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Het kwantitatieve effekt van de Maillard-reaktie tijJdens het verhitten van melk
is aanzienlijk kieiner dan tot nu toe verondersteld.
Dit proefschrift.

Het modelleren van chemische reakties is een krachtig hulpmiddel bij het

ophelderen van gecompiiceerde reaktienetwerken.
Dit proefschrift.

De mate van vorming van hydroxymethyifurfural is niet geschikt als indikator
voor de intensiteit van de hittebehandeling van melk.
Dit proefschrift.

De conclusie van McGookin and Augustin (1991} dat de pH-verandering als
gevolg van verhitten van een caseine-suiker mengsel voornamelijk kan worden
toegeschreven aan de Maillard-reaktie is niet juist.

B.J. McGookin and M.A_ Augustin. 1991, J. Dairy Research 58: 313.

De koe heeft meer voor de mensheid betekend dan de mensheid voor de koe.

De emancipatie van de vrouw kan leiden tot produktie-inefficiéntie bij de
bakkers.
F.A.J.M. van Welie en R.A.G. Menting. 1993, Bakkerswereld 21: 14.

De vermelding van de aktiveringsenergie van chemische reakties in
wetenschappelijke artikelen is alleen zinvol als de betrouwbaarheidsgrenzen
&n de wijze waarop deze grenzen berekend zijn ook vermeld worden.

Dit proefschrift.

Zolang de antimutagene werking van caseine niet verklaard is, kan de
vorming van eventueel mutagene wverbindingen in verhitte melk niet
aangetoond worden.

H.E. Berg et al. 1990. J. Food Science 55: 1000.

Door de afname van de verkoop van krentenbrood mist de bakker de krenten
in de pap.
Bakkerswereld.

Bij de berekening van de concentratie aan caseinomacropeptiden zoals die
vrijkomen bij de enzymatische strermming van melk dient rekening te worden
gehouden met de volume-uitsluiting en sterische uitsiuiting van wei-eiwitten
ten opzichte van para-caseine; hetzelfde geldt voor de overgang van eiwit uit

de kaasmelk in de kaas.
G. van den Berg et al., 1992. Neth. Milk Dairy J. 46: 145,

De invoering van het AlQ-systeem is niets anders dan een verkapte
bezuinigingsmaatregel: AlO’s worden gekort op hun salaris maar nemen
tevens werkzaamheden over van dure wetenschappeiijke medewerkers. Zij
moeten onderzoeker, organisator en onderwijzer tegelijk zijn.

Wanneer het onderzoek aan de universiteiten velledig door het bedrijfsleven
zou worden gefinancierd en het zogenaamde "hobbyisme" zou worden
afgeschaft, zou dit kunnen leiden tot een verenging van de wetenschap.
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Een algemeen betwijfeld christelijk geloof is wezenlijker dan een algemeen
onbetwijfeld christelijk geloof.

Het publiceren van stellingen in de diverse landelijke dagbladen maakt het
voor pramovendi niet gemakkelijker originele stellingen te verzinnen.

Het op de markt brengen van geconcentreerde micro-wasmiddelen kan leiden
tot een extra belasting van het milieu.

Nu een sifimme meid op haar toekomst is voorbereid, moet die toekomst nog
worden voorbereid op zo'n slimme meid.

Stellingen behorende bij het proefschrift "Reactions of lactose during heat treatment of milk: a
quantitative study” door H.E. Berg. Wageningen, & april 1993.



ABSTRACT

Berg, H.E. {1993}. Reactions of lactose during heat treatment of milk: a
quantitative study. Ph. D. thesis, Agricultural University, Wageningen. { pp, English

and Dutch summaries).

Keywords: lactose, lactulose, galactose, formic acid, isomerization, degradation,

Maillard reaction, modelling, milk.

The kinetics of the chemical reactions of lactose during heat treatment of milk
were studied. Skim milk and model solutions resembling milk were heated.
Reaction products were determined and the influence of varying lactose, casein
and fat concentration on the formation of these products was studied. It was
observed that lactose isomerized into lactulose, and subsequently degraded into
galactose, formic acid, deoxyribose, hydroxymethylfurfural, furfural and furfuryl
alcohol; lactose also reacts with lysine-residues to form lactulosyllysine-residues
(early stage of the Maillard reactian). From these results, a model describing the
steps in the reaction network of the degradation reactions of lactose during heating
of milk was proposed.

It was tried to model the degradation of factose by computer simulation in
order to predict the quantities of the various degradation products in the course of
time. The model appeared to fit the experimentally obtained results reasonably
well. Altogether, the hypothesized mechanism for degradation of lactose appeared
adequate to explain the observations for milk and model solutions resembling milk.
Mathematical modelling thus allowed rigorous checking of a proposed complicated
reaction network in foods. In the case of milk it has been found that, from a
quantitative point of view, the isomerization reaction is much more important than

the Maillard reaction in the degradation of lactose during heat treatment of milk.
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1 INTRODUCTION

1.1 neral intr ion

Often, milk is heat-treated to obtain a safe and healthy product with a much
longer shelf-life than raw milk. This is due to heat inactivation of micro-organisms
and enzymes. However, heating will also induce changes which are not desired and
will result in loss of quality. Especially chemical changes are responsible for off-
flavour and colour development. To produce food of high quality, it is necessary
to know the changes that occur during heat treatment. In this study, we are
interested in the role of lactose in the deterioration of mitk quality.

The mitk can be pasteurized, {conventionally) sterilized or UHT-heated (Uitra-
High-Temperature). Low-pasteurization is carried out at rather low temperatures
(e.g.. 15 s at 74°C); most microorganisms but not spores are then killed and some
enzymes are inactivated but almost no chemical reactions take place. High-
pasteurization (e.g., 15 s at 90°C) is more intensive. During (conventional)
sterilization, the milk is heated for a longer time at high temperature (e.g., 20 min.
at 120°C}; all microorganisms and spores are then kilied and more chemical
reactions occur. UHT treatment means a shorter time (a few seconds) at a higher
temperature (e.g., 140°C); microorganisms (including spores) are killed but
chemical reactions are minimized due to a very different temperature sensitivity of
most chemical reactions as compared to microbial inactivation.

