractions. Indirectly, CW is used as substrate for enzymatic/
microbial bioprocesses to produce biogas, bioethanol, bioprotein, biopolymers,
flavors and organic acids among others [11, 13]. Thus, it is an excellent substrate
for physical treatments, enzymatic catalysis and metabolic microbial reactions that
could be exploited by the medical, agri-food and biotechnology industries [6].

CW is a source of functional proteins, peptides, lipids and carbohydrates. This
by-product is the main source of lactose manufactured on an industrial scale, as well as
a low-cost substrate able to reduce high production costs. This disaccharide (C;,H»011)
is the most abundant in CW representing around 70-72% (w/w) of the total solids
[14]. The manufacture of edible lactose includes physical treatments such as ultrafiltra-
tion, nanofiltration, concentration, crystallization, washed and dried [15]. Lactose is
avaluable ingredient used in a wide variety of products, such as bread, supplement in
baby milk formulae, confectionaries and excipients for pharmaceutical products [16].

The use of lactose as raw material is a key point to several industrial and labora-
tory transformation processes. This disaccharide represents an ideal substrate to
obtain relevant lactose derivatives associated with health-promoting benefits. For
example, lactulose (C1,H 0415 4-O-f8-D-galactopyranosyl-f3- D-fructofuranose),
which is synthetized by chemical isomerization, is a typical prebiotic as bifidus
factor added to infant formulae [16].

Enzymatic catalytic and fermentation bioprocesses also use CW lactose as
substrate to produce important value-added functional compounds [16, 17].
Kefiran, organic acids, lactosucrose and galacto-oligosaccharides (GOS) are some of
the most representative compounds able to improve human health and well-being
(Figure 1). For instance, GOS [Gal-(Gal)n-Glu] that are produced by enzymatic
polymerization using 3-galactosidase, improve gut health. Besides, exopolysaccha-
rides such as kefiran are synthetized by the fermenting bioprocesses of lactic acid
bacteria [16, 18]. Therefore, this chapter discusses recent uses of lactose from CW to
produce value-added functional compounds. New insights associated with human
health benefits of these compounds are explored.

2. Lactose derivatives with health benefits
2.1 Lactitol

Lactitol is a lactose-derived compound defined as synthetic sugar alcohol
(C12H24011; 4-O-3-D-galactopyranosyl-D-glucitol; molecular weight (MW),
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344.31 g/mol) comprising galactose (D-Gal) and D-sorbitol. This compound

is synthetized by catalytic hydrogenation reactions using lactose as substrate.
Industrially, this chemical process is based on the addition of molecular hydrogen
to the carbonyl group of the glucose molecules. This chemical reaction needs
110°-150°C temperature, 2070 bars of hydrogen gas pressure, as well as 1.5-10%
Ni, Pd or Ru transition metals in either carbon or alumina. Lactitol is the primary
reaction product with reaction yields of >90%. This polyol has been used in the
food industry as a relevant ingredient in desserts, bakery products, chewing gums,
chocolate and confectionary products. One of the advantages of lactitol used as
sweetener is that it can be metabolized by saccharolytic bacteria providing only

2 kcal/g. It also exerts properties such as cryoprotectant, dryoprotectant, stabilizer
agent, hydrogel delivering bioactive compounds and additive for the development
of biosensors [19].

Several human health benefits have been associated to lactitol intake. Clinical
trials have demonstrated positive gastrointestinal health benefits of this polyol [20].
A random-effect meta-analysis of lactitol supplementation on adult constipation
demonstrated favorable efficacy and tolerance when it was compared to stimu-
lant laxatives and placebo. Lactitol was able to induce increased fecal volume by
stimulating peristalsis [21]. In fact, lactitol is one of the most frequently prescribed
osmotic laxative agents to treat constipation [22]. Investigations performed on the
effectiveness of lactitol for treatment of several types of hepatic encephalopathy in
infants, children and elderly subjects have demonstrated positive results. Actually,
lactitol is recommended as a first-line treatment for hepatic encephalopathy as a
result of decreasing the absorption and production of ammonia and reducing the
intestinal pH [23, 24]. Indeed, in the last years advances in the field of nanomedi-
cine had led to the development of polylactitol as a multifunctional carrier for liver
cancer therapy [24].

