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1. Introduction
Approximately 70% of the world’s population is deficient in intestinal lactase ( -Dgalactosidase, IUB 3.2.1.23), the enzyme necessary to digest lactose (NDC, 1985). This
condition, with a very low lactase activity in the jejunal mucosa, is called hypolactasia (Sahi,
1994a). However, the prevalence of adult-type hypolactasia varies from less than 5% to
almost 100% between different populations of the world (Sahi, 1994b). Basically three types
of hypolactasia are known (Dahlqvist, 1983): a) adult-type hypolactasia, which is very
common in most populations (Sahi, 1994b), b) secondary lactase deficiency, in which
intestinal lactase activity can be lost partly or entirely due to operation, infection, infestation,
allergy, malnutrition or celiac disease (Asp, 2001; Savaiano, 2002) and c) congenital type
hypolactasia, which is a very rare type with complete lactase deficiency (Mustapha et al.,
1997).
It has been estimated that at least 90% of all adults on earth are lactase deficient (Dahlqvist,
1983). In the USA alone, the number of lactose intolerant individuals has been estimated to be
about 50 million (Sloan, 1999). Substantial evidence supports the view that lactase activity
decreases from infantile levels to adult levels (a 10-20 fold reduction) between the ages of 3
and 5 years in 75% of the world’s population (Savaiano, 2002). This means that the status,
called adult-type hypolactasia, is not only a problem for adults but may also limit milk
consumption of children (Sahi, 1994b). The manifestation age of hypolactasia appears to vary
significantly between different populations (Dahlqvist, 1983). In most populations lactase
activity begins to decline soon or a few years after weaning. In particular, in populations
where the prevalence of hypolactasia is high in adulthood the manifestation occurs in the
majority of children at the age of (1-)2 to 7 years (Sahi, 1994b).
Adult-type hypolactasia is a genetically determined enzyme defect (Enattah et al., 2002;
Kuokkanen et al., 2003). Lactase persistence resulted from a genetic mutation, which
occurred thousands of years ago (Simoons, 1980; Sahi, 1994b). Both the lactase persistent and
lactase non-persistent phenotypes are determined by different alleles at a single gene locus
where the allele responsible for adult-type lactase persistence is dominant over that which
causes lactase non-persistence (Swallow and Harvey, 1993). It was found that the ability to
maintain high levels of lactase activity throughout life is strongly related to the development
of dairying in certain areas of the world, such as the Middle East, Northern Europe and
Northeastern Africa (Sahi, 1994a, 1994b; Simoons, 1980; Mustapha et al., 1997). People
having some kind of lactase nonpersistence have difficulty in properly digesting or otherwise
utilizing the nutrients of fresh milk and milk products (Holsinger and Kligerman, 1991;
Mustapha et al., 1997). Nowadays several genetic tests are available to study lactase
persistence in an indvidual subject.
Although wide variation exists in the results of the lactose quantity needed to cause symptoms
of lactose intolerance in consumers with hypolactasia (Marteau et al., 1998, 2002; Asp, 2001),
a continuous demand for low lactose or lactose free dairy products exists especially in
countries with a traditionally high milk consumption and high prevalence of hypolactasia
(Dahlqvist, 1983; Jelen and Tossavainen, 2003). However, the sweet taste of lactose
hydrolysed milk is different from that of traditional milk and it may cause some consumers to
avoid milk products (Harju, 2004; Walstra et al., 2006). Lactose hydrolysed milk often has
quality defects such as browning, off-tastes, texture defects due to Maillard reactions, side
activities of the lactase enzyme used or proteolytic enzymes of milk origin or from
contaminating bacteria (Zadow, 1993; Mittal et al., 1991). Lactose hydrolysed dairy products
have benefits, which usually overcome the problems associated with product quality. In
addition to the avoidance of symptoms of lactose intolerance, hydrolysis of lactose in milk
was found to enhance the absorption of calcium in lactase-deficient subjects (BirlouezAragon, 1988).
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In Finland the incidence of hypolactasia is about 17% (Sahi, 1994b). Here the need for low
lactose or lactose free products has been exceptionally high due to the high consumption of
milk. During the past six years lactose free milk with the taste of normal milk has strongly
gained in popularity in Finland and other countries (Jelen and Tossavainen, 2003) and has
become one of the basic milks in Finland. Valio Ltd first launched the product in September
2001 based on patented technology. New lactose hydrolysed products are also being launched
elsewhere (Manzi et al., 2007).
The highest residual lactose level in lactose free products accepted by the authorities in
Finland is very low, 0.01%. Therefore production of lactose free products only with
enzymatic hydrolysis leads to even more enhanced sweetness and increases the risk of quality
defects during the storage time.
The effect of lactose hydrolysis on the Maillard reaction and the nutritional value of protein in
lactose hydrolysed milk and carbohydrate reduced lactose hydrolysed milk were estimated
during storage after different heat treatment processes. The changes during storage at different
temperatures were monitored and alternative processes to avoid the detrimental changes in
milk were compared.
1.1. Hydrolysis of lactose in milk
Enzymic hydrolysis of lactose can be described by three steps which allow hydrolysis to
glucose and galactose as well as a galactosyl transfer reaction (Mahoney, 1997; 1998;
Richmond et al., 1981):
1.
2.
3.
or
4.

Enzyme + Lactose Enzyme-Lactose complex
Enzyme-Lactose Galactosyl-Enzyme + Glucose
Galactosyl-Enzyme + H2O Galactose + Enzyme
Galactosyl-Enzyme + acceptor sugar

Oligosaccharide + Enzyme

Figure 1 shows one proposed mechanism of hydrolysis of lactose and formation of
oligosaccharides for neutral pH lactases (Mahoney, 1997; Zárate and López-Leiva, 1990;
Shukla, 1975). Lactase of Escherichia coli is one of the most extensively studied galactosidases (Panesar et al., 2006) and it serves as a model for understanding the catalytic
mechanism of -D-galactosidase action. Its structure and mechanism of action were recently
reviewed by Matthews (2005).
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Figure 1. Proposed mechanism of lactose hydrolysis and formation of oligosaccharides by galactosidases (Zárate and López-Leiva, 1990; Shukla, 1975).
The balance between steps 3 and 4 in the reaction is usually heavily on the side of step 3.
However, depending on the conditions and on the enzyme itself, wide variation occurs in this
respect (Mahoney, 1998; Smart, 1993; Zárate and López-Leiva, 1990). The amount and
nature of oligosaccharides formed during enzymatic hydrolysis of lactose depends strongly on
the initial lactose concentration and the nature of the substrate, on the enzyme source and
concentration and on the reaction time (Zárate and López-Leiva, 1990; Mahoney, 1998).
Using lactose in buffer solution yields larger amounts of oligosaccharides than using milk or
milk products (Zárate and López-Leiva, 1990). Forsman et al. (1979) described a simple
empirical static process model for the hydrolysis of lactose with Kluyveromyces lactis galactosidase. It was applicable over wide ranges of temperature and enzyme concentration.
The kinetics of hydrolysis with soluble and immobilized -galactosidase of Kluyveromyces
fragilis were studied by Carrara and Rubiolo (1996). Mitchell developed a non-linear kinetic
model for hydrolysis of lactose using an immobilized lactase reactor (Mitchell and Hourigan,
1993). Product inhibition of the enzymatic hydrolysis of lactose has been demonstrated by
both D-glucose (non-competitive) and D-galactose (competitive inhibition) (Chen et al.,
1985). Extensive hydrolysis of lactose was studied by Palomaa (2001). Properties, production
and purification of -galactosidases from different microbial origins were recently reviewed
by Panesar et al. (2006). The characteristics of different microbial -galactosidases were
reviewed by Mahoney (1997).
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The mechanism of enzyme action indicates that the enzyme will transfer galactose to
nucleophilic acceptors containing a hydroxyl group (Figure 1). When the acceptor is water,
the result is galactose, when the acceptor is another sugar the result is di-, tri- or higher
saccharides, collectively called oligosaccharides. Since all of the sugars present can act as
acceptors the result is a complex mixture. Complete removal of oligosaccharides can be
achieved only (if at all) by prolonging the reaction time far beyond that required for
hydrolysing 90% of the lactose (Jeon and Mantha, 1985; Mahoney, 1998). Among enzymes
of commercial interest, the -galactosidase from Aspergillus niger produces less
oligosaccharides than that from A. oryzae and the -galactosidase from K. lactis produces less
than that from K. fragilis (Mahoney, 1997). Among the bacterial enzymes, those from
Streptococcus thermophilus (Smart, 1993), Bacillus circulans (Mozaffar et al., 1984) and
Saccharopolyspora rectivirgula (Nakao et al., 1994) produce high levels of oligosaccharides
(~40%).
1.2. Manufacture of low lactose and lactose free milks
1.2.1. Hydrolysis with soluble enzymes
Lactase enzyme ( -D-galactosidase i.e. -D-galactoside galactohydrolase, E.C. 3.2.1.23 ) is
widely distributed in nature and can be isolated from different sources such as plants
(almonds, peaches, apricots, apples), animal organs, yeast, bacteria and fungi (Richmond et
al., 1981). Lactases were first proposed for dairy applications in 1950 (Van Dam et al., 1950).
Lactose hydrolysed milks have been under development since the 1970s, when the first galactosidases became commercially available. Nowadays lactase is one of the most
important enzymes used in food processing (Panesar et al., 2006).
The process is simple and does not need special equipment in dairy plants (Zadow, 1986).
When using a single-use enzyme for lactose hydrolysis several factors must be considered.
These include the substrate, pH of operation, maximum temperature and contact time
permissible, enzyme activity and cost. An extensive contact time at 35-45°C may be required
to reduce costs, but with milk this usually results in extensive microbial growth. Alternatively
overnight holding at refrigeration temperature may be employed (Zadow, 1986). Soluble
lactases used are usually of microbial origin (Mahoney, 1997; Greenberg and Mahoney, 1981)
(Table 1).
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Table 1. Properties of microbial lactases (Mahoney, 1997).
Source

A.niger
A.oryzae
K. lactis
K. fragilis
E. coli
B. circulans
B. subtilis
B. stearothermophilus
L. acidophilus
S. thermophilus
a

Molecular
weight
(x103)

pH
optimuma

124
90
228
201
464
240
88

3.0-4.0
5.0-6.2
6.5-7.3
6.6
7.2
6.0
6.5-7.0

Temperature
operation
range
(°C)
55-60
50-55
35
37
40
60
50

116
540
464

5.8-6.4
6.2-6.6
7.1

65
55
55

dependent on strain/source
ionic species likely to be found in dairy products
- = data not available

Activators

Ionic
inhibitorsb

none needed
none needed
K, Mg, Mn
K, Mg, Mn
Na, K, Mg
none needed
none needed

none
none
Ca, Na
Ca, Na
-

Mg
Mg
Na, K, Mg

Ca

b

Dahlqvist et al. (1977) used minute amounts of lactase enzyme for production of lactose
hydrolysed UHT-milk in a process in which lactase was sterile filtered into the package after
the UHT-treatment. In the sterile product lactase had a long time for hydrolysis at ambient
temperature. The enzyme quantity needed was only about 1% of the amount needed for
hydrolysis under non-sterile conditions. This new method for producing lactose hydrolysed
milk was patented by TetraPak (1977). Other authors have also recommended hydrolysis of
lactose after the heat treatment in order to avoid progress of Maillard reactions (Mendoza et
al., 2005). They also suggested limiting the degree of hydrolysis to obtain a degree of
hydrolysis between 80 and 90% in order to avoid excessive sweetness. According to Walstra
et al. (2006) this process has not been successful, because the product is relatively expensive
and most consumers still consider the taste to be too sweet. Vasala et al. (1996) patented a
method to reduce the sweetness of lactose hydrolysed UHT-milk by adding potassium salt of
an organic acid, such as citrate, malate, gluconate or lactate at up to 80 mmol/l, optimally 1545 mmol/l. Flynn et al. (1994) reduced the sweetness of lactose hydrolysed milk using
potassium chloride.
Tamura et al. (1991) developed low sweetness lactose hydrolysed milk (LSHM) by treating
concentrated milk with a -galactosidase with high transgalactosylation activity. The content
of oligosaccharides was about 25% of the total sugar when treating 30% reconstituted skim
milk at 42°C. The content of monosaccharides was decreased from 75% in the commercial
product to 50% of total sugar and this resulted in a reduction in the sweetness of lactose
hydrolysed milk. Products were compared with constipated and lactose intolerant subjects. In
the case of constipated subjects 300 ml of LSHM was given daily for two weeks. Their stools
became softer than those of subjects not given any milk. However, no difference was
observed in the hardness of the stools of subjects drinking LSHM or normal milk. Giving 180
ml of LSHM or 75% hydrolysed commercial milk per day to lactose intolerant individuals
caused no difference in symptoms between the two products. In this case the daily dose was
probably too small to cause any differences in symptoms.
Broome et al. (1983) found off-taste formation both with fungal and yeast lactases when used
in yoghurt manufacture. Lactases were added together with the culture organisms. Dariani et
al. (1982) reported off-flavours and premature coagulation in lactose hydrolysed yoghurts,
which were attributed to protease contamination in the lactase preparations. Early commercial
-galactosidases contained side activities, especially proteolytic activities, which caused e.g.
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off-tastes in the fresh products (Mittal et al., 1991). Enzyme quality varied from batch to
batch and a strong negative correlation was observed between the proteolytic activity of the
lactase preparation and the retail price of the product (Mittal et al., 1991). Higher priced
lactases were more likely to contain lower levels of proteases. According to Zadow (1984) in
Japan a method was developed with which it was possible to inactivate the harmful side
activities with gamma radiation treatment. Mittal et al. (1991) observed that during the
storage of lactose hydrolysed UHT-milk off-flavours were developed and lactose hydrolysed
milk had a clearly lower consumer preference score than did the unhydrolysed milk. Milks
were stored at 30°C. Off-flavours were linked to the contaminating proteolytic activities in
lactase preparations. Some sedimentation was also found in lactose hydrolysed milks,
commencing about 24 hours after production and increasing during storage. Silfverberg et al.
(2007) patented a method to produce lactose free fermented milk products by performing the
hydrolysis in two phases with an intermediate heat treatment, which destroys most of the
harmful side activities.
Lactose hydrolysis makes it possible to produce dairy products for lactose intolerant people,
which represent the majority in most populations (Dahlqvist, 1983). Hydrolysis of lactose
increases the sweetness of the product, which in many cases provides an opportunity to lower
the level of added sugar. Hydrolysis of 70% of lactose in milk increases sweetness by an
amount corresponding to an addition of about 2% sucrose (Zadow, 1986). In heat treated
products increase of reducing sugars causes more intensive Maillard reactions.
1.2.2. Alternatives in lactose hydrolysis
Alternatives for the use of soluble lactase were reviewed by Panesar et al. (2006), Mahoney
(1997), Thompkinson et al. (1991), Harju (1987a) and Zadow (1986).
1.2.2.1. Acid hydrolysis
The use of acid in lactose hydrolysis is viable only for protein-free streams such as permeate.
pH adjustment can be made by direct addition of acid or by treatment of permeate with an ion
exchange resin. pH is adjusted typically to 1.2 and temperature to 150°C for a short period.
The hydrolysed product is brown and requires neutralization, demineralisation and
decolorisation before use. This method has not been commercially adopted to any significant
extent (Zadow, 1986). Several processes based on ion exchange resins have been developed,
working typically at pH 1.2 and at 90-98°C (Thompkinson et al., 1991). The browning of the
neutralized reaction mixture is the greatest problem, leading to complicated colour removal
steps adding processing costs and causing disposal problems. Industrially this process has
been used only for pure lactose solutions.
1.2.2.2. Membrane reactors
In a membrane reactor process hydrolysis is usually carried out on a protein free stream such
as UF-permeate of milk or whey. The enzyme is recovered from the reaction mixture with
another UF-equipment and the permeate containing hydrolysed lactose is remixed with the
milk or whey retentate (Miller and Brand, 1980). However, the complexity of the process has
not made it commercially attractive (Zadow, 1986). The main problem appears to be
prevention of microbial growth during continuous operation at ambient or higher temperature
with non-sterile feed materials (Mahoney, 1997).
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Novalin et al. (2005) described another kind of membrane reactor, a membrane-diffusion
reactor, in which -galactosidase was rejected in a hollow fibre reactor and lactose in skim
milk was hydrolysed continuously (Figure 2).
lactose reduced skim milk
with glucose, galactose and oligosaccharides