In milk several chemical reactions take place during heat treatment. Here, we
focus on reactions of lactose. The first reaction to mention is the Maillard reaction,
a reducing sugar {in milk: lactose) and an amino group {in milk: lysine residues)
condensate to a glycosylamine which is a very reactive compound. This conden-
sation is followed by a series of other chemical reactions; the reaction products
cause changes in flavour and taste, formation of a brown colour and loss of
nutritive value. The formation of toxic or mutagenic compounds is reported as a
result of the Maillard reaction. It has been suggested that early intermediate
Maillard reaction products are mutagenic (Shinohara et al., 1980; Shibamoto,
1982; Mihara and Shibamoto, 1980). Berg et al. (1990) studied mutagenicity in
heated milk, but found no mutagenic response in heated milk or madel systems.
They concluded that there were either no mutagens formed in the heated milk or

any mutagens formed were adsorbed or complexed with casein.




A second reaction path is the degradation of lactose during isomerization reac-
tions. Lactose is isomerized to lactulose and/or degraded to galactose and other
compounds. During these reactions, acids are also formed, which may influence
the stability of the milk.

Much research is done on the formation of chemical compounds in milk,
especially on the use of such compounds as an indicator of the intensity of the
heat treatment. However, little research is done on the kinetics of the camplex
degradation reactions of lactose which take place during heat treatment. In order
to describe these kinetics a detailed inventory of the reactions taking place has to

be performed. First, a review of literature on these subjects is given.

1.2 Review of literature on sugar reactions

Sugar degradation

Lactose is a disaccharide, consisting of two monosaccharide units condensed
with the loss of one molecule of water. Lactose, properly called 4-0-8-D-
galactopyranosyl-D-glucopyranose, is heterogeneous because it consists of two
different monosaccharides; galactose and glucose joined in a §-1,4-glycosidic
linkage. Lactose is a reducing sugar, as it still has a free hemiacetal linkage
between carbons 1 and 5 of the glucose maoiety. Chemical reactions involve this
linkage, as well as the §-1,4-glycosidic linkage between both sugar rings, the
hydroxyl groups and the -C-C- bonds within thelrings. Lactose can undergo
reactions typical of aldehydes. First the degradation of monosaccharides in alkaline
solutions and the Maillard reaction in general will be discussed, after that, some
special degradation products of lactose studied in this research. As the degradation
products found in heated lactose solutions appeared 10 be mostly the same as
those mentioned in the degradation route of monosaccharides in alkaline medium,
which was thoroughly investigated by de Wit (1979} and de Bruijn {(1986), we will
pay attention to the alkaline degradation routes.

De Bruijn (1986) wrote a thesis on the behaviour of monosaccharides in
alkaline medium; isomerization, degradation, oligomerization. Monosaccharides in
aqueous alkaline medium and at moderate temperature {3-80°C) undergo both

reversible and irreversible transformations (Figure 1.1).




Monosaccharide

l ionization, mutarotation

Monosaccharide anion

l T analization, isomarization

Enediol anion

"degradation®

Carboxylic acids

Figure 1.1 Overall reaction scheme of monosaccharides in alkaline medium (de Bruijn, 1986)

Reversible reactions include ionization, mutarotation and enolization, the latter
resulting in interconvertible monosaccharides. The isomerization via the enolization
reaction is accompanied by irreversible transformation of the monosaccharides into
carboxylic acids; this is generally known as the alkaline degradation reaction.
Enediol anions are considered common intermediates in both isomerization and
degradation reactions. Much research has been done to obtain a better
understanding of the fundamental aspects of the reactions of monosaccharides in
alkaline solution. Initial transformations such as ionization, mutarotation, enclization
and isomerization have been extensively studied in recent years and are now
reasonably well understood. However, only part of the degradation reactions have
been elucidated until now, because of the complexity of these reactions. The
enolization followed by isomerization is known as the "Lobry de Bruyn-Alberda van
Ekenstein transformation" henceforth referred to as the LA-transformation, this is
a base-catalysed enolization of an aldose or ketose to the enediol, followed by
isomerization. Glucose, mannose and fructose are in equilibrium with the 1,2-

enediol (Figure 1.2).
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Figure 1.2 Formation of the 1,2-enediol anion as intermediate in the Lobry de Bruyn-Alberda

van Ekenstein transformation

The influence of temperature on the LA-transformation is not given by de Wit
{1979} and de Bruijn (1986), and neither by Speck (1958} who wrote a review on
the LA-transformation. De Bruijn (1986} mentioned a number of reviews published
since 1950 on the alkaline degradation of carbohydrates. It is suggested that 1,2-
and also 2,3-enedioles are the key intermediates in both isomerization and
degradation reactions of monosaccharides {Speck, 1958). Those enediol anions
must be considered the starting intermediates in the alkaline degradation reactions;
thev lead to carboxylic acids as the final stable degradation products via several
pathways (Figure 1.3},
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The enediols may undergo 8-elimination resuiting in dicarbonyl compounds. The a-
dicarbonyl compounds are unstable under basic conditions and undergo either a
benzylic acid rearrangement resulting in a meta-, iso- or saccharinic acid, or a
cleavage reaction towards a carboxylic acid and an aldehyde. The 1,2-enediol can
also undergo a retro-aldol reaction, giving two trioses. Finally, aldolization reactions
of carbonyl compounds, formed from the starting hexose, are also important in the
degradation reactions {de Wit, 1979)}. De Wit also gave a simplified scheme of the
degradation of hexoses which demonstrates the alkaline degradation to be a
dynamic interconversion of C-2 to C-6 monosaccharides, resulting in the

irreversible formation of carboxylic acids.