Lactitol is a non-digestible carbohydrate with prebiotic effect. Prebiotic is a
substrate that is selectively utilized by host microorganisms conferring a health
benefit [25]. Previous studies have reported relevant lactitol symbiotic effects.
Medical practitioners frequently recommend them as therapeutics. Recently, it was
demonstrated that the consumption of the symbiotic combination with this lactose-
derived prebiotic, Bifidobacterium bifidum and Lactobacillus acidophilus was able
to eradicate OXA-48-producing Enterobacteriaceae. The measure of this metabolite
is used as prophylaxis to prevent intestinal translocations in neutropenic patients
and for the prevention of pneumonia [26]. Also, the symbiotic supplementation
on the gut microbiota of healthy elderly volunteers with Lactobacillus acidophilus
NCFM and lactitol improved their health status modifying the intestinal environ-
ment and the microbiota composition. It was observed an increasing lactobacilli
and bifidobacteria and a possible stabilizing effect on Blautia coccoides-Eubacterium
rectale and Clostridium cluster XIV levels [27]. Even though the Federal and Drug
Administration (FDA) agency categorized lactose-derived prebiotic as “GRAS”
(Generally Recognized as Safe), the excess consumption has adverse effects such as
osmotic diarrhea, abdominal pain and vomiting [20]. It has been reported that the
maximum permissive dosage of lactitol for Japanese adults not to induce transitory
diarrhea was 0.36 g/kg of body weight [28]. It was also found that the dose of this
lactose-derived prebiotic treatment is age- and case-dependent [20].

2.2 Lactulose

Lactulose is a semi-synthetic disaccharide (C;,H;,04; 4-O-£3-D-
galactopyranosyl-8-D-fructofuranose; MW, 342.30 g/mol) comprising D-galactose
(D-Gal) and D-fructose (D-Fru) linked by £3-1-4 glycosidic bond [16, 29].
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Commercially, this artificial disaccharide is synthetized by alkaline isomerization
of lactose via the Lobry de Bruyn e Alberda van Ekenstein rearrangement in which
the D-glucose unit at the reducing end of the lactose molecule is converted to
D-fructose. The maximum yield of lactulose relative to initial lactose concentration
adding complexing agents may reach up to 88% [30]. Electro-activation is a novel
eco-friendly technology able to synthetize lactulose from CW-lactose at maximum
yield of 35% [31]. In the last decade lactulose has been synthetized at lab scale
using lactose as substrate by the transgalactosylation activity of 3-glucosidase [29].
This disaccharide is formed in milk during heat treatments also, so pasteurized
milk usually has <100 mg/L lactulose content, meanwhile ultra-high temperature
(UHT) milk generally has a lactulose content over 500 mg/L [32]. Actually,

this polyol has demonstrated versatile applications in pharmaceutical and food
industries. Lactulose can be found as relevant functional ingredient of infant food
formulae, fermented dairy products, bakery products, confectionary products and
soy milk [33, 34].

Previous studies have reported remarkable health benefits associated to lactulose
consumption. In fact, this disaccharide is used in clinical practice since 1957. This
disaccharide is lactose-derived prebiotic able to prevent and to treat diseases [35].
Lactulose is only metabolized by specific species of colonic microbiota through
3-glucosidase activity altering the microbial balance by increasing the probiotic
growth and reducing putrefactive bacteria. Consequently, lowering intestinal
pH, enhanced colonic motility, reduced concentration of ammonia and improved
absorption of minerals are also benefits of the physiological action of lactulose upon
bacterial metabolism in the large intestine [30].

In silico, in vitro and in vivo studies have demonstrated the efficacy of lactulose
in the treatment of several diseases [35]. Since the 1960s, patients of all ages have
been prescribed with lactulose to treat constipation, even if it is chronic. This
lactose-derived prebiotic is an osmotic laxative [33]. The effect of lactulose was
studied in healthy volunteers. A significant increase of Bifidocaterium, Lactobacillus
and Streptococcus was reached, meanwhile the population of coliforms, Bacteroides,
Clostridium and Eubacterium was significantly decreased. These changes in the
microbiota reduced activity of pro-carcinogenic enzymes, increased short-chain
fatty acids in feces and pH decreased [36]. Clinical trials also have reported favor-
able results using lactulose to treat hepatic encephalopathy and chronic kidney
disease [30]. Recently, the prebiotic effect of lactitol, raffinose, oligofructose and
lactulose was evaluated on Lactobacillus spp. and bacterial vaginosis-associated
organisms (BV) and Candida albicans. Results showed that lactulose had the most
broadly and specifically growth stimulation on vaginal lactobacilli and did not to
stimulate BV or Candida albicans [37]. On the other side, iz vitro and in vivo stud-
ies have confirmed that lactulose possesses patient- and dose-dependent prebiotic
properties [35].