Figure 2. Principle of lactose hydrolysis by -galactosidase ( -Gal) in a hollow-fibre module
(Novalin et al., 2005).
The reactor was based on a hollow fibre module (10 kDa cut-off, 4.9 m2 membrane area). The
shell side volume was about 2.5 l and the tube side volume about 0.65 l. Feed is pumped
through the tubes and enzyme is kept outside the tubes (shell side). The temperature of the
feed was adjusted and enzyme solution was circulated in a closed loop. In order to control
growth of the microbes in the enzyme circulation, a UV irradiation module and a sterile
filtration unit were included in the circulation line. In the process a lactose conversion rate of
78.1% was achieved with a skim milk flow rate of 9.9 l h-1. The authors reported that the main
problems were related to the need for a high membrane area due to the low mass transfer rate,
and to the control of microbial growth in the enzyme circulation. Additional studies are
needed on the long-term stability and the conversion performance. The process (Figure 3) was
further optimized for cost-effectiveness to work at 15+2°C with an enzyme concentration of
240 U/ml, enzyme solution flow rate of 25 l/h, and a skim milk flow rate of 9 l/h to give a
productivity of 360 g l-1h-1 (Neuhaus et al., 2006).
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Figure 3. Scheme of a hollow-fibre reactor for lactose hydrolysis by -galactosidase: 1.
hollow-fibre module; 2. UV-module; 3. sterile filtration module; 4. heat
exchanger; 5. peristaltic pump; 6. heating bath; 7. storage tank for substrate; 8.
tank for enzyme solution; 9. tank for sterile filtration circulation; 10. sampling
port; 11. three-way cock; 12. waste line; 13. product collection (Neuhaus et al.,
2006).
Petzelbauer et al. (2002a) studied the use of two hyperthermophilic -glycosidases from the
archaebacteria Sulfolobus solfataricus and Pyrococcus furiosus in a continuous stirred-tank
reactor coupled to a 10 kDa ultrafiltration module to recycle enzyme for hydrolysis of lactose
at 70°C. The half lives of the enzymes were 5-7 days due to reactions with reducing sugars
and adsorption onto the membrane. Using lactose as substrate it was possible to use the
reactor for more than 2 weeks at a constant conversion level of 80%.
1.2.2.3. Immobilized systems
Immobilized enzyme systems appear to have great potential for large scale application for the
hydrolysis of milk, permeate or whey (Zadow, 1986). Immobilized systems often utilize
lactase of fungal origin (Harju, 1987a; Zadow, 1984). The carriers published include an ion
exchange support (Zadow, 1986) and PVC-silica sheets, active carbon, porous glass beads,
acrylic beads, cellulose triacetate or adsorption resin (Harju, 1987a). The pH-optimum of
fungal lactases is about 5 but they generally retain about 50% of their activity at pH 6.8, thus
making them economically feasible for hydrolysis of lactose in milk (Zadow, 1986). The low
pH optimum (3.5-5.5) of fungal enzymes provides better opportunities to prevent microbial
growth during processing and sanitation is also easier (Harju, 1977). The fungal enzymes are
also very stable and the organisms used are on the GRAS list, which means they can be used
for food purposes (Harju, 1987a). The useful lifetime of the immobilized system can be in
practice several thousand hours, which significantly reduces the costs compared to those of
soluble enzymes. However, if milk with a neutral pH is hydrolysed the microbial stability of
the reactor becomes more difficult to control. Mahoney (1997) reviewed processing with
immobilized -galactosidase and observed that although an extremely wide variety of
supports (and enzymes) employing all the primary immobilization techniques have been
studied, only a few systems have been used for commercial or semi-commercial production.
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Systems for processing milk use entrapped or adsorbed enzyme and systems for processing
whey use adsorbed or covalently bound enzyme.
Hydrolysis of milk with immobilized -galactosidase
The use of immobilized -galactosidase for hydrolyzing lactose is usually targeted to reducing
enzyme and processing costs. However, when hydrolysing lactose in milk a reduction of
enzyme costs is much more difficult to achieve than when hydrolysing whey (Harju, 2004).
However, the lactose hydrolysed milk is a much more valuable product than hydrolysed
whey. In the hydrolysis of milk there are several difficulties to overcome: the neutral pH of
milk encourages microbial growth except at very low or very high temperatures; milk proteins
tend to adsorb onto the surface of the immobilized enzyme surface and foul the reactor; the
neutral-pH -galactosidases are not very stable when immobilized with classical techniques
such as adsorption or covalent linkage (Mahoney, 1997).
Numerous -galactosidase immobilization systems have been investigated since 1970s
(Dahlqvist et al., 1973; Woychik et al., 1974; Hyrkäs et al., 1976; Harju, 1987a; Bakken et al.,
1992; Thompkinson, 1993; Carrara and Rubiolo, 1996; Ate and Mehmeto lu, 1997), but
only a few of them have been scaled up successfully and even fewer have been applied at an
industrial or semi-industrial level (Panesar et al., 2006). The latest known commercial
application for hydrolysis of milk was based on immobilizing neutral-pH enzyme of K. lactis
by entrapping it in porous cellulose acetate fibres (Mahoney, 1997; Dinelli et al., 1976;
Pastore et al., 1974). Immobilization gives the enzyme a shelf life of 100 days (Morisi et al.,
1973). Low-lactose milk has been produced using this technology by SNAM Progetti at the
Centrale de Latte in Milan (Mahoney, 1997; Panesar et al., 2006). Approximately 75%
hydrolysis of lactose was achieved in a batchwise process. This process was the most
effective application of immobilized -galactosidase technology for milk in 1997 (Mahoney,
1997). This application has been developed further more recently (Cerlesi, 2000), but the
main goal has not been to minimize enzyme costs but to separate the enzyme from the end
product (Harju, 2004).
Hydrolysis of lactose in whey or permeate is easier because it is possible to use low-pH galactosidases. These processes have been reviewed comprehensively by Mahoney (1997)
and Harju (1987a, 2004).
Working with thermostable neutral-pH -galactosidases at 60°C or higher would minimize
microbial growth and allow a faster catalysis. Petzelbauer et al. (1999, 2002b) studied the use
of recombinant -glycosidases from thermophilic Sulfolobus solfataricus and Pyrococcus
furiosus for hydrolysis of lactose at 70°C or higher. Enzyme from Pyrococcus furiosus was
approximately 15 times more stable than that of Sulfolobus solfataricus, with an operational
half-life of 22 days at 80°C and pH 5.5. Immobilization of the enzyme expanded the useful
pH-range by approximately 1.5 pH-units. However, the higher likelihood of Maillard
browning may be a disadvantage especially if the feed is concentrated. Bakken et al. (1992)
studied the use of immobilized Bacillus circulans lactase for hydrolysis of skim milk. At
hydrolysis temperatures of 20-50°C microbial growth could not be avoided and at higher
temperatures inactivation of the enzyme was significant.
Permeabilization and immobilization of microbial cells containing -galactosidase is an
interesting approach to reduce the purification costs of the enzyme and thus provide a more
economic source of enzyme. This area was recently reviewed by Panesar et al. (2006).
Permeabilised cells would increase the diffusion into the cell and thus enhance the use of
immobilized cells. A major drawback in the use of whole cells is the poor permeability of the
cell membrane to lactose. Different methods have been applied to increase the lactose
permeability of microbial cells (Panesar et al., 2006). Detergents such as digitonin and
cetyltrimethylammonium bromide have been successfully employed for the permeabilization
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of yeast cells and the activity of permeabilized cells was many times greater than that of
untreated cells. Ethanol concentration of 30-55% (v/v) caused a 100% loss of viability and up
to 15-fold increase in measurable -D-galactosidase activity during permeabilization of S.
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus cultures (Somkuti et al., 1998).
However, other enzyme activities in the cells may cause off-tastes in the product if they
cannot be inactivated.
1.2.2.4 Cellular extracts of lactobacilli
Vasiljevic and Jelen (2001) studied the use of thermophilic lactic acid bacteria L. delbrueckii
subsp. bulgaricus 11842 for the production of -galactosidases in different media. Bury and
Jelen (2000) evaluated lactose hydrolysis using a disrupted dairy culture. L. delbrueckii subsp.
bulgaricus 11842 was investigated for production of a crude preparation of -galactosidase.
Technical and economical feasibility were studied for producing partially lactose hydrolysed
milk (DH=60%) and permeate or whey syrup. Partially hydrolysed lactose hydrolysed milk
was found economically very feasible but production of whey or permeate syrup was not
competitive with inexpensive sweetener commodities. During disruption of the cells other
enzyme activities in addition to -galactosidase are also released, and these may cause side
reactions.
Geciova et al. (2002) reviewed different cell rupture techniques with potential for use in the
dairy industry for different lactic acid bacteria. Bead milling or high pressure homogenizers
(Manton-Gaulin APV or a Microfluidizer®) were found to have potential for industrial scaleup. The authors suggested that one potential application could be the use of homogenates for
accelerating cheese ripening. Hydrolyzing lactose with crude homogenates affects the taste of
hydrolysed milk. Vasiljevic et al. (2003) studied the sensory effects of crude cellular extracts
(CCE) from Lactobacillus delbrueckii ssp. bulgaricus 11842 and observed that off-flavour
intensity increased after 2% CCE additions. The taste of the CCE hydrolysed milk cannot be
totally pure and therefore it was proposed for use with flavoured products such as yoghurt
drinks (Jelen and Tossavainen, 2003). Other uses suggested were formation of disaccharides
or oligosaccharides in milk due to the transferase activity of the enzyme or use as a
fermentation enhancer due to the proteolytic activity.
1.2.3. Lactose free milk
In the development of lactose hydrolysed milks a new phase was reached in 2001 when Valio
Ltd launched lactose free milk, which tasted like normal milk but contained <0.01% lactose
(Jelen and Tossavainen, 2003; Harju, 2004). For the claim “lactose free” Finnish authorities
set the limit of residual lactose content to <10 mg/100 g of product (<0.01%) and Valio has
followed this rule.
Production of lactose free milk was based on a chromatographic separation process, which
allows specific separation of lactose from milk (Harju, 2004; Jelen and Tossavainen, 2003).
Chromatographic separation makes it possible to retain the minerals of milk with proteins,
unlike in other separation techniques (Harju, 1987b, 2004). The method was patented for the
separation of lactose from whey (Harju and Heikkilä, 1990) and milk (Harju, 1990). In the
production of lactose free milk part of the lactose in milk was separated and the rest of the
lactose was hydrolysed enzymatically, thus giving the milk its natural sweetness (Jelen and
Tossavainen, 2003).
The production method was developed further on the basis of membrane techniques
(Tossavainen and Sahlstein, 2003), which was an easier method to adopt in dairy plants and to
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licence technology to other dairies. Milk was ultrafiltered, the UF-permeate was further
nanofiltered and the permeate from nanofiltration was further concentrated with reverse
osmosis. The retentate of reverse osmosis was returned back to the UF-retentate, thus
returning the minerals, after which residual lactose was hydrolysed with -galactosidase. Milk
tasted the same as normal milk despite the removal of 1/3 of the lactose before the enzymatic
hydrolysis.
Lange (2005) described a process for lactose free milk with no extra sweetness. The process
included an ultrafiltration step in which part of the lactose was removed, and the UF-retentate
was diluted to a protein concentration of 4% and lactose concentration of 3%. After this,
residual lactose was hydrolysed enzymatically. The sweetness of the milk was similar to that
of normal milk, but the milk had a mineral level of only 0.47%. In normal milk the mineral
content is about 0.75%. This causes a difference in taste. Wang (2005) described a process for
producing lactose free milk by membrane techniques. Milk was first ultrafiltered and then
diafiltered. The UF-permeate was nanofiltered to give a lactose fraction (NF-retentate) and a
mineral fraction (NF-permeate). The UF-retentate was then added to the NF-permeate to
produce a final product having at least 95% lactose removed. This product was intended for
people with lactose intolerance, diabetes mellitus or people on the Atkins’ diet or a regular
low-calorie diet. By removing lactose the sweetness also disappears. Therefore the product
tastes different from normal milk or it must be sweetened in other ways.
Choi et al. (2007) described a process for lactose hydrolysed milk with low sweetness using
nanofiltration. Raw milk was first treated with -galactosidase at 4°C for 40 hours to
hydrolyse lactose fully. During nanofiltration with a concentration factor of 1.6, part of the
monosaccharides were removed through the membrane. After filtration the milk was diluted
to adjust the protein content to that of normal milk. Lactose hydrolysed milk had sweetness
similar to that of normal milk. Retention of crude protein, Ca, Na and riboflavin were 99, 97,
77 and 80% respectively. A benefit is a simple process, disadvantages are a need to hydrolyse
all lactose in milk before nanofiltration and partial removal of monovalent ions and riboflavin.
1.3. Heat treatment processes for milk
Heat treatment destroys all or part of the microorganisms present in milk. It also inactivates
some of the enzymes naturally occurring in milk. Heating methods have been developed to
destroy only the pathogenic organisms in milk (pasteurization) or destroy all microorganisms
and inactivate enzymes (sterilization).
The heat treatment history of milk can be analysed by analysing which enzymes have
remained active. Alkaline phosphatase must be inactivated to confirm adequate pasteurization
of milk. The peroxidase test should be positive to prove that the milk has not been heated too
much (Kessler, 2002). An exception to this is accepted in the case of high temperature
pasteurized milk, ESL- and UHT-milk and sterilized milk. Some major heat-induced changes
in milk are described in Figure 4.
Pasteurization is carried out at temperatures below 100°C, at which enzyme activity is only
partly destroyed and the number of microorganisms is reduced. This gives the product a shelf
life of 5 to 20 days depending on the storage temperature. A shelf life of 20 days can only be
achieved if the storage temperature does not exceed 5°C. ESL-treatment (extended shelf life)
gives the product a shelf life which under refrigerated conditions is longer than for
pasteurized milks but shorter than for ultra-high-temperature treated (UHT) milks. In ESLtechnique the microbial count is reduced beyond normal pasteurization and the milk is packed
under strictly hygienic conditions. Taste and properties of the product are close to those of
pasteurized milk and the milk is sold from a fridge. ESL treatment is based on UHT-
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technology (Rysstad and Kolstad, 2006). Conditions for different heating processes of milk
are presented in Table 2.
Table 2. Conditions for different heating processes (Hinrichs and Kessler, 1995; Rysstad
and Kolstad, 2006).
Process
Pasteurization
- Batch
- Short time
- High temperature