The Maillard reaction

The Maillard reaction (non-enzymatic browning reaction) is the name for a
complex of reactions starting with reactions of reducing sugars with compounds
having free amino groups. Reactive intermediates are formed by a variety of
pathways and these can yield flavour components and brown melanoiding of higher
molecular weight. Sometimes formation of these compounds is desirable {e.g. in
baking of bread) but it can also lead to a reduction of quality (Baltes, 1982). The
reaction is named after the French chemist Louis Maillard, who first described the
formation of brown pigments or mefanoidins when heating a solution of glucose
and lysine. The difference between the Maillard reaction and caramelisation is that
the latter occurs when pure sugars are heated. Most reactions involved in thermal
degradation of sugars are also observed in the Maillard reaction. Many chemical
reactions that occur in pure sugars only at very high temperatures take place at
much lower temperatures after the sugars have reacted with amino acids. The
transformation of an aldose into a ketose via the formation of the N-glycoside
during the Maillard reaction is analogous to the LA-transformation observed when
sugars are in alkaline solution (Mauron, 1981), Hodge (1953) wrote an extensive
review on the Maillard reaction, and his scheme of the Maillard reaction pathways
is stilt widely used. The Maillard reaction can be divided into three stages: the

early, advanced and final Maillard reactions.

Early Maillard reaction
The first step involves the condensation reaction between the carbonyl group

of the sugar and the amino group of the protein (Figure 1.4).
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Figure 1.4 Early Mailtard reaction (Hodge, 1953]

The amines are acting as nucleophiles and depending on the pH, as bases or acids
(Ledl, 1990). The condensation starts with an attack of the unshared electron pair
of a nuclegphilic amino nitrogen on the carbony! carbon {Figure 1.5}. Protonation
of the carbonyl group enhances its reactivity to the nucleophilic reagent whereas
protonation of the nitrogen inhibits the attack on the carbonyl group. The optimum
pH for this reaction is when the product of the concentrations (in fact activities)
[>C=0] [RNH,) is at maximum. As these concentrations (activities} vary in
oppaosite direction with pH, the rate of the condensation reaches its maximum at

a weakly acidic pH (Namiki, 1988).
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Figure 1.5 Condensation of carbonyl compounds with amine compounds (Namiki, 1988}

After addition of the amine to the carbonyl group one molecule of water is
eliminated to form a Schiff base, which undergoes cyclization to the N-substituted
glycosylamine. This reaction is reversible as the glycosylamine can be hydrolysed
in aqueous solution. The glycosylamines derived from amines show a certain
stability, those from amino acids are almost immediately converted into the 1-
amino-1-deoxy-2-ketose by the Amadori rearrangement. This reaction is catalysed
by weak acids and the carboxyl group of the amino acid provides the necessary
protons (Mauron, 1981}. Heyns et al. (1970} found the Amadori rearrangement to
be accelerated by electron attracting groups in the w-position of the sugar moiety.
They also found that the formation of the glycosylamine and the Amadori rearran-
gement go faster in the case of an aldose in the furanose form than in the pyranose
form of the Amadori product. The Amadori rearrangement is the key step in the
early Maillard reaction; it involves the transition from an aidose to a ketose-sugar
derivative. A reaction between ketoses and amines usually involves the formation
of ketasylamines followed by the Heyns rearrangement to form 2-amino-2-deoxyal-
doses (Mauron, 1981, Matsuda et al., 1991). Baltes {1982) reported the ring
opening of the glycosylamine to be rate limiting for the course of the Amadori
rearrangement. He also reported the degradation of the Amadori compound itself
to take place especially fast when it exists in the furanose form or in the open
chain form. However, not all authors have the same opinion on the effect of ring
opening. Bunn and Higgins (1981} and Watkins et al. (1987} also concluded that

the rate of reaction of the various monosaccharides correlated strongly with the



extent ta which the sugar exists in the open chain in the monosaccharide/protein
solutions they used, but Wesiphal and Kroh {1985) found the cyclic 8-
conformation to be most reactive in carbohydrate/phenylalanine model systems.
If the mechanism depicted in Figure 1.5 is the correct one, we feel that reaction
via the open chain is more likely, because the C1 carbon atom may be more
electrophilic in the open chain form than in the ring structure.

So, as nucleophiles the amines rearrange with aldoses to the amino ketoses
and with ketoses to the amino aldoses {Ledl, 1990). These products are rather
stable; under mild heating conditions the Maillard reaction stops at this stage.
These early Maillard reactions do not cause browning nor give flavour to the food
{Mauron, 1981).

Advanced Maillard reactions

Starting with the relatively stable Amadori compounds there are three main
pathways for the advanced Maillard reactions. In the first pathway the 1-amino-1-
deoxy-2-ketose enolizes in position 2-3 irreversibly and eliminates the amine from
C1 to form a methyl a-dicarbonyl intermediate {(Hodge, 1967}, which further reacts
to fission products like C-methyl-aldehydes, keto-aldehydes, dicarbonyls and
reductones (Figure 1.6).

The second pathway starts with the formation of a 1,2-enediol of the Amadori
compound by the elimination of the hydroxy group at C3, followed by deamination
at C1 and addition of one molecule water yielding the 3-deoxyhexosulose. After
dehydration flavour compounds like 2-furaldehydes {e.g. 5-hydroxymethyl-2-
furaldehyde, HMF) are formed (Hodge, 1967). Which of these two pathways
occurs is mainly determined by pH, a low pH favouring 1,2-enolization and a higher
pH 2,3-enclization. 'i'he 3-deaxyhexosones contain a a-dicarbonyl group on C1 and
C2 and the methyl o-dicarbonyl intermediate contains it at C2 and C3. Both types
of a-dicarbonyl intermediates may provide flavour compounds. These compounds
are also known as caramelization products of sugars. In the absence of amines 1,2-
enolization of the sugar results in the same transformation products; hut the
condensation with aminc compounds allows the enolization and elimination to take

place near neutral pH and at much lower temperatures {Hodge, 1967).
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The third reaction pathway is the Strecker degradation. This reaction involves
the oxidative degradation of amino acids by the a-dicarbonyls and other conjugated
dicarbonyl compounds formed during the above mentioned pathways 1 or 2.
Amino acids react with g-dicarbonyl compounds to form Schiff bases which enoclize
into amino acid derivatives that are easily decarboxylated. The new Schiff base
with one carbon less is then easily split hydrolytically into the amine and aldehyde,
which correspond to the original amino acid with one carbon atom less. Most of
the carbon dioxide evolved in the Maillard reaction originates from the carboxyl
groups of the amino acids. The amino ketones and aldehydes formed in the
Strecker degradation are very reactive: pyrazines are formed from the amino
ketones and they are well known as aroma compounds in roasted products. The
aldehydes and amino ketones also condense with themselves, furfurals or other
dehydration products to form melanoidins and pyrazines, well known as aroma
carriers of roasted products. During the later stage of the advanced Maillard
reaction a great number of heterocyclic compounds are formed, they are largely
responsible for the roasted, bready and nutty flavours in heated foods {Mauron,
1981). Because the formation of these aroma compounds at lower temperatures
seems to be less probable, these compounds ought to appear less frequently during
food storage and mild heat treatments {Baltes, 1982}. However, Patton {1955}
emphasized that there are substantial indications of the importance of the Strecker
degradation to the flavour of dairy products.