2.3 Sialyllactose

Sialyllactose (C3H39NO;9; NeuAca2-xD-galactopyranosyl-a-D-glucopyranoside;
MW, 633.6 g/mol) is essentially sialic acid (N-acetylneuraminic acid, NeuAc)
bound to a lactose molecule. This lactose-derived compound is naturally found
in high concentrations at the beginning of lactation in colostrum and decreases
towards the end of lactation [16]. The predominant forms of sialyllactose are
6’-sialyllactose and 3’-sialyllactose. The concentrations of 6’-sialyllactose in human
colostrum is 250-1300 mg/L, meanwhile the concentration of 3’-sialyllactose in
bovine colostrum is 354-1250 mg/L [38]. These lactose-derived compounds are
extracted from CW using ultra and nanofiltration processes on a tangential flow
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type laboratory scale membrane filtration system [39]. Even though this still an
expensive procedure to extract sialyllactose, some infant formulae use it as func-
tional ingredient [16, 40].

In vivo studies have demonstrated the ability of sialyllactose to improve posi-
tively in health. Pathogenic microorganisms have been effectively inhibited using
it [16, 40]. It was reported that the consumption of dietary sialyllactose modified
the colonic microbiota, e.g. Bacteroidetes were significantly increased, meanwhile
Firmicutes and Cyanobacteria were significantly decreased. Moreover, this lactose-
derived prebiotic was able to diminish stressor-induced alterations in colonic
mucosa and anxiety-like behavior [41]. One of the major causes of morbidity and
mortality in premature infants is necrotizing enterocolitis (NEC). Recently, it was
found that human milk oligosaccharides 2’-fucosyllactose and 6’-sialyllactose can
reduce NEC and attenuate NEC inflammation [42]. In addition, intact sialylated
oligosaccharides can be absorbed in concentrations high enough to modulate the
immunological system and facilitate proper brain development during infancy [43].

3. Functional compounds bio-produced using lactose as substrate
3.1 Biocatalytic processes
3.1.1 Galacto-oligosaccharides

Galacto-oligosaccharides [Gal-(Gal)n-Glu] are lactose-derived non-digestable
oligosaccharides (GOS) recognized as relevant functional compounds. Industrially,
GOS are produced using CW lactose as substrate through biocatalytic reaction.
Lactose is transgalactosylated by 3-galactosidases enzymes (E.C. 3.2.1.23) from sev-
eral microbial strains [44]. GOS are the best substitute for human oligosaccharides,
have a sweet taste, low energy value (2 kcal/g), as well as tolerate high temperatures
and low pHs. So, they are widely used in the food industry as functional ingredient
in the manufacturing of infant formula, confectionary, chewing gum, yogurt, ice
cream and bakery products [45].

Previous studies have demonstrated the impact of GOS promoting gut health
and well-being. These lactose-derived prebiotics serve as substrates for the micro-
biota, improve saccharolytic metabolic activities and stimulate the growth of
indigenous bifidobacteria and lactobacilli. In consequence, the formation of volatile
fatty acids, lowering of the luminal pH and decreased formation of toxic secondary
bile acids are microbial metabolic associated effects. Also, they inhibit the forma-
tion of toxic bacterial metabolites, such as ammonia, hydrogen disulphide, phenolic
compounds and biogenic amines [44]. Moreover, GOS have a bifidus factor similar
to the effect of human milk oligosaccharides stimulating the growth of specific
intestinal microbiota, improving the intestinal motility, enhancing immunity,
promoting the synthesis of vitamins, reducing the high levels of cholesterol and
triglycerides and decreasing the risk of colon cancer development [45, 46].

3.1.2 Lactosucrose

Lactosucrose is an oligosaccharide comprising Gal, Fru and Glu. This carbohy-
drate molecule (CigH33016; MW, 510.4 g/mol) is a 8-D-fructofuranosyl-4-O- -D-
galactopyranosyl-a-D-glucopyranoside [16]. Lactosucrose can be regarded as a
condensate of sucrose and galactose molecules or lactose and fructose molecules.
Production protocols include transferring the {3 -galactosyl group produced by the
decomposition of lactose to the C4 hydroxyl group of glucosyl in sucrose by the
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enzymatic activity of f3-galactosidase (E.C. 3.2.1.23). Also, it can be produced by
the catalysis of 8-fructofuranosidase (E.C. 3.2.1.26) or levansurase (E.C. 2.4.1.10)
transferring the fructose group generated by the decomposition of sucrose to the C1
hydroxyl group at the reducing end of the lactose. Industrially, 8-fructofuranosi-
dase is one of the most common enzymes used to the production of lactosucrose due
to its availability and low cost [47]. This non-reducing trisaccharide is an ingredient
of cosmetic and pharmaceutical products. Moreover, it is widely used in a large
number of functional foods. In fact, in Japan, lactosucrose has the status of FOSHU
ingredient. So, it has been used in a large number of healthy foods and drinks,