Temperature (°C)

Time

62-65
72-75
at least 85

30-32 min
15-30 s
at least 4 s

Thermization

60-65

10-20 s

ESL-treatment

130-145

<1 s

Sterilization
- In container
- UHT-treatment

109-120
135-150

40-20 min
20-2 s

Figure 4. Temperature-time plots for some heat-induced changes occuring in milk (Kessler,
1992).

26
1.4. Effects of heat treatment and storage on the quality of lactose hydrolysed
milk
1.4.1. Maillard reactions
According to Finot (1983) there are two chemical reactions of nutritional and physiological
importance in the heating of milk. The Maillard reaction is the most important quantitatively
and nutritionally, and because of this reaction the bioavailabilities of lysine, methionine,
tryptophan and B-vitamins are reduced. The formation of lysinoalanine induces negligible
nutritional effects, but provokes a renal defect (renal cytomegaly) in rats at level 5 times
higher than the level found in some sterilized milks.
The Maillard reaction is a nonenzymatic browning reaction between reducing sugars and free
amino groups (Brands and van Boekel, 2002, 2001; O’Brien, 1997; van Boekel, 2001, 1996;
Ashoor and Zent, 1984; Berg and van Boekel, 1994). The reaction is very complex and its
evolution depends on the reaction conditions (O’Brien and Morrissey, 1989a). In lactose
hydrolysed milks the Maillard reaction is a major problem because in hydrolysis of lactose the
molar quantity of reducing sugars is doubled (Evangelisti et al., 1999). Furthermore, the
reactivities of glucose and galactose are higher than that of lactose (Brands et al., 2000).
Galactose is more reactive than glucose (Brands et al., 2000), which is explained by the
higher amount of galactose present in acyclic form, which is the form in which the sugar
reacts with the lysine residues in the Maillard reaction (Hayward and Angyal, 1977). The
early phases of the Maillard reaction are often monitored by furosine, which represents the
Amadori products formed in reactions between free amino groups and reducing sugars and
resulting in a loss of their availability (Erbersdobler and Somoza, 2007; Erbersdobler and
Faist, 2001). Other compounds used as markers of nutritional quality are N(epsilon)carboxymethyl lysine (CML), hydroxymethylfurfural (HMF), pyrraline, pentoside and
pronyllysine (Erbersdobler and Somoza, 2007). These markers appear to be useful markers
for the advanced stages of the Maillard reaction.
The functional group most reactive in milk proteins is the -amino group of lysine, but other
reactive N-groups include e.g. the indolyl group of tryptophan, the imidazole group of
histidine, the guanidino group of arginine and the -amino group of proteins and free amino
acids (O’Brien, 1997). More than 90% of all free amino groups in milk protein are those of
the lysine side chain (Burvall et al., 1977). Table 3 lists the amino acid compositions and
reactive N-containing functional groups of the major milk proteins.
Once started, the Maillard reaction continues easily to the further stages during storage
(Möller et al., 1977b; Brands et al., 2002). The Maillard reaction is sensitive to water activity
(aw), occurring with maximum velocity at aw 0.3-0.7 depending on the kind of food (Eichner,
1974). In lactose hydrolysed milk powder an available lysine loss of about 40% occurred after
storage of 6 months at room temperature (Burvall et al., 1978). Figure 5 shows a simplified
scheme of the Maillard reaction.
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Table 3. Content of amino acids with reactive N-containing functional groups in the major
milk proteinsa (O’Brien, 1995).
Amino acid residues
Protein
Total
Lysine
Tryptophan Histidine
Arginine
199
14
2
5
6
s1-casein
-casein
207
24
2
3
6
s2
-casein
209
11
2
6
5
-casein
169
9
1
3
5
-lactoglobulin
162
15
2
2
3
-lactalbumin
123
12
4
3
1
a
Excluding -NH2 groups; the amino acid contents may vary slightly due to genetic
variation

Figure 5. Simplified scheme of the Maillard reaction showing the formation of compounds
(boxed) useful as indices of the severity of the heat treatment of milk (Pellegrino et
al., 1995).
1.4.1.1. Nutritional quality
Heat treatment of milk is known to cause losses in vitamins of milk. UHT-treatment is
reported to cause 5-20% losses in B1, B6, B9, B12 and C-vitamins (Schaafsma, 1989). As
lysine is the main amino acid in milk protein reacting in the Maillard reaction, the availability
of lysine is often analysed as a marker for nutritional quality of proteins (O’Brien, 1997),
although the destruction of arginine, tryptophan, cystine and histidine may also become
significant depending on the processing and the storage conditions (O’Brien, 1997; Hurrell
and Carpenter, 1981; Hurrell, 1990; Dworschák and Hegedüs, 1974). For example tryptophan
is destroyed at 80°C more slowly than lysine, but at 100°C faster than lysine (Dworschák and
Hegedüs, 1974). Moreaux and Birlouez-Aragon (1997) reported that free radicals produced
during glycation of proteins could be responsible for the significant tryptophan degradation
during heating of -lactoglobulin-lactose mixture at 115°C for 6 min. Rérat et al. (2002)
concluded that in milk containing low levels of blocked lysine, the nutritional loss is primarily
due to loss of lysine and to a lesser extent to the decrease in the digestibility of other essential
amino acids. The effects of Maillard reactions on the nutritional value of food are important
especially for populations which consume a high proportion of these foods. Even if the effects
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can be corrected e.g. by fortification with protein, it is worthwhile to reduce the extent of
Maillard reactions (Finot, 1990).
A wide variety of methods are available for the determination of available lysine in proteins
(O’Brien, 1997; Hurrell and Carpenter, 1981). Availability of lysine in milk has been studied
widely (Hurrell et al., 1983; Horak and Kessler, 1981; Carpenter, 1960; Hurrell et al., 1979).
Naranjo et al. (1998) found that the decrease in available lysine in casein-sugar model
systems at 37°C, 50°C and 60°C followed well with first order kinetics. Lysine blocked via
the Maillard reaction is unavailable for nutrition (Finot, 2005a; Sherr et al., 1989). A furosine
method has been used during the past four decades to measure the amount of ‘blocked’ lysine
particularly in milk proteins (Erbersdobler and Somoza, 2007). The advantage of the furosine
method over other methods is that it directly quantifies the concentration of lactose-protein
Amadori products (Erbersdobler et al., 1987; O’Brien and Morrissey, 1989a). The Maillard
reactions may limit the bioavailability of undamaged amino acids by inhibiting digestive
enzymes and/or by inhibiting amino acid transport at the intestinal level (O’Brien, 1997).
Birlouez-Aragon (1993) studied the effect of lactose hydrolysed milk on lens transparency in
healthy young people and in elderly subjects. The author concluded that lactose hydrolysed
milk is harmless to healthy young people who actively metabolise galactose and thus maintain
a low plasma galactose level. In elderly subjects and patients with sugar disorders, lactose
hydrolysed milk can increase the already high plasma galactose levels, thus increasing the risk
of cataracts. Birlouez-Aragon et al. (1990) studied lactose intake and lactase activity in 197
persons between 55 and 90 years old, of whom 111 had advanced cataracts (88 non-diabetic,
23 diabetic) and 86 were free from cataracts (51 non-diabetic and 35 diabetic). The presence
of lactase activity or a high lactose intake (more than 10 g daily) was a risk factor for senile
cataract only for subjects 55 to 76 years old. For diabetic subjects consuming more milk
products than non-diabetic subjects, only lactose intake appeared to be a risk factor.
The cataractogenic effect of lactose intake could be related to impaired galactose metabolism
in elderly people. This was shown by the significantly higher plasma galactose values
observed after 0.5 g/kg of galactose was taken by subjects more than 60 years of age than by
persons of 20 to 30 years of age. In elderly diabetics, galactose values were even higher.
Erythrocyte galactokinase activity was low in elderly subjects. Those with cataract had lower
UDP-galactosyl transferase activities than controls. When ingesting galactose alone it will
lead to high plasma levels of galactose, but when ingested with equimolar amounts of glucose
there is virtually no increase in blood serum galactose (de Vrese, 1993; Zadow, 1986). Elderly
people or diabetic subjects have an increased risk of galactosemia due to impaired galactose
metabolism (de Vrese, 1993).
Hydrolysis of lactose has for long been known to enhance Maillard reactions during heat
treatment. Dahlqvist et al. (1977) reported that lactose hydrolysed UHT-milk (0.5% fat) could
be stored for 1 month at room temperature without significant loss of biologically available
lysine. After 3-5 months there was a 9-13% and after 8 months 26% loss of lysine. Lactose
was hydrolysed after the UHT-treatment with a sterile filtered lactase.
Burvall et al. (1977) studied the nutritional protein quality of lactose hydrolysed milk after
different processes with N-balance experiments on growing rats. Enzymatic hydrolysis of
lactose did not cause changes in nutritional value, but in evaporated and spray-dried lactose
hydrolysed milk both biological value (BV) and net protein utilization (NPU) were
significantly lowered. True digestibility (TD) was not significantly affected. Spray drying was
found to cause 35-40% loss of available lysine. UHT-treated, evaporated milk without spray
drying had a loss of lysine <10%. In unhydrolysed spray-dried milk no losses in available
lysine or in TD, BV and NPU were observed as compared to freeze-dried unhydrolysed milk.
Evaporation was performed at a low temperature of 25°C. In milk lysine is not a limiting
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amino acid and therefore up to about 30% loss of this amino acid would not be expected to
lower the nutritional value significantly, but if the diet includes equal amounts of milk protein
and gluten, lysine becomes a limiting amino acid.
Burvall et al. (1978) studied the effect of water activity during storage on the nutritional value
of lactose hydrolysed dried milk. Lactose hydrolysed milk powder was found to be much
more vulnerable to losses in available lysine than normal milk powder. Water activity in
powder had to be very low (aw<0.11) to keep the Maillard browning at a low level during
storage. In this study the authors also followed the protein nutritional value in lactosehydrolysed UHT milk with N-balance tests with growing rats. During storage of 3 and 8
months at 25°C available lysine in lactose-hydrolysed fluid milk decreased by 12% and 26%,
respectively.
Finot et al. (1981) used the new furosine method to estimate lysine losses in heat treated
milks. They found 37% of blocked lysine in lactase treated spray-dried milk. If lactose in milk
was replaced with glucose the blockage of lysine in powder was increased from 0-2% to 55%.
With special mild heating conditions for spray drying it was possible to reduce the blockage
to 15-20%. The authors emphasized that the furosine method is only validated for milks
containing lactose as reducing sugar and therefore the level of blocked lysine in lactose
hydrolysed milks is only an approximation, but at a high level of blockage the accuracy is not
very important.
Hurrell and Finot (1983) compared the level of lysine blockage with the furosine method in
different processed milks. There was little or no blocked lysine in freeze-dried, pasteurized or
UHT-treated milk or spray dried milk powder. However, powdered special formulas such as
lactose hydrolysed milks, or formulas for lactose-intolerant infants containing glucose, had
levels of up to 70% of blocked lysine after spray drying. With careful control of the heat
treatment this could be reduced to 15%. Significant losses in milk powders occurred during
storage. At 60°C after 9 weeks the product retained its natural colour, but 40% of lysine was
blocked as lactulosyl-lysine. Losses in thiamin, vitamin B6, B12 and pantothenic acid were
also measured due to their reaction with the advanced Maillard reaction products.
Renz-Schauen (1983) analysed changes in available lysine and HMF in lactose unhydrolysed
and hydrolysed UHT-milk during storage of 12 weeks. In the beginning of the storage the
level of available lysine in lactose hydrolysed milk was 10% lower than in unhydrolysed
milk. During storage of three months no significant changes were observed in the
unhydrolysed milk at storage temperatures of either 20°C or 30°C. Similarily, in the lactose
hydrolysed UHT-milk, the content of available lysine remained relatively constant at both
storage temperatures. This result is rather surprising as the content of HMF increased during
storage in lactose-hydrolysed milk. This indicates that the Maillard reaction had proceeded
and thus also lysine blockage should have taken place. The reason for these available lysine
results may be that the analysis method used was not sufficiently sensitive.
In 1985 in Germany, lysine blockage in protein of infant formulas was limited to below 15%
(analysed with the furosine method) according to German legislation (Anon., 1986).
Evangelisti et al. (1994) showed that furosine formation and lysine blockage can be
significantly reduced by replacing part of the lactose in infant formula with low DE-value
maltodextrin.
Renner et al. (1986) studied the effect of lactose hydrolysis on some quality criteria of UHTmilk. The product contained 3.5% fat and lactose was hydrolysed in the package by sterile
filtered lactase (10 mg/l), which needed 14 days to reach a degree of hydrolysis above 90%.
HMF content was monitored during storage for 6 months at 4, 20, and 38°C. HMF content in
lactose hydrolysed milks increased much higher at all storage temperatures than in
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unhydrolysed milks in any storage temperatures. Available lysine was measured to decrease
only by 14% during 6 months of storage at 38°C in lactose hydrolysed milk. A similar method
for available lysine was used as in Renz-Schauen (1983).
Mittal et al. (1989) studied changes in available lysine in recombined lactose unhydrolysed or
hydrolysed UHT-milk during storage of 24 weeks. The milk powder used was of medium
heat quality. Enzymatic hydrolysis was performed before the UHT-treatment. Degrees of
lactose hydrolysis were 0%, 60%, 80% and 98%. Available lysine was analysed with a dyebinding method. Samples were stored at 5°C and 30°C. UHT treatment caused no major loss
in available lysine in recombined unhydrolysed milk and 60% hydrolysed recombined milk,
but caused about 3.5% loss in recombined 80% and 98% UHT-milks. Changes in available
lysine at 5°C were minimal but at 30°C they were remarkable, reaching 29.5% in 98%
hydrolysed milk after 24 weeks of storage at 30°C. Losses in available lysine during the
storage correlated well with the degree of hydrolysis of lactose in milks.
Evangelisti et al. (1999) studied deterioration of the protein fraction by Maillard reactions in
dietetic milks including lactose hydrolysed milks. Furosine method was used to estimate the
blockage of lysine. Samples were stored at 4°C or 20°C for less than 5 days or for 3 months.
During storage of 3 months at 20°C the level of blocked lysine increased in two lactose
hydrolysed milks from 4.2% to 12.6% and from 6.5% to 17.4%. When stored at 4°C for 3
months the level of blocked lysine in the milks increased only from 4.2% to 4.8% and from
6.5% to 7.1% respectively. The authors stated that storage at <4°C should be compulsory in
order to limit the protein damage that is an unavoidable consequence of the high content of
reducing carbohydrates. They emphasized that the Maillard reaction may adversely influence
the digestibility of the protein fraction due to steric hindrance as reported earlier by Möller et
al. (1977a).
Marconi et al. (2002) and Messia et al. (2007) analysed different markers such as furosine,
lactulose, fructose, and lactose from different commercial lactose hydrolysed milks in order to
characterize the hydrolysis process and assess the quality of lactose hydrolysed milk.
Mendoza et al. (2005) analysed chemical indicators of heat treatment from commercial
fortified and special milks. They found tagatose and fructose in lactose-hydrolysed UHTmilks, indicating that hydrolysis of lactose had been accomplished before the UHT-treatment.
They showed that formation of furosine is more significant in lactose hydrolysed than in
unhydrolysed milk when heated at 135, 140 or 150°C. The authors recommended that in order
to avoid excessive formation of furosine, loss of lysine and changes in organoleptic
characteristics, it is advisable to hydrolyse lactose under aseptic conditions after the heat
treatment process.
1.4.1.2. Furosine
Acid hydrolysis of the protein-bound Amadori derivative of lactose, -N-(deoxy-1-Dlactulosyl)-L-lysine, is hydrolysed to 40% lysine and 32% furosine (O’Brien, 1997; Finot et
al., 1981). Measurement of furosine in acid hydrolysates has become widely used to measure
the amount of blocked lysine in food proteins, particularly milk proteins (O’Brien, 1995).
Formation of furosine at 100-120°C can be described with apparent zero order reactions (De
Rafael et al., 1997).
A possible criticism of the method is that the furosine method does not detect later products of
the Maillard reaction (e.g. 5-hydroxymethyl-2-furaldehyde, melanoidins), a factor which may
lead to underestimation of lysine destruction (O’Brien, 1997). However, the stability of the
lactose-protein Amadori adduct is such that it would be expected to be the major or only