Kato et al. {1986, 1988, 1989) described also a pathway for the degradation
of the Amadori product. They investigated the amino-carbonyl reaction between
proteins and reducing and non-reducing sugars. Ovalbumin was used as a protein
and they investigated the reaction with glucose, mannose, galactose, talose,
lactose, 4-O-methyl-D-glucose, maltose, cellobiose, isomaltose and melibiose. They
found no large differences in the amino group decrease among these mixtures but
they did find remarkable differences in browning and protein polymerization.
Galactose and talose induced browning and cross-linking more strongly than
glucose and mannose did and lactose did induce them much less than glucose or
galactose did. The differences in the advanced Maillard reaction were explained by
the stability of the Amadori compound. Because 4-O-methyl-D-glucose reacted in
much the same way as lactose, it was suggested that the C-4 hydroxy group
{which is not available in lactose) plays an important role in the advanced stages
of the Maillard reaction. Cleavage between the C3-C4 bond is proposed as the
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mechanism. Melibiose and isomaltose also induced browning and polymerization
very strongly whereas maltose, cellobiose and lactose did not. This indicated that
the terminal pyranoside groups bonded at the C-4 hydroxy group of glucose retard

further degradation to brown compounds and polymers.

Final Maillard reactions

During the final stage of the Maillard reaction the brown melanocidins are
formed. These are polymerization products that are not dialysable and are
supposed to have a molecular weight above 1000. The structures of these
melanoidins are very complex and not much is known about the chemistry of the
formation of these polymers {Mauron, 1981).

Characterization of the Maillard reaction

The final Maillard reaction is easily recognized in foods, because of the
formation of melanoidins and aroma compounds. But when these reactions have
taken place, the Maillard reaction is already in a final stage and the food may be
spoiled. Also the presence of HMF merely shows that the Maillard reaction has
already occurred or that sugar containing, acidic solutions have been heated.
Therefore, it appeared necessary to detect the early stages of the Maillard reaction.
Proof of the presence of the initial, colourless Amadori compounds provides a
method to detect the early stages of the Maillard reaction and they may also
provide an indicator of the heat treatment. The furosine method is a method to

determine early Maillard products; this method is described later in this review.

1.2.1 Isomerization of lactose during heating of milk

Lactulose is absent in raw milk, and is formed during heat treatment. Much
research has been done on the formation of lactuiose {(4-0O-8-D-galactopyranosyl-D-
fructofuranose) during heat treatment. Lactulose was isolated by Montgomery and
Hudson {1930} from a solution of lactose in saturated limewater. They suggested

that it was formed by the LA-transformation of lactose (Figure 1.7).
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Figure 1.7 Lobry de Bruyn-Alberda van Ekenstein transformation of lactose into lactulose and
epilactose. Gal. = galactose moiety
Epilactose is also formed by the LA-transformation, but in much smaller amounts

than lactulose and is discussed in 1.2.3.

Lactulose was also suggested to be formed during the Maillard reaction (Adachi
and Patton, 1961).
Adachi (1956} isolated two glycosylamines after tryptic hydrolysis of

evaporated mitk and dried skim milk. He found one of them containing glucose and

galactose residues, the other galactose and a ketose sugar. He concluded that

lactose had

condensed with the e-NH, group of lysine residues to form a

glycosylamine. Part of the glycosylamine was transformed into lactulosyl-lysine via

the Amadori

rearrangement.
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Richards and Chandrasekhara (1960} identified compounds formed in skirn milk
powder during storage; these compounds are also known as products of the
alkaline degradation of lactose. As the decomposition of an amino-sugar complex
could cause the browning in the stored skim milk powder, but -according to these
authors- could not lead to the presence of compounds normally associated with the
alkaline degradation of lactose, they suggested that these degradation products of
lactose are not formed from an amino-sugar complex but by degradation of lactose,
catalysed by the free basic amino groups of casein. This can also be concluded
from results of Richards {19%56), who found that no sugar epimeres formed in a
"dry" glucose-glycine mixture under neutrat conditions. Such a degradation would
follow a sequence of reactions similar to that postulated by Corbett and Kenner

{1953} for the degradation of lactose with strong alkali (Figure 1.8).
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Figure 1.8 Degradation of lactose with strong afkali {Richards and Chandrasskhara, 1960}
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Lactose is epimerized to lactulose, and the fructose moiety of lactulose is further
degraded resulting in acidic products, while galactose is split off. The galactose
then partly epimerizes to tagatose, which can be degraded into trioses. Those
trioses can be oxidized to acids, for example lactic acid. The products formed are
very reactive and can react in the Maillard reaction to form brown components.
Richards (1963} found a close relation between the formation of 1-amino-1-deoxy-
2-ketoses and the degradation of free NH, groups in dried skim milk powder and
"dry" lactose-casein mixture. After 60 days at 45°C, the concentration of 1-amino-
1-deoxy-2-ketoses decreased, but without an increase of free amino groups.
Therefore, he concluded that the degradation did not take place by hydrolysis of
the amino-carbonyl compound. This is in agreement with Hodge {1955) who
concluded the sugar-amino linkage of the amino-carbonyl compound in general to
be stable to hydrolysis but the bond could be broken by dehydration resulting in a
free sugar group.