such as bakery products, yogurt, ice creams, infant formula, chocolates, juice and
mineral water [48].

In the last decades, the demand for lactosucrose has significantly increased. This
can be explained by the widely uses of it in the preparation of functional foods.
Lactosucrose is well known by its prebiotic effect. In vivo studies in animals, as well
as in humans have demonstrated the association between lactosucrose consumption
and health-promoting effects. Their review includes enhancement of beneficial
bacteria and or inhibition of pathogenic microorganisms, decrease of fecal pH,
production of short chain fatty acids and gases, reduction of putrefactive products,
enhancement of intestinal absorption of minerals, treatment of chronic inflam-
matory bowel diseases, normalization of intestinal microflora and prevention of
abdominal symptoms of lactose intolerance [48].

3.2 Microbial bioprocesses
3.2.1 Lactic acid bacteria exopolysaccharides (LAB-EPS)

Lactic acid bacteria (LAB) play a key role in the fermentation processes of food
worldwide. These group of microorganisms improve the preservation, enhance
sensory characteristics, increase nutritional values of a large variety of food and
beverages products and have been recognized by their health-promoting attributes
[49]. Several LAB have the ability to produce exopolysaccharides (EPS) as cell wall
constituents named peptidoglycan located in the extracellular medium without
covalent bounds with bacterial membrane [49, 50]. EPS are a diverse group of
high-molecular-mass polysaccharides in terms of chemical composition, quantity,
molecular size, charge, presence of side chains rigidity of the molecules, including
mechanisms of synthesis [49, 51].

LAB-EPS are classified depending on the composition of the main chain and
their mechanisms of synthesis. They can be divided into homopolysaccharides
(HoPs) or heteropolysaccharides (HePs) In general, HoPs contain only one type
of monosaccharide (glucose or fructose) through linear or branched « or p links,
with more than 10° Da molecular mass. These EPS are produced in grams per
liter by Lactobacillus, Leuconosctoc, Oenococcus and Weissella extracellularly from
sucrose or starch without noncarbohydrate groups. On the other side, HePs contain
more than one type of monosaccharide, mainly glucose, galactose and rhamnose
together through « and p links, typically branched with 10°~10° Da molecular mass.
Most of them are produced in milligrams per liter by Lactobacillus, Lactococcus,
Bifidobacterium and Streptococcus from intracellular intermediates with the presence
of noncarbohydrates groups [51].

Kefiran is the main HePs synthetized by kefir grains microorganisms. Kefir
grains are a consortium of symbiotic LAB, acetic acid bacteria, bifidobacteria and
yeast microorganisms embedded in a matrix of proteins, lipids, polysaccharides
and water [52] . These microorganisms are able to synthetize kefiran from CW
lactose even if it is deproteinized [53]. In fact, using CW lactose as a fermentation
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medium presents the opportunity to create value-added products [54]. Lactobacillus
kefiranofaciens has been identified as the most important kefiran producer. Previous
study demonstrated this extracellular polysaccharide is water soluble and it has the
same amounts of D-glucose and D-galactose, approximately. Kefiran has several
relevant applications within the biotechnology, food and pharmaceutical industries
[52]. Therefore, increasing attention has been paid to these EPS.

Kefiran is a natural EPS that offers relevant food and pharmaceutical industrial
advantages. It could be added to a formulation or it could be produced iz situ
through fermentation processes. As a polymer, kefiran exert versatile functionality.
In food industry, for example it has widely applications such as stabilizer, additive,
film-forming agent and gelling agent. In recent years, it has been discovered novel
nano applications of this HePs, e.g. kefiran-based bio-nanocomposites and kefiran
based nanofibers. Moreover, this bio-molecule also has shown biological activity
properties. Several in vitro and in vivo studies have demonstrated the ability of
kefiran to increase peritoneal IgA, reduce blood pressure induced hypertension,
wound healing, antioxidant activity, antitumoral activity, favor the activity of peri-
toneal macrophages, modulation of the intestinal immune system and protection
of epithelial cells against, prevent several cancer, anti-inflammatory and prebiotic
effect [55, 56].