31
product of Maillard reactions in most milk systems (O’Brien, 1997). As most of the
technologically advanced heat treatments of milk often restrict the Maillard reaction to its
early stages (Finot et al., 1981; Erbersdobler and Dehn-Müller, 1989), measuring furosine
levels makes it possible to calculate the total amount of “blocked” lysine and estimate the
extent of protein deterioration (Finot and Mauron, 1972; Finot et al., 1981; Erbersdobler and
Dehn-Müller, 1989; Erbersdobler and Hupe, 1991).
Finot et al. (1981) also used furosine method for lactose hydrolysed milks and found it to be
suitable, but emphasized that the furosine yield in acid hydrolysis of the galactose-lysine
Amadori compound may be different from that of the lactose-lysine compound. Later, the
furosine method has been used for example by Evangelisti et al. (1994, 1999) and Mendoza et
al. (2005).
Hurrell et al. (1983) compared nine different chemical and microbiological methods to
determine lysine in milk powders during storage at 60 and 70°C. The different methods gave
widely dissimilar results. The direct fluorodinitrobenzene (FDNB) technique and reactive
lysine from furosine were considered to be the most reliable methods. The FDNB-difference,
dye-binding lysine, Tetrahymena and Pediococcus methods all seriously underestimated
reactive or available lysine in heat-damaged milk powders. Tetrahymena and Pediococcus
appeared to utilize lactulosyl lysine as a source of lysine.
Originally, the furosine method was insensitive, but later it was developed to be more
sensitive (Erbersdobler et al., 1987; Resmini et al., 1990), making it a sensitive indicator of
lysine blockage in heated milks. Figure 5 (p. 27) shows a simplified diagram of the Maillard
reaction phases in milk. Later Henle et al. (1991) developed a direct analysis method for the
Amadori-product lactuloselysine. In this method the acid hydrolysis phase of the furosine
method is replaced with enzymatic hydrolysis. The method gives more than 3-4 times higher
values for modified lysine in milk than the furosine method. However, use of the method of
Henle et al. has not been adopted widely thus far. Neither the furosine method nor Henle’s
method takes into account advanced Maillard reaction products formed during the heat
treatment and they therefore possibly lead to underestimation of the true deficiency (Leclère
and Birlouez-Aragon, 2001). Birlouez-Aragon et al. (1998) therefore proposed the use of a
rapid and sensitive fluorimetric method to evaluate the heat treatment of milk. The method is
based on the simultaneous determination of protein denaturation by Trp fluorecence ( exc
290nm, em 340 nm) and formation of fluorescent advanced Maillard products ( exc 350nm,
em 440 nm) in the milk fraction soluble at pH 4.6.
Another modification of the furosine method involves enzymatic digestion and dialysis of
milk proteins prior to acid hydrolysis and furosine determination, to distinguish between
enzymatically available and chemically available lysine (Desrosiers et al., 1989). The authors
reported that of the original lysine present in whey protein concentrate at aw 0.97 and heated
at 121°C for 83.3 min, 93% was chemically available, whereas only 76% was available
enzymatically. The difference was proposed to be due to conformational changes and crosslinking, which would have limited the enzymatic digestion without necessarily destroying
lysine.
Claeys et al. (2003) studied the formation of furosine in heated milks with different fat
contents. Significant differences were observed between the kinetic parameters of furosine
formation in whole, semi-skimmed and skimmed milk. Formation kinetics of HMF and
lactulose were not affected by milk fat content. The highest reaction rate constant for furosine
formation at 110°C was measured for whole milk, then semi-skimmed milk and the lowest for
skimmed milk.
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1.4.1.3. Colour formation
Milk colour measurements have been used to monitor advanced stages of the Maillard
reaction (Rufián-Henares et al., 2002, 2004; Morales and van Boekel, 1998; Pagliarini et al.
(1990). Pagliarini et al. (1990) found that the colour change ( E) during heating of skim milk
at a constant temperature between 90 and130°C followed zero order kinetics with an
activation energy of 101.8 KJ/mol. Other markers used for advanced Maillard reaction are e.g.
hydroxymethylfurfural (HMF) (O’Brien and Morrissey, 1989a; O’Brien, 1997; Dehn-Müller
et al., 1989), carboxymethyl lysine (CML), pyrraline and pentosidine (Erbersdobler and
Somoza, 2007).
1.4.1.4. Other effects
Furniss et al. (1989) studied the effect of Maillard reaction products on zinc metabolism in the
rat. They observed that casein-glucose Maillard reaction products (MRP) induced up to 6-fold
increase in the quantity of Zn excreted in the urine. Similar levels of casein-lactose MRP
increased urinary Zn loss 2-fold. The authors concluded that although urinary Zn excretion
can be increased by the presence of MRP in the diet, this is only a minor excretory pathway
and would have little influence on overall Zn nutrition in individuals fed on a diet adequate in
Zn. Rehner and Walter (1991) studied bioavailability of iron, copper and zinc in suckling rats.
The trace elements were given together with several isolated Maillard products and with LAL.
The isolated substances had effects on bioavailability of all elements tested either on preresorptive or on the post-resorptive level.
Brands et al. (2000) examined the mutagenicity of heated sugar-casein systems by the Ames
test using Salmonella typhimurium TA100. Mutagenicity could be fully ascribed to Maillard
reaction products and strongly varied with the kind of sugar. Glucose and galactose showed a
higher mutagenic activity, corresponding to a higher Maillard reactivity. Disaccharides
showed no mutagenic activity (lactose) or lower mutagenic activity (lactulose) than their
corresponding monosaccharides. Ketose sugars (fructose and tagatose) showed a remarkably
higher mutagenicity compared with their aldose isomers (glucose and galactose), which was
due to a difference in reaction mechanism. However, mutagenic activity of the sugar-casein
systems was weak compared to chemical mutagens such as 4-nitroquinoline-N-oxide. Other
Maillard reaction products have also exhibited mutagenic activity (O’Brien and Morrissey,
1989b). By contrast, proteins are well known for their antimutagenic activity (Vis et al., 1998;
Brands et al., 2000) and it is possible that sugar-protein systems show no mutagenicity at all.
The tertiary structure of proteins conjugated with lactose sometimes changes as a
consequence of the Maillard reaction. The complexes formed during this reaction can be more
allergenic than the native protein (Kaminogawa and Totsuka, 2003). When skin reactions to
-lactoglobulin isolated from pasteurized milk were tested, its allergenicity was found to be
about 100 times higher than that of unheated -lactoglobulin (Bleumink and Young, 1968).
Lactose and its hydrolysis products glucose and galactose are precursors of aroma compounds
formed non-enzymatically. Two separate types of reaction occur: one involves breakdown
during heating, whereas the other involves interaction with amino acids and other nitrogenous
compounds in the Maillard reaction (Calvo and de la Hoz, 1992; Izzo and Ho, 1992). The
volatile compounds formed via the non-enzymatic browning reaction can be classified into
three groups (Nursten, 1981):
1. simple sugar dehydration fragmentation products, e.g. furans, pyrones,
cyclopentenes, carbonyl compounds and acids.
2. simple amino acid degradation products e.g. aldehydes and sulphur compounds.
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3. volatiles produced by further interactions e.g. pyrroles, pyridines, imidazoles and
pyrazines.
Andersson and Öste (1995) reviewed factors that affect the taste of UHT milk. Perkins et al.
(2005) reported a strong correlation between concentrations of methyl ketones measured with
head space analysis and various heat indices furosine, lactulose and undenatured whey
proteins in UHT-milk samples containing 3.5-4% fat and stored at room temperature for 16
weeks. Valero et al. (2001) studied flavour and volatile components during storage of 90 days
in whole and skimmed UHT-milk. Non casein nitrogen (NCN) increased during the storage.
The increase was greater in skimmed milk samples. The main change in volatile components
was increase of methyl ketones. These could be related to both proteolysis and Maillard
reactions.
1.4.2. Enzymatic changes
Another problem with lactose hydrolysed milks is proteolytic and other enzymatic changes
during storage (Mittal et al., 1991; DSM, 2007). This problem is also well known with lactose
unhydrolysed UHT-milks with a shelf life of several months (Driessen, 1989; Leitner et al.,
2006). In the UHT-process not all proteolytic or other enzymatic activities of indigenous or
microbial origin are inactivated and they can cause quality defects in the product especially
when stored at room temperature (Newstead et al., 2006).
1.4.2.1. The plasmin enzyme system in milk
Milk is known to contain several indigenous proteinases, the most important of which is the
heat-stable alkaline serine proteinase plasmin (fibrinolysin; EC 3.4.21.7) (Fox and Kelly,
2006; Kelly et al., 2006; Swaisgood, 1995). Milk contains the complete plasmin system:
plasmin, plasminogen, plasminogen activators (PAs), and inhibitors of PAs (PAIs), and of
plasmin (PI). The system enters milk from blood, and plasmin activity increases during mastic
infection and in late lactation. In milk plasminogen, plasmin and PAs are associated with the
casein micelles and are concentrated in rennet-coagulated cheese curds and casein. The
inhibitors of PAs and plasmin are soluble in the milk serum. Plasmin is a well-characterised
proteinase, as are the various components of the plasmin system (Kelly and McSweeney,
2003). Bovine plasminogen is a single-chain glycoprotein containing 786 amino acid
residues, with a calculated molecular mass of 88,092 Da. Plasminogen is converted to plasmin
by cleavage of the Arg557-Ile558 bond by specific proteinases, of which there are two types,
urokinase- and tissue-type PAs. Plasmin is optimally active at pH 7.5 and 37°C. It is rather
heat stable and partially survives UHT-processing.
Plasmin has a high specificity for peptide bonds containing Lys or Arg at the N-terminal side
(Kelly and McSweeney, 2003). It has little or no activity against -CN, -LG or -LA. In fact
denatured -LG is an inhibitor (Grufferty and Fox, 1986). The principal substrate in milk is CN, from which it produces 1- ( -CN f29-209), 2- ( -CN f106-209) and 3- ( -CN f108209) CNs and proteose peptones PP5 ( -CN f1-105/107), PP8slow ( -Cn f29-105/107) and
PP8fast ( -CN f1-29) (Fox and Kelly, 2006). The specificity of plasmin for s1-, s2- and CNs in solution has been determined (Kelly and McSweeney, 2003). Another proteinase in
milk is somatic cell-derived cathepsin D. Lysosomal elastase and cathepsin B proteases are
also almost certainly present in milk (Kelly et al., 2006).
Due to its good heat stability the plasmin system causes quality problems in UHT-products
with a long shelf life and when stored at ambient temperature (Enright et al., 1999; Enright
and Kelly, 1999; López-Fandiño et al., 1993). Therefore much research has been conducted to
inactivate the plasmin system in UHT-products. Newstead et al. (2006) reported that by
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increasing the preheating treatment of the UHT-process to 90°C for 30 or 60 s and using UHT
of 140 °C for 4 s, it was possible to inactivate the plasmin system so well that the milk made
from reconstituted LH milk powder showed only very minor sedimentation during storage of
8 moths at 20°C and 30°C. However, such a high heat treatment of lactose hydrolysed milk
easily causes severe browning by the Maillard reaction.
In heat inactivation studies of milk proteinases there is some inconsistency in the results,
which is partly due to the different analysis methods used (Kelly et al., 2006). Rollema and
Poll (1986) studied the kinetics and mechanism of heat-inactivation of the plasmin system in
skim milk and in suspensions of casein micelles in simulated milk ultrafiltrate (SMUF). They
found that heat-inactivation of both plasmin and plasminogen follows first order kinetics in
the temperature range 70-140°C. In all cases the inactivation of plasmin lags behind that of
plasminogen. In a suspension of casein micelles in SMUF, i.e. in the absence of whey
proteins, lower rates of inactivation were observed. It was found that the kinetics of
inactivation are strongly influenced by the presence of -lactoglobulin, to a lesser extent by
BSA and insignificantly by -lactalbumin. In this effect the interaction of plasmin and
plasminogen with the reactive SH-group of -lactoglobulin plays an important role. The
authors found a decimal reduction time D of 1.5 min at 85°C and 6 s at 140°C for the
inactivation of plasmin and plasminogen in skim milk (Rollema and Poll, 1986).
Metwalli et al. (1998) also observed the stabilizing effect of casein and the destabilizing effect
of free SH-groups on plasmin during heating. Driessen (1989) found inactivation of plasmin
to follow first order kinetics and reported a D-value of 6.4 min for the inactivation of plasmin
at 85°C in milk. Saint Denis et al. (2001) obtained inactivation kinetics of plasmin and
plasminogen which were in line with earlier reported values, but plasminogen activators were
surprisingly found to be as sensitive as plasmin and plasminogen in a milk system containing
proteins with free SH-groups. At 85°C they found D-values of 126 s, 116 s and 129 s for