Effect of protein

Martinez-Castro et al. {1986) and Andrews and Prasad (1987) proposed that
the formation of free lactulose in heated milk proceeds exclusively by the LA
transformation, catalysed by the milk salt system. To study the effect of free e-
amino groups on the formation of lactulose, Olano et al. (1989} heated lactose in
huffer solutions containing variable amounts of N-g-acetyl-L-lysine. The lactulose
concentration decreased by adding increasing amounts N-g-acetyl-L-lysine; this is
the same result as found by Andrews and Praséd (1987} in concentrated milks.
Greig and Payne {198%5) showed that lactulose was formed mor e rapidly in
milk ultrafiltrate than in milk. They concluded that casein, or a component of
casein, inhibits the formation of lactulose. Andrews and Prasad (1987) compared
the lactulose formation during heat treatment in ultrafiltrate with that in milk
diluted with ultrafiltrate. They found the lactulose content of the ultrafiltrate to be
much lower than that of milk diluted with uitrafiltrate, suggesting that the milk
protein may have had a catalytic effect on lactulose formation. This is contrary to
the results of Greig and Payne (1985}. Calvo and Olano {1989} also heated ultra-
filtrate, milk and concentrate and found the lactulose concentration the highest
with the lowest protein concentration. The lactulose concentration increased with
increasing heat treatment and increasing pH. Andrews and Prasad (1987) showed

that an increasing amount of protein resulted in a decrease in lactulose
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concentration. So, a small amount of protein increased the lactulose level and
increasing amounts of protein reduced the lactuiose level, As the apparent
activation energies for formation of lactulose in milk (127.8 + 6.4 kJ/mol) and in
ultrafiltrate {131.0 + 2.5 kJ/mol} were almost the same, they concluded that
protein did not catalyse lactulose formation. They proposed that the decrease of
lactulose level found with the increase of protein concentration is due to increased
formation of the lactosyl-amino compounds which would reduce the substrate
concentration for lactulose formation. It can also be due to the condensation of
lactulose with an amino group, which would remove free lactulose from solution.
Or it may be a combination of both factors. From the results of Andrews and
Prasad (1987) two conclusions could be drawn: First, the fact that a considerable
amount of lactulose was found in heated ultrafiltrate indicates that the free amino
groups of milk protein are not a necessary catalyst for lactulose formation, as
Richards and Chandrasekhara (1960) suggested. However, it remains possible that
milk protein acts as a catalyst. Second, they concluded from their results that
lactulose is not formed as a result of hydrolysis of lactulosyl-lysine because this
would then be formed in greater amounts in concentrated milks. We feel that this
is not necessarily true, because a greater amount of protein possibly increases the
degradation of the formed lactulose. However, Andrews and Prasad {1987) did not
determine the formation of degradation products of lactulose; they did not even

mention the possibility of lactutose degradation.

Effect of pH and minerals

Adachi and Patton reported in 1961 that lactulose formation increased with rise
of the pH of the milk from 6.6 to 7.0. This is quite conceivable because the
isomerization of reducing sugars is favoured at higher pH values. This was also
suggested by Overend et al. {1961} who found that for simple sugars the
transformation from cyclic to reducible form {(open chain} was enhanced with
increasing pH. Martinez-Castro and Olano (1980) found the degree of isomerization
of lactose decreasing markedly at lower pH vaiues (6.0 to 6.5). Geier and
Klostermeyer {1383) also studied the influence of pH on the lactulose formation.
They adjusted raw skim milk with initial pH 8.70 to pH values between 6.59 and
6.72 prior to sterilization at 120°C for 10 min. They found a 28% decrease at pH
6.592 and a 9% increase at pH 6.72 compared to the lactulose formation in the

original milk. However, UHT milks with pH values in a similar range due to different
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pre-processing storage conditions of the same milk showed only slight differences
in the lactulose contents. Martinez-Castro and Olano {1980) found that addition of
Na,HPQ, caused a slight increase of lactulose formation, but this was probably due
to the rise of pH caused by Na,HPQ, addition.

Martinez-Castro et al. (1986} heated several buffer solutions containing 5%
lactose. Buffer solution A (Na,HPO,/NaH,PO,), B (Na,HPQ,/sodium citrate], C
(Simulated Milk Ultrafiltrate, SMUF} and D {(SMUF without CaCl, and MgCl,} were
made. After heat treatment of these solutions, lactulose, galactose and epilactose
had formed. Concentration and type of buffer seemed to have no influence, only
pH was a source of variation. With increasing pH, the formation of lactulose,
galactose and epilactose increased. When solution C was heated above 100°C a

precipitate containing calcium phosphate was formed:

Ca?* + H,PO-, - CaHPO, + H*

which partly redissolved on cooling {Nieuwenhuijse et al., 1988}. So, during heat
treatment of solution C the pH dropped, resulting in a iower content of lactulose
as compared to solutions A and B. In solution D no precipitation was cbserved and
more lactose was transformed than in solution C, but slightly less than in solutions
A and B. The concentration of lactulose formed in solution C was comparable with
that in milk, the concentration in solution D was considerably higher. Phosphates
and citrates are responsible for the buffer capacity of the solution and thus affect
the lactulose formation in an indirect way. Andrews and Prasad (1987} also
reported a catalytic effect of citrate and phosphate buffers on the formation of
lactulose, presumably by acting as bases. As the amount of lactulose formed in
solution C was in the range of the lactulose concentration in heated milk, Martinez-
Castro et al. (1986) suggested that most of the lactulose in heated milk is formed
through the LA-transformation of lactose due to the buffering of milk, as the
ahsence of protein in these systems did not seem to have any influence on the
lactulose formation.