HoPs have also potential uses in the food and pharmaceutical industries.
Fructans (levan and inulin-like), a -glucans (dextran, reuteran, alternan and
mutan) and p -glucans are the most important HoPs [49, 51]. HoPs such as dextran
have been using in bakery products improving softness or in confectionary, ice
cream, frozen and dried-food and non-alcoholic wort-based beverages as sta-
bilser. Levan and inulin-like HoPs can be used as fat substitute and sugar replacer,
respectively. Besides, these HoPs may influence human host health. For example,
p-glucans have demonstrated a cholesterol-lowering effect increasing cardiovas-
cular health. Moreover, Lactobacillus delbrueckii subsp. bulgaricus strains HoPs
removed cholesterol from iz vitro culture media. Indeed, HoPs have been recog-
nized by their benefits on the microbial gut modulation acting as prebiotics [51].

3.2.2 Mushrooms

In recent years, the use of CW for mycelial growth has been explored. CW as
substrate offers a wide diversity of nutrients such as proteins, carbohydrates, lipids,
vitamins and minerals. On the other side, the metabolism of mycelia of fungi pro-
duced edible mushrooms utilizes the nutrients from the medium to bioaccumulate
microelements such as Se, Fe and Zn. Therefore, the use of CW for mycelial growth
may be a valuable nutritional supplement, reducing the impact of discharging CW
to the environment and biofortifies mushrooms composition.

The nutritional, culinary and nutraceutical properties of mushrooms have
attracted the researchers, pharmacists and nutritionists attention. The chemical
composition of mushrooms includes bioactive molecules such as polysaccharides,
terpenoids, low molecular weight proteins, glycoproteins among others that play
a key role in boosting immune strength, lowering risks of cancers, inhibiting of
tumoral growth, maintaining of blood sugar, etc. [57].

Information on mushrooms chemical composition, nutritional value and
therapeutic properties has expanded during the last few years. Pleurotus spp.
(oyster mushrooms) are one of the most cultivated mushrooms worldwide [58].
Recently, it was demonstrated that the mycelial growth of Pleurotus djamor in a
liquid culture medium containing CW was able to produce bioactive compounds
such as ergosterol and p-glucans. The addition of selenium to the medium decreased
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the concentration of lactose. Moreover, it was observed that the mycelium showed
potential in absorbing and accumulating elements e.g. Ca, Fe, Mg, K and Zn from
the CW [59].

3.2.3 Organic acids

Several organic acids are produced during the metabolic pathways of the fer-
mentation processes. Some organic acids e. g. lactic acid, propionic acid, butyric
acid, isobutyric acid, acetic acid, capric acid, caproic acid, caprylic acid, lactobi-
onic acid, etc., are responsible for characteristic flavors [60, 61]. However, they
play a key role as functional compounds enhancing health-promoting effects and
well-being. It has been demonstrated that conjugated linoleic acid (CLA, 9,11-
Octadecadienoic acid, MW, 280.4 g/mol) modulate the fatty acid composition of
the liver and adipose tissue of the host [62]. Indeed, succinic acid (C4HgO4, MW,
118.09 g/mol) has shown its ability to stabilize the hypoxia and cellular stress
conditions focusing on the maintenance of homeostasis in aging hypothalamus.
Therefore, it is hypothesized that succinate has the potential to restore the loss in
functions associated with cellular senescence and systematic aging [63]. Most of the
commercial succinic acid production is done by chemical technologies like catalytic
hydrogenation or electrolytic reduction of maleic anhydride. In the last years, it was
found that it can be produced using CW and lactose as substrates by Actinobacillus
succinogenes 130Z in a batch fermentation [64].