plasmin, plasminogen and plasminogen activator respectively. The presence of lactoglobulin was very significant for the inactivation of both plasmin and plasmin activators.
The rate of plasmin inactivation decreased in long heat treatments, probably due to the
disappearance of available -lactoglobulin for S-S linking.
Subclinical mastitis in cows has been found to increase the plasmin activity in milk ~2 fold
compared to uninfected quarter (Leitner et al., 2006). Plasminogen in milk is denatured in the
temperature range 50-61°C, indicating that in pasteurized milk plasminogen is in denatured
form. Denatured plasminogen is more susceptible to activation by plasminogen activator
(Burbrink and Hayes, 2006). Pasteurization of milk inactivates inhibitors of plasminogen
activators, resulting in a net increase in plasmin activity in pasteurized milk (Prado et al.,
2006). Plasminogen activators t-PA and u-PA are thermally stable in milk heated at below
75°C. Almost half of the t-PA activity and 30% of u-PA activity is lost after heating milk at
85°C for 30 s (Prado et al., 2007). Datta and Deeth (2001) reported that heat treatment of milk
alters the natural balance between the activators and inhibitors in favour of the activators.
This can lead to enhanced proteolysis in heated milk.
An indirect UHT-process is usually found to inactivate the plasmin system more completely
than a direct UHT-process. On the other hand more whey protein denaturation, lactulose and
furosine formation is found in indirectly treated milks (Elliott et al., 2005, 2003; Datta et al.,
2002; Van Renterghem and De Block, 1996; Nangpal et al., 1990; Blanck et al., 1980).
Snoeren et al. (1979) showed that direct UHT-treatment of 142°C, 4 s was insufficient to
inactivate both the bacterial and native milk protease in whole milk. In good quality milk CN survived only less than 25 days when stored at 28°C, indicating the effect of milk
protease. However, in an indirect UHT-process with 142°C, 4 s heat treatment, -CN in good
quality whole milk survived for 250 days, indicating inactivation of milk protease (Snoeren
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and Both, 1981). Topçu et al. (2006) reported that quality defects caused by inferior raw milk
were reduced by higher UHT treatment temperatures.
1.4.2.2 Microbial proteases
Enzymes from contaminating microbes in milk cause problems in the quality of UHT-milk
(Chen et al., 2003; Driessen, 1989; Nieuwenhuijse, 1995; Miranda and Gripon, 1986).
Particularly certain psychrotrophic bacteria in raw milk produce very heat stable proteinases
(Stepaniak and Sørhaug, 1995; Collins et al., 1993; Driessen, 1989; Guamis et al., 1987;
Cousin, 1982). Basically two types of thermostable enzymes can be distinguished (Stepaniak
and Sørhaug, 1995): enzymes from thermophilic spore-forming bacteria or moulds and yeasts,
and proteinases, lipases and phospholipase C from psychrotrophic bacteria, mostly
pseudomonads. These three different enzymes may act synergistically in damaging the fat
globule membrane.
Among the psychrotrophic Gram-negative bacteria, representatives of the genus
Pseudomonas appear to be the most proteolytic organisms. Proteolytic and lipolytic enzymes
of certain Pseudomonas strains are very heat stable and survive UHT-processes (Driessen,
1989). For proteinases of Pseudomonas spp. in milk, D-values of >240 min and 0.88-3.2 min
at 70°C and 140°C, respectively, have been found (Stepaniak and Sørhaug, 1995).
Intracellular enzymes are considered to be less harmful than extracellular because of their
lower heat stability and because they contribute little to the total enzyme activity (Stepaniak
and Sørhaug, 1995, Sørhaug and Stepaniak, 1991). Datta and Deeth (2003) described a
method to analyse the origin of the proteinases causing proteolysis in UHT-milk. McKellar
(1981) found that extracellular crude proteinases of three different strains of Pseudomonas
fluorescens produced off-flavours during storage in UHT-milk and that the intensity of offflavours grew in proportion to the progress of proteolysis. Off-flavours were described as
bitter or astringent. UHT-milk was found to be approximately twice as sensitive to the
proteolytic action of the added crude enzyme extract as pasteurized milk.
Heat stable enzymes are not easily inactivated in direct UHT-treatment, but with a
combination of UHT and subsequent low-temperature inactivation treatment (LTI) many of
these thermostable enzymes can be inactivated (Stepaniak and Sørhaug, 1995). LTI heat
treatment takes place at temperatures of 55-70°C and lasts at least for several minutes.
1.4.2.3. Other enzymes
Lipases of microbial origin can survive UHT-treatment and cause off-flavours in milk or milk
powder (Chen et al., 2003). Another source of contaminating enzymes in lactose hydrolysed
milk is added -galactosidase preparation. Mittal et al. (1991) observed that commercial
lactase preparations contain proteolytic side activities, which caused off-tastes in recombined
lactose hydrolysed UHT-milk during storage of 12 weeks at 30°C. The products were inferior
when compared to unhydrolysed reconstituted UHT-milk or UHT whole milk. The authors
compared six commercial lactases and found that the price of the enzyme and the relative
amount of proteolytic side activities were inversely correlated. The hydrolysis was performed
in milk at 55°C for 5 hours after recombination of the medium heat milk powder and prior to
the direct UHT-treatment at 140°C for 3 s with an Alfa-Laval VTIS/VTS pilot UHTequipment.
Harju (2004) reported that yeast lactase may cause taste defects in lactose hydrolysed milk.
DSM (2007) found that one contaminating enzyme in commercial lactases causing off-tastes
in milk is aryl sulfatase, which releases p-cresol from sulphates in milk. National Enzyme
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Company (Anon., 2007) announced in a technical product sheet that a fungal lactase used as a
digesting aid contains -L-arabinase, glucanase, glucosidase, transferase, -amylase and
various proteolytic activities as side activities.
1.4.3. Other quality problems in lactose hydrolysed milk
Age gelation of UHT-milk during storage at ambient temperatures has been a well-known
problem for a long time (Datta and Deeth, 2001; Samel et al., 1971; Zadow and Birtwistle,
1973) and also in lactose hydrolysed UHT-milk (Kocak and Zadow, 1982). Manji et al.
(1986) compared age gelation in directly and indirectly UHT treated milks. Only in the direct
UHT process, where plasmin and plasminogen survived better than in the indirect process,
was age gelation observed. However, no relationship was found between gelation time and
degree of proteolysis.
Several different mechanisms have been suggested for age gelation in UHT-milk
(Nieuwenhuijse and van Boekel, 2003; Datta and Deeth, 2001). Kocak and Zadow (1985a)
studied the effect of low-temperature inactivation (LTI) treatment at 55°C on age gelation of
UHT whole milk. Treatment at 55°C for 60 min led to a high level of inhibition of proteolysis
and the shelf life of the milk was approximately doubled. Age-gelation was measured as an
increase in the apparent viscosity of milk but was not found to be related clearly to the degree
of inhibition of proteolysis. Kocak and Zadow (1989) also studied the effect of LTI on agegelation of lactose hydrolysed whole milk. The results were similar to those of unhydrolysed
whole milk. LTI treatment of 40-60 minutes at 55°C after the UHT-process resulted in
approximately doubling of the useful shelf life of the milk from about 50 days to about 100
days.
1.4.4. Prevention of Maillard reactions
Several approaches are used to prevent or minimize browning and the consequent
antinutritional and toxicological manifestations. Sulphur-containing amino acids such as
cysteine and N-acetylcysteine, and the tripeptide gluthatione can affect both enzymatic and
non-enzymatic browning (Friedman and Molnar-Perl, 1990; Friedman, 1994, 1996). The
antioxidant and antitoxic effects are due to a multiplicity of mechanisms including their
ability to act as a) reducing agents, b) scavengers of reactive oxygen (free radical species), c)
destroyers of fatty acid hydroperoxides, d) strong nucleophiles that can trap electrophilic
compounds and intermediates, e) precursors for intracellular reduced gluthathione and f)
inducers of cellular detoxification (Davis and Snyderwine, 1995; Friedman, 1996, 1994; Kroh
et al., 1989). According to Friedman (1996), SH-containing compounds may be as effective
as sodium sulphite in preventing both enzymatic and non-enzymatic browning.
Modifications of amino groups prevent them from participating in browning reactions.
Treatment of foods with the enzyme transglutaminase will transform lysine amino groups to
amide groups, which will effectively inhibit browning (Friedman, 1996; Friedman and Finot,
1990).
Watanabe et al. (1990) discovered that an extract from soil microorganisms catalysed the
deglycation of - and -fructosyl lysines to lysine. This finding suggests that these purified
enzymes could be used to prevent Maillard reactions in foods and in vivo provided that they
are safe in other respects (Friedman, 1996). Gerhardinger et al. (1995) described deglycation
of Amadori compounds by a bacterial enzyme, fructosyl-N-alkyl oxidase (EC 1.5.3.), isolated
from a Pseudomonas strain.
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Schamberger and Labuza (2007) found that flavonoids of green tea can be used to control the
Maillard browning during thermal processing of UHT-milk. Epicatechin and epigallocatechin
gallate reduced Maillard fluorescence at the 0.1 mmol/l level, and fluorescence was negligible
with added flavonoids at 1.0 mmol/l. When added to milk they reduced the production of
Maillard associated fluorescence and colour changes during UHT-processing.
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1.5. Aims of the present work
Carbohydrate reduced lactose hydrolysed milks (CRHM) with the natural taste of normal milk
have become enormously popular in several countries. Hitherto their quality during
manufacturing and storage has not been studied very closely or compared to the quality of
traditional lactose hydrolysed (HM) or unhydrolysed milks (UM). The Maillard reaction and
proteolysis during storage have not been previously studied at the same time in lactose
hydrolysed milks.
In the literature, lactose hydrolysed milk is often described as highly vulnerable to Maillard
reactions, which cause deterioration of the nutritional value of milk. The problem is apparent
particularly in lactose hydrolysed milk powders and lactose hydrolysed UHT-milks, limiting
their practical shelf life. For unhydrolysed UHT-milk, storage time at room temperature can
be 8-9 months, whereas in lactose hydrolysed UHT-milk it is often only 3 months. A long
shelf life for unhydrolysed UHT-milk can be achieved with an intensified preheating
treatment, which inactivates the plasmin system and other enzymes, but this is not acceptable
for lactose hydrolysed milk due to enhanced Maillard browning.
Hydrolysis of lactose in UHT-milk can be performed either before or after the heat treatment.
Commercial lactases often contain proteolytic side activities, which cause proteolysis and
shorten the shelf life of the product. This often leads manufacturers to perform hydrolysis
before the heat treatment, which can lead to enhanced browning and lower nutritional quality.
In Finland in lactose free milks the residual lactose limit is 100 mg/kg, which means that a
high degree of hydrolysis is needed. The Maillard reaction is easily enhanced and nutritional
protein quality deteriorates. A high dosage of enzyme is needed and the quality of the enzyme
preparation becomes more crucial.
The aim of this study was to follow Maillard reactions and proteolysis in traditional HMs and
in CRHMs with the taste of normal milk and to compare them with UM. The Maillard
reactions were followed by furosine and the level of available lysine was estimated.
Proteolysis was followed by -amino-N, tyrosine equivalent and SDS-PAGE analyses.
Changes in pasteurized, ESL- and UHT-heat treated milks were monitored. UHT-milk
samples stored at different temperatures were compared to UM and traditional lactose
hydrolysed UHT-milks.
Alternative processes to avoid the Maillard reaction and proteolysis in UHT-milks were
compared with the aim of achieving a good shelf life for the product. Two methods to reduce
carbohydrate content in milk were studied: chromatographic separation and a method based
on membrane techniques.
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2. Materials and methods
The materials and methods used in this study are described in more detail in publications IIVI and only a brief summary is given below.
2.1. Raw materials
2.1.1. Milk
In study II the milk used was fresh raw milk from Viikki University farm, delivered as cooled
to below 5°C. In study III milk was normal fresh milk received at Valio Jyväskylä dairy. Milk
was skimmed and pasteurized (72+2°C, 15 s) before further processing. In studies IV-VI the
milk was normal skim milk received at Valio UHT-plant, Turenki. The skimmed raw milk
was pasteurized (72+2°C, 15 s) before delivery to the Turenki plant. Commercial milk
samples were collected from retail shops in the EU area and stored frozen before analyses.
2.1.2. Enzyme
Godo YNL2 lactase (Godo Shusei Co., Japan) from Kluyveromyces lactis was used for
hydrolysis of lactose in test milks. The dosages in different studies are shown in Table 4. The
activity of Godo YNL2 lactase was 6810 mol g-1 min-1 (114 kat g-1). The degree of
hydrolysis was about 98% in test milks.
Table 4. Dosage of Godo YNL2 -lactase enzyme used in different studies.
Publication
II
III
IV
V
VI