Olano et al. {1987) also studied the effect of pH and calcium on the
isamerization of lactose during heat treatment of simulated milk ultrafiltrates. They

used two kinds of SMUF; one a normal Jenness and Koops buffer (SMUF-A) and
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one without CaCl, and MgCl, {SMUF-B}. After heat treatment, they found
lactulose, galactose and epilactose. The formation of lactulose increased with pH.
At pH > 7 a large effect was found, but pH values within the range found in
normal milk samples had only a small influence, if any. The lactulose formation in
SMUF-A was considerably less than in SMUF-B. This inhibiting effect of calcium
was also observed by Martinez-Castro et al. {19886). It was suggested that this
effect was caused by a drop of pH induced by precipitation of calcium phosphate
{Walstra and Jenness, 1984),

Effect of fat content

Andrews {1984) compared the lactulose formation in whole and separated milk
processed in the same UHT-plant. No large difference was apparent. Therefore, he
conctuded that the fat content of the milk did not have any influence on the lac-
tulose formation during heat treatment. Geier and Klostermevyer {1983} reported the
same results. This is in contrast with results by De Koning et al. {1990), who
studied the effect of the fat content on the properties of UHT-milk. They heated
milk with 1.5 and 3% fat (direct heat treatment for 2.5 and 15 sec at 145°C and
indirect heat treatment for 15 and 30 sec at 142°C). The lactulose content of the
heated milk with 3% fat appeared ta be 40-50% higher than the lactulose content
of UHT-milk with 1.5% fat. No explanation for this large unexpected effect of fat
was given. More recent (not yet published) resuits indicate that the presence of fat
reduces the heat load during UHT heating, possibly due to a turbulence depressing

effect of fat {van Boekel, 1982, private communication).

Effect of O,

The oxygen level also can play a role in the degradation of lactose during
heating of milk.

Isbell {1976) described a mechanism for the degradation of reducing sugars by
oxygen. The oxidation of D-fructose by oxygen in alkaline solution can be
described by four reaction paths. The 1,2-enediol of D-fructose yielded 77% of D-
arabinonic acid and formic acid and 10% of D-glyceric acid and formic acid; the
2,3-enediol yielded 5% of D-erythronate and glycolate and 5% glycolate and formic
acid. The remaining 3% of D-fructose was converted into saccharinic acids and
other products. However, Patton (1955} concluded from several studies on the role

of oxygen, that the browning of milk is independent of the oxygen level.
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The solubility of O, in water decreases with increasing temperature; at 100°C
it is only 0.76 mmol/l (BINAS, 1977). So, during heating at high temperatures, the
oxygen level probably does not play a very important role. Fink {1284) studied the
correlation between concentration of thiamin, lysin, ascorbic acid, free SH-groups
and oxygen level during starage of the milk. He found no influence of oxygen on
thiamin and lysin concentration, but found that in the presence of sufficient oxygen

ascorbic acid and free SH-groups were totally oxidized,

Reactivity of lactose and lactulose

Olano and Martinez-Castro (1981) compared the reactivities of lactose and
lactulose. Thay dissolved both disaccharides in aqueous salt solutions.
Considerable isomerization into other disaccharides was found in lactose solutions,
whereas formation of monosaccharides and loss of carbohydrates was more
significant in lactulose solutions. These results suggest that lactulose is mainly
degraded by B-eiimination and subsequent degradation (Figure 1.3} and that lactose
degradation seems to occur through previous transformation into lactulose by the

LA-transformation (Figures 1.2 and 1.7}.

1.2.2 Galactose formation

Richards {1963) stored dried skim milk and a "dry" lactose-casein mixture at
45°C and 75% R.H. He found a maximum galactose concentration after 50 days
storage (0.33 mmol galactose/g total N for skim milk powder and 0.50 mmol
galactose/g total N in the "dry" lactose-casein mixture}l. The galactose formation
was much higher than the lactulose and tagatose formation for both systems. In
dried skim milk, 0.035 mmol lactulose/g total N and 0.011 mmol tagatose/g total
N were formed and in "dry" lactose-casein mixture 0.015 mmol lactulose/g total
N and 0.006 mmol tagatose/g tatal N. This is contrary to the results of Corbett and
Kenner {1953), who found the formation of lactulose to be higher than that of
galactose, but this was under very different circumstances, because they estimated
the sugars after degradation of {actose in lime water. Richards {1963) dialysed
dried skim mitk (stored for 22 days} and a "dry" lactose-casein mixture (stored for
10 days} until no sugars were detected any more. Then he stored the dialysed and
subsequently freeze-dried materials again. After 10 days storage no sugars were

detected. After 31 days galactose was detected but no lactulose. The colour
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increased during storage {most for dried skim milk) and free HMF was formed {(0.46
gmol/g in dried skim milk and 0.18 gmol/g in "dry"” lactose-casein mixture}.

Two mechanisms were suggested to explain the formation of lactulose,
galactose and tagatose from lactose in milk:
1. Richards and Chandrasekhara (1960} postulated that these compounds are
formed by degradation of lactose catalysed by the free amino groups of casein.
2. Adachi and Patton {1961) postulated that lactulose is formed by the hydrolytic
degradation of the Amadori product of lactose-casein.
As Richards did not find any lactulose in the dialysed materials, he concluded that
lactulpse is probably formed only by the base catalysed degradation of lactose and
that galactose is formed both by the base catalysed degradation of lactulose and
by the breakdown of the protein-sugar complex. This may also explain why he
found more galactose than lactulose. Because he found a relationship between the
HMF and galactose concentrations (though not equimolar}, he postulated that
galactose is formed mainly by the breakdown of the 1-amino-1-deoxy-2-ketoses.

Olano and Calvo (1989) found that the galactose formation during heat
treatment of milk increased with increasing temperature and time. Calvo and Olano
(1989) studied the effect of the initial galactose concentration (35.2 to 45.6
amol/100 mil}. They found that in this concentration range the galactose
concentration did not affect the amount of galactose presentin heated milks. They
found that galactose formation also increased with increasing pH. When milk,
ultrafiltrate and concentrate were heated, galactose concentration increased with
protein concentration and with heat treatment, whereas the lactulose concentration
was highest at the lowest protein concentration. They presumed that part of the
galactose originated from the reaction of lactose with the free amino groups of
lysine followed by the further degradation of lactulosyl-lysine formed. But when
they added free g-acetyl-lactulosyl-lysine to milk, the amount of galactose formed
after heat treatment did not increase. However, lactulosyl-lysine in milk is bound
to casein and g-acetyl-lactulosyl-lysine is a low-molecuiar weight compound. When
they heated galactose solutions in the presence of casein and whey proteins, the
degradation of galactose was reduced as compared to the degradation of galactose
in SMUF. In a model solution containing proteins heated in the absence of lactose,
no galactose was formed. Olano et al. (1982) estimated the galactose, epilactose
and lactulose contents after heat treatment of a lactose buffer solution with

variable amounts of N-a-acetyl-L-lysine. They found an increase in galactose and

21



epilactose concentration when 1.28 mmol/100 ml was added to the buffer, but the
formation of these sugars was reduced on further addition of N-g-acetyl-lysine.
This is similar to the effect of protein concentration on the lactulose formation as
found by Andrews and Prasad (1987). Olano et al. (1989) reported an increase of
the galactose concentration with severity of heating (e.g., 69.4 ymol/100 ml at 4
s 140°C and 117.7 ymol/100 ml at 20 min 120°C). As the glucose concentration
remained almost unaltered (about 0.12 mmol/l), they concluded that most of the
galactose must have been formed through degradation of the reducing group of
lactose, resulting in saccharinic acids and galactose according to Corbett and