According to the international market demands, lactobionic acid, fumaric
acid and glucaric acid are classified as high value-added compounds [61]. These
organic acids have demonstrated potential uses in food, medicine, pharmaceuti-
cal, cosmetic and chemical industries [61, 65, 66]. Glucaric acid (CgH;00g, MW,
210.14 g/mol) is found in vegetables and fruits, mainly grapefruits, apples, oranges
and cruciferous vegetables. Commercially, it is synthetized by chemical oxidation
of glucose releasing toxic byproducts. Thus, microbial fermentation of glucose by
Saccharomyces cerevisiae and Escherichia coli has been proposed as alternative. This
organic acid and its derivatives increases detoxification of carcinogens compounds
and tumor promoters [67, 68]. Fumaric acid (trans-1,2-ethylenedicarboxylic acid,
MW, 116.07 g/mol) is traditionally synthetized from maleic anhydride, which in
turn is produced from butane. Nowadays, the production of this organic acid may
be done by fermenting glucose through the metabolic pathways of Rhizopus species,
also fixing CO,. Fumaric acid is widely used as starting material for polymerization
and esterification reactions to produce paper and unsaturated polyester resins. In
medicine field, it can be used to treat psoriasis, meanwhile it is also used as food and
beverage additive. Moreover, Fumaric acid supplements have the ability to reduce
methane emissions of cattle [66].

Lactobionic acid (4-O-13 -galactopyranosyl-D-gluconic acid, MW, 358.3 g/mol)
is a high value-added lactose derivative. This organic acid has received growing
attention due to its multiple applications in cosmetics, chemical, pharmaceutical,
biomedicine, and food industries [61]. Lactobionic acid production is based on
chemical synthesis requiring high amounts of energy and costly metal catalysts
[69]. Nowadays, lactobionic acid is able to be bio-produced either through enzy-
matic or microbial biosynthesis at cost-effective and environmentally friendly
using cheese whey lactose. In fact, high-level production of it has been recently
reported controlling pH and temperature during the fermentation of lactose with
Pseudomonas taetrolens [70]. Lactobionic acid offers wide versatile uses in nano-
technology, tissue engineering and drug-delivery systems, antibiotics, preservative
solutions for organ transplantation, anti-aging, regenerative skin-care, sugar-based
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surfactant. Also, this value-added compound functions as food additive, gelling
agent, solubilizing agent, sweetener, water holding capacity agent and bioactive
ingredient enhancing calcium absorption, antioxidant activity and exerting prebi-
otic effects [61].

Lactic acid (2-hydroxipropionic acid, MW 90.08 g/mol) is an organic acid
with a prime position due to its versatile applications in textile, leather, chemical,
pharmaceutical and food industries. Lactic acid applications associated to food and
food-related represent 85% of total production, approximately. This organic acid
has been recognized as GRAS by the FDA [71]. It is used as flavoring, buffering
agent, inhibitor of bacterial spoilage, acidulant, dough conditioner and emulsi-
fier [72]. Most of lactic acid is produced through microbial fermentation, mainly
Lactobacillus delbrueckii or Lactobacillus amylophilus strains, using beet extracts,
molasses, starchy and cellulosic materials and cheese whey [71].

Polylactic acid is a biocompatible polymer with unique properties. Lactic acid
and lactide are the building blocks to obtain it through a polycondensation reaction.
This biodegradable and renewable biopolymer is a relevant alternative to plastics
derived from petrochemicals, so its demand has been increasing considerably. In
fact, the global polylactic acid market was expected to grow over 1.2 million tons in
2020. Nowadays, most polylactic acid is manufactured for single-use applications
in packaging, including food packaging supplies [73]. However, it has important
biomedical uses, due to its GRAS status recognized by the FDA. This biomaterial
has been transformed into sutures, scaffolds, cell carriers and drug delivery systems
such as liposomes, polymeric nanoparticles, dendrimers and micelles [74, 75].

4, Conclusions

Cheese whey production is increasing worldwide every year. Even though CW
is considered a major environmental pollutant, due to its quantity and quality
of chemical components, there is a huge opportunity to use it as raw material to
produce value-added functional compounds. CW lactose is an excellent substrate
to obtain high quality products able to improve human health and well-being, e.g.
lactitol, lactosucrose, GOS, lactulose, sialyllactose and organic acids. For example,
GOS and sialyllactose have a bifidus factor similar to the effect of human milk
oligosaccharides stimulating the growth of specific intestinal microbiota, enhanc-
ing immunity, promoting the synthesis of vitamins and decreasing the risk of colon
cancer. Moreover, microbial bioprocesses use CW lactose to produce relevant health-
promoting metabolites such as kefiran and organic acids. Future perspectives are
focusing on the sustainable transformation of CW lactose as by product into value-
added functional compounds to be used as novel ingredients in a diverse formulation
of food, pharmaceutical, and cosmetic new products. Therefore, additional research
concentrated on the development of innovative technological processes, more
efficient and able to discover new bioactive compounds are essential.
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