Hydrolysis
stage
Prehydrolysis
Prehydrolysis
Prehydrolysis
Prehydrolysis
Posthydrolysis
Prehydrolysis
Posthydrolysis
Prehydrolysis
Prehydrolysis
Prehydrolysis

Dosage (%)
0.035
0.09
0.06
0.09
0.003
0.09
0.003
0.08
0.06
0.003

Dosage
(% of lactose)
0.8
2.0
2.0
2.0
0.07
2.0
0.07
1.9
1.9
1.9

Dosage (U/l)
and ( kat/l)
2380 (40)
6130 (103)
4090 (68)
6130 (103)
200
(3)
6130 (103)
200
(3)
5450 (91)
4100 (69)
230
(4)

2.2. Manufacture of test milks
Pasteurized milks (Publication II), Figure 6
Lactose in milk was hydrolysed at 5-10°C for 24 hours, after which milk fat was separated at
50+2°C. Milk was heat treated for 15 s at temperatures between 60 and 90°C using a pilot
plate heat exchanger pasteurization equipment (Otto Rüchti, Switzerland). Immediately after
pasteurization the milk was cooled to below 10°C. Samples were packed into glass bottles and
stored at 5°C for 8 days in a dark room.
ESL-milks (Publication III), Figure 6
Three test skim milks were produced: unhydrolysed milk (UM), hydrolysed milk (HM) and
carbohydrate reduced and hydrolysed milk (CRHM). Reduction of the carbohydrate content
of milk was performed according to Tossavainen and Sahlstein (2003) by ultrafiltration.
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Ultrafiltration was carried out at 50+2°C and the UF-retentate was then pasteurized (80+2°C,
15 s). The ultrafiltration membrane used was GR61PP with a cut-off value of 20 kDa (DSS,
Denmark). The residual lactose was hydrolysed by lactase. The minerals lost in ultrafiltration
were returned as mineral powder (Valio Ltd., Finland) and the original protein content was
restored by diluting with water. Lactose hydrolysis was carried out at 5-10°C for 24 h.
All the test milks were heat treated in a production scale steam infusion ESL-plant (APV,
Denmark). Milk was first heated to 75+2°C for 22 s in a plate heat exchanger and then by
steam infusion to 132+2°C. The heating and holding time was 1 second in all. In steam
infusion added water was evaporated in a flash chamber and the temperature was
simultaneously decreased to 74+2°C in 1 second. Next the milk was first homogenised and
then cooled to 4°C in a plate heat exchanger. Total delay-time at 74°C was 60 s, followed by a
cooling time of 30 s. Test milks were filled into 1 l carton packages and stored at 8+1°C for 8
weeks in a dark room. The ESL heat treatment of all milks was identical.
UHT-milks (Publications IV, V and shelf life study), Figure 6
Milk was normal skim milk received at the Valio UHT-plant, Turenki, Finland. The same
milk batch was used both for the unhydrolysed and posthydrolysed milk tests. Very similar
milk was used for the prehydrolysed milk test. Three test runs were performed: the first was
treated with the UHT-process and packed into 1 l TetraBrik carton packages with no lactase
addition (= unhydrolysed), the second was prehydrolysed with 0.09% lactase in milk in a tank
at 5-10°C for 20 h before UHT-treatment and packed in similar 1 l carton packages (=
prehydrolysed), and the third was hydrolysed after the UHT-treatment in packages. The
enzyme was added aseptically into the package (0.003%) (= posthydrolysed). The cartons
were divided into four groups to be stored in the dark at temperatures of 5, 22, 30 and 45°C.
The cartons were stored for 12 weeks and samples were taken for analyses at least every 4
weeks. The samples were frozen at –70°C and then transferred to –21°C for storage. The
direct UHT treatment for all three types of milk was identical. In a shelf life study all the test
milks were produced in the Turenki UHT-plant from the same milk batch in order to
minimize variation due to raw material in unhydrolysed, prehydrolysed and posthydrolysed
UHT-milks.
Description of the UHT-process (Publications IV, V, VI), Figure 6
The UHT-treatment of milks was carried out by a direct UHT process based on infusion
technology (APV, Denmark). Milk was first preheated to 75+2°C for about 20 s in plate heat
exchangers and then heated very rapidly to 141+2°C by steam infusion. After a holding time
of 2-4 s the milk was first cooled in a flash vessel to 70+2°C, homogenised with 180/50 bar
and then cooled in a plate heat exchanger to 20°C.
UHT-milks with reduced carbohydrate content (Publication VI), Figure 6
Test milks: 1. lactose unhydrolysed milk (UM) was normal skim milk received at the Valio
UHT-plant, Turenki, Finland. 2. lactose hydrolysed milk (HM) was skim milk prehydrolysed
in a tank. 3. carbohydrate reduced and hydrolysed milk (CRHM) was prepared using
chromatographic separation to remove lactose from evaporated milk as described by Harju
(1990). Separation was performed in a column at 65+2°C using water as eluate. Retention
time for the protein fraction was 2.5-3.5 hours. Skim milk and water were added to balance
the composition so that the milk had a normal protein content and 3.1% of lactose prior to
hydrolysis. 4. carbohydrate free milk (CFM) was prepared by removing lactose almost totally
by chromatographic separation. The same dosage of lactase per lactose quantity (1.9% of
lactose) was used in all hydrolysed test milks. Hydrolysis time was 15 h at 5-10°C. All milks
were pumped through a direct-UHT process as described above and packed into 1 l TetraBrik
cartons. The direct UHT treatment for all four test milks was identical.

41
The cartons were divided into four groups to be stored in the dark at temperatures of 5, 22, 30
and 45°C. The cartons were stored for 12 weeks and samples were taken for analyses at least
every 4 weeks. The samples were frozen at –70°C and then transferred to –21°C for storage.
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Figure 6. Manufacture of lactose hydrolysed test milks. Corresponding lactose unhydrolysed
test milks were produced with the same process but without the lactase addition
and hydrolysis stages.
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2.3. Chemical analyses
Furosine was analysed according to the IDF standard (2004). pH was measured with a Mettler
Delta 320 pH meter (Mettler-Toledo Ltd, Halstead, UK). Lactose, glucose, galactose, fructose
and lactulose were measured using high-performance anion-exchange chromatography with
pulsed amperometric detection with a modified method of de Slegte (2002). Lysine blockage
was estimated on the basis of furosine according to Finot et al. (1981) and Evangeliste et al.
(1999). Furosine values were corrected by multiplying by 0.8 before applying the Finot
principle as proposed by Evangelisti et al. (1999). Reactive lysine was analysed
spectrophotometrically by the -phthaldialdehyde method according to Vigo et al. (1992)
after dissolving liquid milk samples in 10% SDS for at least 1 h. Possible interference of the
free amino groups of amino acids, amines and small peptides was checked in the supernatant
of samples dissolved in pH 9.0 sodium tetraborate buffer solution after precipitation with 10%
trichloroacetic acid solution (Naranjo et al., 1998; Goodno et al., 1981). -Amino-N was
analysed according to Lieske and Konrad (1977). Free tyrosine equivalent was analysed as
described by Matsubara et al. (1958). Milk samples were analysed for fat (IDF, 1996), protein
and total nitrogen (IDF, 2001), ash (IDF, 1992), total solids (IDF, 1987) and lactose
(Boehringer Mannheim, 2005). In carbohydrate reduced milks the carbohydrate content was
calculated as the difference between dry matter and the sum of protein, fat and ash contents.
SDS-PAGE analysis was carried out according to Laemmli (1970) by using ready made 18%
Tris-HCl polyacrylamide gels (Bio-Rad, Hercules, USA). The amount of protein added to
each sample well was 10 µg. Protein bands were stained with Coomassie G-250 (GelCode
Blue Stain Reagent, Pierce, USA) and compared with molecular weight markers (Prestained
SDS-PAGE standards, broad range, Bio-Rad, USA).
Lactase activity was determined using skim milk as substrate. The amount of glucose formed
in the hydrolysis was determined and the activity of the enzyme was calculated. Lactase
enzyme was diluted with 0.1 M KH2PO4 buffer solution at pH 7. 0.5 ml of enzyme dilution
was mixed with 4.5 ml of skim milk temperated at 37°C. The mixture was incubated for 10
minutes at 37°C. The hydrolysis reaction was stopped by adding 1 ml of 4.2% (w/v)
perchloric acid. After cooling to room temperature the sample was centrifuged at 3000 rpm
for 10 min. After this the glucose quantity was determined from the supernatant with the
glucose oxidase - peroxidase method. The 0-sample was prepared by first temperating 4.5 ml
of skim milk for 10 minutes at 37°C and then adding 1 ml of 4.2% perchloric acid and finally
0.5 ml of enzyme dilution. The sample was centrifuged as described earlier and the
supernatant was collected.
Roche GLU, Glucose/GOD-Perid-method kit (Boehringer Mannheim, Germany) was used for
glucose determination with a slight modification of the method described on the package. To
0.1 ml of supernatant 5 ml of solution 2 (glucose oxidase > 8 U/ml, peroxidase > 0.35 U/ml,
ABTS colour reagent 1 g/l) was added from the package and mixed. After incubation for 3050 minutes at room temperature, absorbance was measured at a wavelength of 640 nm.
Glucose quantity was calculated on basis of absorbances and the activity of the enzyme in U/g
= mol min-1 g-1 and in kat g-1 (1 kat = mol s-1) was calculated on basis of equation (1).
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Cglu * K * L
_____________

= activity ( mol min-1 g-1)

(1)

menz * t
Where

Cglu = glucose concentration of the supernatant ( mol cm-3)
K = correction coefficient, ratio between the final volume and the volume of
reaction solution
L = dilution coefficient of the enzyme
menz = enzyme solution (g cm-3)
t = reaction time (min)

2.4. Microbiological analyses
Milk samples for microbiological analyses were analysed for standard plate count (ISO,
2003), coliforms (IDF, 1998), Bacillus cereus (ISO, 2004), psychrotrophs (ISO, 2001) and
thermophilic bacteria (Frank et al., 1992).
2.5. Sensory analyses
Sensory analysis according to IDF 99C standard (1997) was used to compare UHT-milk
samples stored at different temperatures. The scale ranged from 1 to 5 points. Points 3, 4 and
5 meant acceptable product quality. The product was comparable to the reference or differed
from it slightly. Less than 3 points meant that the quality was not acceptable. Test milk stored
at 5°C was used as a reference (=5 points). It was observed earlier that its quality changed
only very slightly. A trained panel of three members was used for the sensory analysis.
2.6. Other analyses
Colour formation in milks was measured with a colorimeter (Minolta CR-210, Japan). The
instrument detects the light reflected by the sample and presents the result in the CIELab
colour system where the colour is described by three dimensions L (lightness), a and b
(chromaticity coordinates). The colour change index ( E) was calculated by the equation
∆E = ( Lt − L0 ) 2 + (at − a0 ) 2 + (bt − b0 ) 2

(2)

where t denotes the storage time and 0 the beginning of the storage (CIE, 1974). A white
standard plate was used for calibration of the device. A 1 cm layer of the sample was poured
on a petri dish for the measurement and the analysis was carried out at room temperature.
Measurements were performed with six repetitions.
Temperature was measured with a calibrated thermometer.
Sediment formation from UHT-packages during the shelf life study was measured as the hight
of the sediment layer in mm after pouring the fluid liquid from the 1 l package.
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2.7. Statistical analyses
Statistical analyses were performed with analysis of variance ANOVA and post-hoc
comparisons with Duncan’s test using Statistica 7.1 software (StatSoft, Inc., USA).
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3. Results and discussion
3.1. Effect of lactose hydrolysis on furosine formation and available lysine in
pasteurized milk (II)
Commercial products
Commercial lactose unhydrolysed, low lactose and lactose free milk samples were collected
from various cities in the EU (Publication II, Table 1). The furosine contents of the milks
varied from 1.6 to 198 mg/kg (4.8 – 600 mg/100 g protein). The lowest values were in
pasteurized unhydrolysed milks and the highest in lactose hydrolysed UHT-milks. In ESLmilks furosine levels were close to those of pasteurized milks. The highest furosine levels
found were even higher than those reported by Evangelisti et al. (1999) (furosine 555 mg/100
g protein). Thus significant protein deterioration was found in some commercial products.
Highest levels of estimated blocked lysine in commercial samples in this study were at the
same level as reported by Evangelisti et al. in commercial lactose free dietetic milks stored at
ambient temperature. Mendoza et al. (2005) measured furosine levels of 375 and 423 mg/100
g protein in two commercial lactose hydrolysed UHT-milks. Messia et al. (2007) studied
furosine from commercial lactose hydrolysed UHT-milks from Sweden, Canada, Spain,
Dominican Republic and Italy and found furosine levels of 162 – 603 mg/100 g protein
indicating the wide variation in heat treatments of the milks. Results of commercial milks in
this study are in accordance with those of other studies.
Furosine
Pasteurization of milk has not previously been reported to cause significant blockage of
lysine. In this study pasteurization of unhydrolysed raw milk caused no remarkable change in
furosine in the temperature range of 60-90°C. The values were between 5.8 and 8.8 mg/100 g
protein, which are in agreement with the results of Resmini et al. (1993). Resmini et al.
reported furosine levels of 5-8 mg/100 g protein for pasteurized milk and 4-5 mg/100 g
protein for raw milk. In this study the furosine level in raw milk was 5.4 mg/100 g protein.
Resmini et al. (1990) reported 3.5-4.8 mg/100 g protein for pasteurized milk (72-90°C, 16 s)
and 3.0-3.2 mg/100 g protein for raw milk. Van Renterghem and De Block (1996) measured
furosine levels of 4-7 mg/100 g protein in pasteurized milk. In 10 raw farm milk samples they
measured furosine levels of 4-5 mg/100 g protein and thus in pasteurized unhydrolysed milk
the changes were almost non-existent.
However, in this study furosine values of 11.5-17.3 mg/100 g protein were measured in
lactose hydrolysed pasteurized milk. When a trendline is applied to the Figure 1 in
Publication II the following equations are obtained for furosine formation during
pasteurization (15 s): FUR = 0.187*Tp - 0.642 for lactose hydrolysed milk and
FUR=0.0179*Tp+6.054 for unhydrolysed milk. FUR = furosine content (mg/100 g protein)
and Tp = pasteurization temperature (°C). This shows that the coefficient of the line is tenfold
higher for lactose hydrolysed milk than for unhydrolysed milk. Between 75 and 90°C furosine
levels were approximately doubled as compared to unhydrolysed milk. Messia (2007)
measured a furosine level of 10.9 mg/100 g protein for lactose hydrolysed pasteurized milk,
which is very similar to the values reported in this study. Levels of monosaccharides were
similar in both studies. Overall the changes in furosine were small, but the method appeared
to provide a sensitive tool to analyse changes in protein quality.
Available lysine
In lactose unhydrolysed milk the nutritional value as measured with available lysine had not
deteriorated, which is in accordance with earlier studies (Resmini et al., 1993; Van
Renterghem and De Block, 1996). However, in lactose hydrolysed milk the level of lysine
blockage increased with the pasteurization temperature over the studied range. At its highest
the estimated level of lysine blockage was only about 0.5% of total lysine. Reactive lysine
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analysis gave similar results. In unhydrolysed milk the level of reactive lysine remained
approximately at the same level as in raw milk, but in hydrolysed milk the levels were 3 to
7% lower. Hydrolysis of raw milk did not change the amount of reactive lysine in the milk.
No trend in reactive lysine was observed in hydrolysed milk with increasing pasteurization
temperature, in contrast to the observation for blocked lysine.
Proteolysis
No significant differences during the storage period were observed in -amino-N/total-N
content, and neither were there significant changes in pH. The analysis method for -aminoN/total-N may not be sensitive enough to detect the smallest changes, but overall no
significant changes occurred.