Kenner (1953). However, they did not determine saccharinic acids experimentally.
1.2.3 Formation of epilactose

Epilactose is a disaccharide formed from lactose by isomerization via 1,2-
enaglization (Figure 1.7}. Martinez-Castro and QOlano (1980) isolated an unknown
disaccharide from the reaction mixture obtained after epimerization of lactose. Acid
hydrolysis of the unknown disaccharide resulted in a hexose mixture with equal
quantities of galactose and mannose. The disaccharide was assigned to be
epilactose (4-_O-ﬁ-D-gaIactopyranosil-D-mannopyfanose}. In milk the isomerization
of lactose into lactulose and epilactose increased with pH, but the
lactulose/epilactose ratio also increased with pH {from 6.0 at pH 6.6 to 11.2 at pH
7.5 at 120°C). Olano et al. {1989) found epilactose in all samples of in-container
sterilized milks, and no epilactose was detected in dried, pasteurized or UHT milk.
Hence they concluded that epilactose determination could be a suitable procedure
to distinguish UHT from sterilized milks. Olano and Calvo {1989} studied the
kinetics of epilactose formation. They found concentrations varying from 0.03-1.0
mmol/l after heating times varying from about 1700 s at 100°C to 600 s at
150°C. They suppased that formation of epilactose was a first order reaction.

1.2.4 Formation of formic acid
During heat treatment of milk formic acid is formed. There is very little recent
literature on this subject. Nef (Nef, 1907} postulated that in alkaline solutions of

D-glucose and D-galactose a series of enediols is formed, the 1,2-, 2,3- and 3,4-

form. From the 3,4-enediol pyruvic aldehyde is formed. At lower temperatures and
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lower alkalinity pyruvic aldehyde is degraded into formic and acetic acid, at higher
temperatures and alkalinity into lactic acid. If the 1,2-enediol is spiit at the double
bond, formaldehyde and the appropriate pentose are formed. Formic acid is formed
from the formaldehyde, so both the 1,2- and the 3,4-enediol are sources of formic
acid (Evans et al., 1926}.

Whittier and Benton {1927} studied the formation of acid in milk by heating.
They continued heating after coagulation had taken place and found that the
hydrogen ion concentration continued to follow the same curve after precipitation
of the casein. They concluded that the source of the acid is a constituent of the
serum. Investigators of the mechanism of sugar oxidation have found that lactose
is very easily oxidized {Whittier and Benton, 1927). Under weakly oxidizing
conditions formic acid is always one of the acids produced. Levulinic acid is
characteristic of acid oxidations of lactose, saccharinic acids of alkaline oxidations.
When 5% lactose was added to skim milk practically twice as much acid was
produced as in heated normal skim milk. If solutions of 5% lactose containing the
same concentrations of total phosphate, total citrate and of hydrogen ions as are
present in normal milk were heated, the changes in hydrogen ion activity and
acidity were very similar to those in milk under the same time and temperature
conditions of heating (Whittier and Bentan, 1927). They concluded that lactose
was the principal source of acid formed in heated milk. When lactose was replaced
by sucrose no acid was produced. The loss of lactose was sufficient to account for
more than four times the amount of acid formed.

Gould (1948a) found the acidity produced in whey about one ninth as
compared to milk under similar heating conditions. From these results he concluded
that removal of the casein and the minerals associated with the casein {they
probably meant micellar calcium phosphate) greatly reduced the heat production
of acid. The lactic acid created was less than 5% of total acid produced.

Kometiani {12€31) found the formation of formic acid in heated milk to
represent about 20-25 percent of the total lactose loss. After 3 hours at 100°C,
4.8 mmol/l was found and after 30 min at 126°C, 9.1 mmol/l. He also found the
amount of lactic acid formed to be four to five times the amount of formic acid and
together they account for the totat loss of lactose.

Gould {1945b) measured the amount of formic acid obtained from the distillate.
He found 2.8 to 3.4 mmol/l for skim milk heated at 116°C for two hours. The
formic acid represented 80-85% of the total volatile acidity.
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Gould and Frantz {1948) found 2.2 mmol/l for milk heated 1 hour at 116°C
and 4.7 mmol/l for milk heated 2 hours at 116°C. They concluded that the distil-
lation procedure is not a highly quantitative method as they found a recovery of
66.5%. They also found the proportion of formic acidity to titrable acidity larger
when the heating time progressed. This may be due to a relatively larger
production of formic acid than other acids or to lesser so-called "non-acid”
changes; these are changes which may affect the titrable acidity, not necessarily
involving organic acid production. Salt changes, for example, may occur early
during the heating period and these changes may affect the acidity.

Patton (1950b) described the possible mechanism of the degradation of lactose
into formic acid and furfuryl alcohol (Figure 1.9} at pH 6-8; at pH-values below 6,
HMF is supposed to be formed without formic acid.

Patton and Flipse (1957) added lactose-1-C'* to condensed skim milk to
investigate the degradation products of lactose during heat treatment (4 hours at
121°C). They found radioactivity in maltol and formic acid but not in furfuryl
alcohol; this means that furfuryl alcohol is derived from carbon atoms 2 to 6 of the
glucose moiety of lactose and the formic acid from carbon 1.

Morr et al. {1957) described a chromatographic method to analyse acids. The
recovery of formic acid was still poor; 59.2%. After six hours heating of skim milk
at 100°C about 75% of the acid formed was identified as formic acid. The
formation of acetic and formic acids was closely related to browning. They
measured the formation of formic acid in normal skim milk and in phosphate-
treated (0.5 % disodium phosphate was added just prior to heating) skim milk. The
phosphate-treated samples exhibited acid concentrations that were two to three
times that of the normal skim milk samples {especially in the case of formic, acetic
and lactic acid).