3.2. Changes in furosine and proteolysis in lactose hydrolysed ESL-milks
during storage (III)
Changes in ESL-heat treated milk were studied by comparing unhydrolysed milk (UM) with
prehydrolysed (HM) and carbohydrate reduced and hydrolysed milk (CRHM).
Microbiological quality in milks was good before the heat treatment and packaging and after
it. Changes in pH during the storage at 8°C were very small and the test milks did not differ
from each other.
Furosine formation and available lysine
Furosine formation in test milks was lowest in UM, second lowest in CRHM and highest in
HM. During ESL heat treatment and storage the reaction kinetics of Maillard reactions
depended on the carbohydrate content in both hydrolysed test milks. The furosine content of
CRHM was 76% of that of HM after the ESL treatment and the carbohydrate content was
75%. During storage the formation of furosine was about 20% slower in CRHM than in HM.
The concentration of monosaccharides appeared to be a limiting factor of the Maillard
reaction in hydrolysed milks. The furosine contents and the level of lysine blockage were very
low in all test milks throughout the storage period, reaching a maximum of 1.7% of total
lysine. Reactive lysine results support this good survival of lysine in test milks. In ESL-milk
directly after the heat treatment the furosine content was almost twofold that of unhydrolysed
milk.
Proteolytic changes
Differences were observed in proteolytic changes. The amount of free tyrosine equivalent
clearly increased during the follow-up time in all three test milks. The free tyrosine equivalent
content was highest in HM and lowest in CRHM. The production technology may offer an
explanation for the difference. In the production of CRHM the milk was ultrafiltrated, during
which part of the NPN-fraction was lost into the permeate. The Folin reagent, which is used to
detect the tyrosine equivalent content, also reacts with tryptophan and histidine residues
(Peterson, 1979). During the first two weeks of storage no proteolysis was observed but later
the proteolysis proceeded linearly in all test milks. There were also slight differences between
the test milks in the slopes of the fitted lines indicating the rate of proteolysis. Proteolysis was
weakest in CRHM and strongest in HM.
The results from SDS-PAGE analysis support the tyrosine equivalent results. The formation
of -casein was significant in each milk, indicating the presence of plasmin activity. The size
and intensity of colour of s- and -casein bands decreased less in CRHM than in UM and
HM. The proteolytic activity appears to have been weaker in CRHM than in UM and HM,
where proteolysis was approximately at the same level. Lower proteolysis in CRHM was
probably due to the higher heat treatment due to the pasteurization after UF (Figure 6, p. 42),
which may have reduced the proteolytic activity in milk. Whey proteins were hydrolysed only
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very slightly, if at all, during the 56 d storage. This shows that the natural proteinase in milk,
plasmin, is a significant factor for the proteolytic changes in ESL-milk.

3.3. Sensory quality during storage and shelf life of lactose hydrolysed UHTmilks
Sensorial quality of UHT-test milks was studied in order to determine the shelf life of lactose
unhydrolysed or hydrolysed skim milk and which factors limit the shelf life first. Furthermore
it was studied whether it is better to perform the hydrolysis before or after the UHT-treatment.
All the test milks were produced in the Turenki UHT-plant from the same milk batch in order
to minimize variation due to raw material in unhydrolysed, prehydrolysed and posthydrolysed
UHT-milks. Composition and quality of the raw material milks is shown in Table 5.

Table 5. Composition and quality of the raw material skim milk before the UHT-treatment.
Composition
Protein (%)
Lactose (%)
Glucose (%)
Galactose (%)
Ash (%)
Fat (%)
Microbial quality
Std plate count (cfu/g)
Psychrotrophic (cfu/g)
Coliforms (cfu/g)
Bacillus cereus (cfu/g)
Thermophilic bacteria (cfu/g)

Unhydrolysed
3.6
4.4

Prehydrolysed

Posthydrolysed

0.8
0.1

3.5
<0.1
2.5
2.4
0.8
0.1

3.6
4.4
0.8
0.1

48 000
88 000
70
5
3

22 000
31 000
1 800
2
5

48 000
88 000
70
5
3

Results of the sensory analysis of each UHT-milk during storage at different temperatures are
shown in Figures 7 (a-c). Unhydrolysed and posthydrolysed milks were very similar during
the storage at different temperatures. Prehydrolysed milk had the lowest scores at all
temperatures studied when compared to unhydrolysed and posthydrolysed milk. It also
reached the unacceptable level of 3 points earlier at all three temperatures than unhydrolysed
or posthydrolysed milks. This is probably due to the enhanced Maillard reaction and the high
lactase dosage, which had to be used when hydrolysing lactose before the UHT-process.
The microbiological quality of the prehydrolysed milk before the UHT-treatment was similar
to that of unhydrolysed or posthydrolysed milks except for coliforms, which were higher in
prehydrolysed milk. However, all milks maintained a score above 3 points at 22°C for only 68 weeks. As unhydrolysed milk maintained its quality for only 8 weeks, the effect of the
lactase was not very great and the plasmin system and enzymes from the contaminating
microbes in milk must have been active during the storage. It is well known that gentle heat
treatments in direct UHT-process do not totally inactivate enzymes in milk (Snoeren et al.,
1979; Newstead et al., 2006; Datta and Deeth, 2001).
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Figure 7(a-c). Sensory evaluation of the UHT-milk samples stored at different temperatures
and compared to the reference (= 5 points = dotted line). Values at certain
time points marked with different letters differed significantly (p<0.05).
Dashed line = acceptance limit.
Comments for the quality defects observed are given in Table 6. The first quality defects
noticed in unhydrolysed and posthydrolysed milk at 22°C in the sensory evaluation were offflavours such as cooked, heated, burned flavour, later untypical taste and bitterness. At 30 and
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45°C colour changes were noticed as well as off-flavours. Colour changes noticed were first
yellowness, light brown or reddish and later more intense brownish shades.
In prehydrolysed milk at 22°C the first quality defects noticed were colour change, cooked
flavour and slight bitterness, indicating that the Maillard reaction had already proceeded,
unlike in unhydrolysed and posthydrolysed milk. At 30°C the changes came early, with
descriptions of cooked flavour, colour change and bitterness. At 45°C these changes took
place very soon, making the milk visibly coloured already in one week.
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Table 6. Quality defects observed in UHT-milks in the sensory panel test. Symbols: + =
slight, ++ = moderate, +++ = significant, discont. = discontinued.
Unhydrolysed milk
Time (weeks)

0

1

2

3

4

5

6

7

8

9

10

+

+

++

++

discont.

22°C
Off-flavour
Colour

discont.

Texture

discont.

30°C
Off-flavour

+

+

+++

Colour

discont.
discont.

Texture

discont.

45°C
Off-flavour

+

Colour

+

++

++

discont.

+

+

++

discont.

Texture

discont.

Prehydrolysed milk
Time (weeks)

0

1

2

3

4

5

6

7

8

++

discont.

++

discont.

22°C
Off-flavour
Colour

+

Texture

discont.

30°C
Off-flavour

+

+

++

+++

discont.

Colour

+

+

++

++

discont.

Texture

discont.

45°C
Off-flavour

+

++

+++

discont.

Colour

+

++

+++

discont.

Texture

discont.

Posthydrolysed milk
Time
(weeks)

0

1

2

3

4

5

6

7

8

9

10

+

+

++

discont.

22°C
Off-flavour

+

Colour

discont.

Texture

discont.

30°C
Off-flavour

+

+

Colour

+

+++

discont.

+

++

discont.

Texture

discont.

45°C
Off-flavour

++

++

+++

discont.

Colour

++

++

+++

discont.

Texture

discont.

The amount of sediment measured from the packages is shown in Figure 8 (a-c). Sediment
formation was similar in all test milks. The height of the sediment usually increased with
storage time and was greatest in milks stored at 30°C. This was in agreement with results of
Kocak and Zadow (1985b), who found that the order of resistance of UHT milk to the onset
of age gelation at various storage temperatures was: 50°C, 40°C > 2°C > 10°C > 15°C > 20°C
> 25°C > 30°C. The lower amount of sediment at the higher temperatures may be due to the
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high degree of protein decomposition producing extensively degraded proteins which were
unable to form a stable gel matrix (Manji et al., 1986). Lactose hydrolysed milks did not
differ from unhydrolysed milk in the amount of sediment. At 22°C, sediment formation
started after 8-9 weeks, at 30°C after 5 weeks and at 45°C after 5-8 weeks.
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Figure 8 (a-c). Height of the sediment measured from the bottom of the package during
storage.
The sensory evaluations showed that lactose hydrolysed milks were very prone to quality
deterioration. Using higher heating temperatures during the UHT-process could reduce
proteolytic changes, but at the same time the Maillard reaction would accelerate. Renner et al.
(1986) observed statistically significant changes in sensory quality of posthydrolysed UHT-
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milk milk containing 3.5% fat after storage of 16 weeks at 22°C and after 10 weeks at 38°C.
UHT-process parameters were not presented. Fat in milk may have masked quality defects in
the milk. Skim milk is probably clearly more prone to taste defects than milk containing 3.5%
fat.
This comparison showed that prehydrolysed milk lost its sensory quality rather faster than
unhydrolysed or posthydrolysed milk. The differences between unhydrolysed and
posthydrolysed milks were insignificant. This indicated that plasmin enzyme and
contaminating microbial enzymes also played a significant role causing changes in UM. If a
degree of hydrolysis as high as in this study (about 98%) is needed, hydrolysis before the
UHT-treatment requires a high dosage of enzyme. This brings a significant proteolytic
contamination into the product. Although the UHT-treatment can destroy most of the
proteases, proteolysis can take place already during the hydrolysis phase and continue at a
reduced level after UHT-treatment. The Maillard reaction started more strongly during the
UHT-process in prehydrolysed milk than in other milks. Therefore performing the hydrolysis
before the UHT-treatment does not help to avoid quality problems.

3.4. Proteolytic changes in lactose hydrolysed UHT-milk during storage (IV)
UHT-test milks were monitored at four temperatures for 12 weeks in order to follow
proteolytic changes during storage. Test milks were produced from the same milk batch or
from milk of very similar quality. According to -amino-N/total-N no significant proteolysis
occurred at 5 or 22°C, but at 30 and 45°C it was very noticable. In lactose hydrolysed milks
proteolysis was clearly more extensive than in unhydrolysed milk. There did not appear to be
any difference according to whether lactose hydrolysis had been performed before or after the
UHT-treatment. This can be explained by assuming that in test milk where hydrolysis was
performed before the UHT-treatment the high enzyme dosage (0.09%) was largely inactivated
in the heat treatment and residual proteolytic activity was approximately the same as in
posthydrolysed test milk, where the dosage was small (0.003%) but all the proteolytic side
activity survived.
Modler et al. (1993) described production of fluid milk with a high degree (>90%) of
hydrolysis. The authors stated that hydrolysis can be performed either before the UHTtreatment or after it. The latter required dilution and sterile filtration of the enzyme before
aseptic addition to the package. They also claimed that the prehydrolysis process alternative
has the advantage of destroying the lactase and its possible proteolytic side activities before
packing. However, this study shows that the inactivation of proteolytic side activities is not
complete if a direct UHT-process is used.
Unhydrolysed and posthydrolysed milks were from the same milk batch, but prehydrolysed
milk was from a different batch of very similar quality milk. The results showed that in both
prehydrolysed and posthydrolysed milks the proteolysis had proceeded in a very similar way.
These results were confirmed with another test in which all these three milks were prepared
from the same milk batch. Proteolysis in pre- and posthydrolysed milks was very similar and
higher than in unhydrolysed milk. This means that a large part but not all of the proteolytic
side activities were destroyed in the UHT-process in prehydrolysed milk. In prehydrolysed
milk the dosage was 0.09% and in posthydrolysed milk 0.003%. This means that
approximately 97% of the proteolytic side activities of Godo YNL-2 lactase were destroyed in
the UHT-process as calculated according to equation (3).
100*(0.09-0.003)/0.09=96.7%

(3)
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SDS-PAGE analyses showed that at 5°C no significant changes in protein bands were evident,
but already at 22°C after 4 weeks some release of -casein was observed referring to the
action of plasmin, and particularly -casein bands were weakened in lactose hydrolysed
milks. At 30 and 45°C proteolysis was already significant in all milks but especially strong in
lactose hydrolysed milks.
After 12 weeks of storage proteolysis was very mild at 5°C, but very clear at all other tested
temperatures. The action of plasmin was seen from the release of -casein in all milks, but in
lactose hydrolysed milks there was additional proteolysis indicating the presence of
contaminating proteolytic enzymes in the commercial lactase. After 12 weeks of storage at
45°C the caseins had totally disappeared and at 30°C only traces of casein were found. casein survived best of the caseins in these milks. Whey proteins were much less affected than
the caseins. SDS-PAGE analyses support the -amino-N/tot.N-results that proteolysis in
lactose hydrolysed milks was more extensive than in unhydrolysed milk. In both lactose
hydrolysed milks the proteolysis was of approximately same magnitude. Based on SDSPAGE analyses the proteolysis of prehydrolysed milk may be slightly more extensive than
that of posthydrolysed milk.
In lactose hydrolysed milks stored at 45°C some very large molecular compounds were
observed in SDS-PAGE gels both after 4 and 12 weeks of storage. This may indicate the
formation of high molecular weight Maillard products, such as melanoidins (Brands et al.,
2002; O’Brien and Morrissey, 1989a; Nursten, 1981). The Maillard browning reaction has a
relatively high temperature coefficient: Q10 for pigment formation is in the range 2 to 6 at 4050°C (Labuza and Saltmarch, 1981).
pH of the milks was monitored during the storage period and it was found that a high
correlation existed between the changes in pH and the change in -amino-N/tot.N (r2=0.865,
n= 36). This may mean that the pH change can be used as an indicator for proteolysis.
Naturally, it must be ensured that the pH-drop is not due to microbiological contamination.
Mittal et al. (1988) argued that pH decrease during storage of recombined lactose hydrolysed
milk was associated with the interaction between lactose and proteins, with the hydrolytic
dephosphorylation of casein and with changes in the calcium-phosphorus equilibrium. The pH
decrease during storage of 12 weeks at 30°C in recombined lactose hydrolysed UHT-milk
containing 3% fat was 0.17 pH-units, whereas in the present study the corresponding pH-drop
for lactose hydrolysed UHT-skim milk was 0.29 pH-units. The difference may be due to the
higher activity of proteinases in milk of this study than in recombined milk made from
medium heat milk powder in the study of Mittal et al.
Andrews et al. (1977) ascribed the decrease in pH to a loss of free -NH2 group of lysine
during Maillard reactions. The authors explained that the greater pH decrease in lactose
hydrolysed recombined milk vs. unhydrolysed milk was due to the more intensive Maillard
reactions in hydrolysed milk. In this study correlation between pH-drop and change in amino-N/total-N was higher (r2=0.865, n=36) than between pH-drop and furosine change
(r2=0.809, n=36). Already Samel et al. (1971) showed that a significant breakdown of proteins
takes place during storage of 13 months at 20-37°C in indirectly UHT-treated milk.
According to O’Brien and Morrissey (1989b), the pH of the Maillard reaction system
decreases due to the disappearance of basic amino groups. During storage at 40°C, Corzo et
al. (1994) measured a simultaneous drop in pH with significant proteolysis in indirectly UHTtreated milk made from milk contaminated with thermostable proteinases. Adler-Nissen
(1986) showed that H+-ions are released during enzymatic hydrolysis of proteins. The release
is dependent on the hydrolysis temperature and pH. There are probably several parallel
reactions proceeding simultaneously at elevated storage temperatures.
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3.5. Furosine formation and available lysine in lactose hydrolysed UHT-milk
(V)
In unhydrolysed and posthydrolysed milk the furosine contents immediately after packing
were practically identical. In prehydrolysed milk the furosine content was approximately three
times higher. In pre- and posthydrolysed milks the furosine content increased during the
storage at the same rate, although in posthydrolysed milk the initial value was lower than in
prehydrolysed milk. At 5°C and 22°C this difference was maintained for 12 weeks of storage.
If milk was stored at higher than room temperature, it was practically irrelevant with regard to
the level of furosine whether the hydrolysis was performed before or after the UHT-treatment.
Furosine values in unhydrolysed milks remained clearly lower than in hydrolysed milks at all
storage temperatures tested. Directly after UHT-treatment the furosine content in
prehydrolysed milk was about threefold to that in unhydrolysed milk. Similar result was
found in publication VI.
The level of lysine blockage estimated on the basis of furosine was very low at 5°C,
reasonably low at 22°C, but at 30°C and higher increased rapidly to very high levels. At 22°C
lysine blockage remained below 10% of total lysine in lactose hydrolysed milks for the 12
week period, but it increased continuously and was acceptable only if the storage period was
limited to a maximum of 12 weeks. As was observed in the shelf life study, off-taste defects
are detected already clearly before 12 weeks of storage.
The colour index change was also very small at 5°C, but some changes in lactose hydrolysed
milks were detected at 22°C, as was also noticed in the sensory evaluation test. Colour index
changes in milks followed the Maillard reaction, although the early stages of the Maillard
reaction do not cause colour changes (Hurrell and Finot, 1983; Evangelisti et al., 1999). At
higher storage temperatures the colour developed faster. A high correlation (0.926, n=36)
between furosine change and colour index change during storage was found, suggesting that
colour measurement could be used as an approximate estimate of furosine in lactose
hydrolysed milks. The correlation was highest in milks stored at temperatures higher than
5°C. Although the early Maillard reaction in milk does not cause colour changes, it appeared
that in milks in which the Maillard reaction had proceeded to advanced stages causing colour
changes, the furosine content was also higher than in milks without or with significantly less
Maillard reaction. The advanced Maillard reaction at 45°C was also noticed in the content of
monosaccharides, which decreased during the storage most probably due to reactions with
proteins and peptides. Leclère and Birlouez-Aragon (2001) reported that formation of
advanced Maillard products takes place already from the beginning of the Maillard reaction
and therefore estimation of lysine damage by furosine may underestimate the unavailability of
lysine. Results of Henle et al. (1991) support this opinion.
Visible browning is often used as a criterion of overheating in milk-drying processes.
Browning is not a sensitive but a clear indicator of protein damage in lactose hydrolysed milk
processing. In a study by Leclère and Birlouez-Aragon (2001), formation of furosine and
advanced Maillard products measured as FAST (fluorescence) index correlated well, as in the
case of furosine and colour change in this study. However, when the Maillard reaction
advanced to further stages the correlation between furosine and FAST index decreased in the
study of Leclère and Birlouez-Aragon. In one study by Dehn-Müller et al. (1991), furosine
and HMF values measured from 190 UHT-milk samples from 45 German dairies correlated
moderately well (r=0.846). Furosine is released from early Maillard reaction products,
whereas HMF rather indicates advanced reaction products.
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3.6. Furosine formation and proteolytic changes in lactose hydrolysed,
carbohydrate reduced milks (VI)
This work was carried out in order to study the effect of reduction of carbohydrate content in
milk before the enzymatic hydrolysis of lactose on the nutritional quality of the milk.
Carbohydrate reduction was made to two different levels: about 23% reduction and about
96% reduction.
Protein contents in the test milks were very similar, only in lactose hydrolysed milk (HM) was
the protein slightly lower (3.19%) due to dilution during the heat treatment process. In
unhydrolysed milk (UM) and HM the proteolysis proceeded as reported already in publication
(V). In HM it was more extensive than in UM, but it was also clear in UM. Lactose in HM
was hydrolysed before the heat treatment and therefore many of the side activities in
commercial lactase were destroyed, but again despite this significantly higher proteolysis was
found than in UM. In CRHM, proteolysis was approximately as extensive as in HM. This may
be partly due to the normal skim milk which is part of the recipe (Figure 6, p. 42) and which
brings active plasmin into the product as well as side activities of the lactase, and probably
also due to the lower microbiological quality of the CRHM before the UHT-treatment.
Of the test milks proteolysis was lowest in the carbohydrate free milk (CFM) when stored at
temperatures of 5-30°C. At 45°C it was significant, probably due to the thermostable
contaminating proteases originating from the chromatographic separation. These proteases
probably did not function at lower storage temperatures. In the chromatographic separation
milk was eluted at 65°C with water. Elution time for protein fraction was 2.5-3.5 hours, after
which the protein and minerals fraction was collected and cooled quickly to below 10°C. This
treatment probably inactivated part or all of the plasmin enzyme system in milk, and
according to SDS-PAGE and tyrosine equivalent analyses CFM stored for 12 weeks at 22°C
still contained protein which was only very slightly hydrolysed and comparable to that of raw
milk. At 30°C proteins were also very resistant to proteolysis. In HM and CRHM the proteins
were very clearly hydrolysed even after 4 weeks of storage at 22 and 30°C.
Reduction of lactose in CRHM by 23% before its hydrolysis reduced furosine formation by 924% compared to HM, depending on the storage temperature, showing that furosine
formation was related to the quantity of reducing sugars. The fact that the reduction was not
greater was probably due to the heat treatment during chromatographic separation. Furosine
in CRHM was slightly lower than in HM but significantly higher than in UM or in CFM. In
CFM the furosine formation was avoided during storage almost completely. The furosine
remained at its original level and did not increase during the storage at any temperature tested.
This meant that the estimated blocked lysine level was lowest in CFM. Again, correlation
between colour index change and furosine change during the storage was high (0.913, n=60),
although the compositions of the milks varied. However, it should be noted that the
correlation was better the higher was the storage temperature. At 5°C the correlation was very
poor due to negligible changes in furosine and colour.
CFM with artificial sweetener (asesulfame K) was manufactured and stored in the same way
as CFM. Furosine formation and proteolysis during storage were very similar to that of CFM.
By removing lactose chromatographically from skim milk at 65°C it was possible to
inactivate the plasmin enzyme system in milk and at the same time to avoid the Maillard
reaction between reducing sugars and free amino groups. The low dosage of lactase needed to
hydrolyse lactose residues brought less contaminating proteolytic enzymes to the product.
This can provide a new method to produce low lactose or lactose free milk drinks with a long
shelf life, minimal Maillard reactions and good nutritional protein quality. A patent has been
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applied for this method. However, further research is needed to optimize the process in terms
of sensory quality, composition of product and production costs.

3.7. Comparison of different processes
Figure 9 shows the formation of furosine in different heating processes tested in this study.
The results show logically that furosine content increased as the heat treatment intensified.
Reduction of the molar content of reducing sugars helped to avoid formation of furosine.
During storage, proteolysis was best avoided in pasteurized and ESL-milks, mostly due to the
low storage temperatures (5 and 8°C). In UHT-milks proteolysis was best avoided in CFM, in
which the Maillard reaction was also best avoided.

Furosine formation in different heating processes

Furosine (mg/100 g protein)
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PrehydrESL
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UHT

CRHMUHT

CFMUHT

Sample and heat treatment

Figure 9. Summary of furosine in milks heat treated in different ways. Furosine was
analysed immediately after the heating process. Symbols: unhydr = lactose
unhydrolysed, hydr=lactose hydrolysed, ESL=ESL heat treatment, Prehydr=
lactose prehydrolysed, posthydr=lactose hydrolysed aseptically in the package,
CRHM= carbohydrate reduced lactose hydrolysed milk, CFM=carbohydrate free
milk.
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4. Conclusions
Vulnerability of lactose hydrolysed milk to Maillard reactions during heating is a well-known
problem. Maillard reactions reduce the nutritional quality of milk proteins and easily cause
sensory quality defects in the product. In this study the effect of Maillard reactions on the
nutritional value of milk was observed already in mild pasteurization treatments at 60-90°C.
Maillard reactions limit especially the shelf life of lactose hydrolysed UHT-milks. In lactose
free milks, which have a very low residual lactose limit in several countries, this problem is
even more acute.
In UHT-milks there is also a problem with proteolysis caused by indigenous proteinases or
microbial proteinases from contaminating microbes. In lactose hydrolysed milk there is
usually also contamination from lactase preparations, which generally contain proteolytic and
other side activities. In normal, unhydrolysed UHT-milk the proteolytic side activities can be
destroyed by intensified heat treatment during the UHT-process. In lactose hydrolysed milk
this is not usually possible due to enhanced Maillard reactions, or if lactase is added after the
UHT-treatment the proteolytic side activities of the enzyme may cause quality defects during
storage at ambient temperature. Performing the hydrolysis of lactose before or after the UHTtreatment was compared using milks with a high degree of hydrolysis (~98%). Both
alternatives caused quality problems in UHT-milk during storage at room or higher
temperature, but defects were somewhat more evident in prehydrolysed milk.
In carbohydrate reduced hydrolysed milks the severity of Maillard reactions decreased in
proportion to the decreasing molar concentration of the residual reducing sugars, glucose and
galactose. Together with the normal taste of milk this is a significant improvement for lactose
malabsorbing consumers, who generally stop drinking milk when the symptoms of
intolerance appear. This also means less browning during cooking with carbohydrate reduced
hydrolysed milk compared to traditional hydrolysed milk. Carbohydrate reduced hydrolysed
milk had a lower furosine level than traditional lactose hydrolysed milk and particularly in
ESL-milk the proteolytic changes were also minimal.
The available lysine estimated on the basis of furosine gave very repeatable results. The
estimated available lysine during storage decreased most in lactose hydrolysed UHT-milks,
especially when stored at 30°C or 45°C. In lactose hydrolysed pasteurized or ESL-treated
milks the reduction in available lysine was insignificant. However, on the basis of information
from the literature the lysine blockage may have been underestimated, because the furosine
method does not take into account the advanced phases of the Maillard reaction. Thus the
results shown may represent the minimum loss of lysine in milk.
Chromatographic separation in the production of lactose reduced or lactose free milk provides
new possibilities to avoid Maillard reactions and to inactivate the plasmin enzyme system in
milk at the same time. Carbohydrate free milk, from which carbohydrates were almost totally
removed, had a better storage stability than milks which were manufactured in the traditional
way. Proteolytic changes during storage were significantly smaller than in other milks.
However, further studies are needed to optimize the process in terms of sensory quality,
composition of product and production costs.
About 70% of the world population are lactose malabsorbers, who normally stop using milk
when the symptoms of lactose intolerance appear. The new technologies make it possible to
produce milk products with normal taste and high nutritional protein quality for lactose
intolerant people around the world. These people can again benefit from the high nutritional
value of milk.
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