Marsili et al. {1981) developed a high performance liquid chromatography
(HPLC) method to determine organic acids. The recovery of formic acid was about
98%. The method is well suited to the analyses of organic acids in dairy products.
We used this method in the present study.
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Figure 1.9 Formation of formic acid and furfuryl alcohaol from lactose according to Patton

(1950b}

1.2.5 Formation of HMF

One of the compounds involved in browning is 5-hydroxymethyl-2-furfural
{HMF). Formation of HMF in the Maillard reaction is described by Hodge (1967);
HMF is formed from the 1,2-enediol {Figure 1.6}. Patton (1950a) studied the
formation of HMF in heated skim milk, in model systems containing lactose and
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glycine and in model systerns containing lactose, glucose or galactose and casein.
They found HMF formation during heating of all these systems. They also heated
a control sample containing lactose without protein, and this solution showed only
little discoloration and no HMF could be recovered. So, they concluded that the
conversion of lactose into HMF is facilitated by the presence of glycine, casein or
heat degradation products of casein, and that HMF formation is associated with
browning in these systems. Further research of Patton (1950b} showed the
impartance of pH and buffer capacity of the heated systems. Condensed skim milk
and weakly alkaline lactose solutions produced both HMF and furfuryl alcohol,
acidified condensed skim milk and neutral or acidic lactose systems yielded HMF
but no furfuryl alcohol. Their findings also showed that both HMF and furfuryl
alcohol are produced in pure lactose solutions having the required pH and buffer
capacity. In milk various protein groups and salts create such conditions.

Lee and Nagy (1990) studied the relative reactivities of sugars in the formation
of HMF in sugar-catalyst model systems. As fructose is less stable than glucose
at pH 3.5 and enolizes faster than glucose, it is five times more reactive. The rate
of HMF formation from sucrose was less than from fructose but more than from
glucose, which is probably due to the fructose portion of sucrose. The sucrose, a
nonreducing sugar, is first hydrolysed to the reducing sugars. They aiso studied the
effect of acids, minerals and amino acids on the formation of HMF from fructose,
glucose and sucrose. Three amino acids were used; alanine, aspartic acid and y-
aminobutyric acid. The rate of HMF formation from glucose or sucrose was slightly
enhanced by the presence of amino acids. The fermation of HMF from fructose did
not change with addition of amino acids. It was suggested that the catalytic
effects of amino acids were less important to fructose because it contained a high
percentage of the acyclic form.

A lot of research is dane on the guestion whether or not HMF is a suitable
indicator of the heat treatment applied. Konietzko and Reuter {(1986) studied the
total HMF formation in UHT mitk and concluded that it can be used as a parameter
for control of the heat treatment applied to the milk. Investigations of Fink and
Kessler (1986) showed that HMF could be measured simply and rapidly and that
the HMF value was well suited for distinguishing between UHT milk and sterilized
milk. Fink and Kessler {1988) compared four parameters that may be suitable as
indicators for control of the heat treatment; lactulose, HMF, coiour and serum

protein denaturation. They found HMF value and lactulose concentration to be the
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most suitable, but, as lactulose determination {enzymatically) was rather slow and
HMF value determination was cheap, easy and quick, this appeared to be the most
useful method to estimate the severity of heat treatment of milk and to distinguish
between UHT milk and sterilized milk. Dehn-Mdller et al. {1988) found the HMF
method to be a useful alternative for the expensive and difficult furosine method,
which is discussed later in this review,

Kind and Reuter {1990) reported the suitability of HMF values for detecting the
heat treatment of UHT milks to be limited, because they also found a HMF content
in the raw milk, which is not constant and because they found the temperature-
time-conditions of commercial UHT plants are partly in a range in which formation
of HMF is non-linear with time.

It remains a problem, however, how HMF contents can be quantitatively related
to the Maillard reaction. Dehn-Mdiller et al. (1988) found a fairly good correlation
between furosine and HMF concentrations in UHT milk. From the furosine con-

centration the losses in available lysine can be calculated (Erbersdobler, 1986).

1.2.6 Maillard reaction in milk

Patton and Flipse {1953) showed that heating of casein and lactose-1-C** in
milk resulted in an amino-carbonyl complex in which C'* activity was found. This
complex was recovered by exhaustive dialysis and degraded by further heat
treatment. Lactose was not found after degradation, but a slightly brown calour
was formed, suggesting that the complex was destroyed without regeneration of
lactose,

Nielsen et al. (1963) also added lactose-1-C'* to fresh skim milk before heating.
After heating and exhaustive dialysis they also found radioactivity in the protein
fraction. This indicated that a relatively large molecule had been formed in which
lactose had participated.

Turner et al. (1978) studied the interaction of lactose with proteins in model
systems and skim milk during UHT processing. They found that casein incorporated
five to six times the amount of C'* as compared to a-lactalbumin or g-lactoglobulin.
This cannot be explained by the primary structure of the proteins. Probably the
accessibility of the lysyl residues is different for the various proteins. Studying the
incorporation of C'*-lactose into skim milk proteins showed the radioactivity

associated with x-casein to be much more {65%} than the radioactivity associated

27



with B-casein and a,,-casein. It was suggested that the greater incorporation of
lactose in x-casein also results from differences in accessibility of the reactive lysyt

group (Turner et al., 1978).

Furosine

The evaluation of the extent of the Maillard reaction in milk has always been
a problem. Proof of the presence of initial Amadori products would be a method
which recognises the early stages aof the Maillard reaction. For milk, the general
method until about 1980 was measurement of HMF or was based on the
measurement of available or reactive lysine (Hurrell et al., 1979). Finot et al.
{1981) described a method based on the measurement of the Amadori compound
lactulosyllysine, which is a biologically unavailable molecule formed from lactose
and lysine. Lactulosyllysine is analysed by means of the so-called furosine method.
During acid hydrolysis of the miltk sample, furosine is formed from lactulosyllysine,
and it can be determined by amino acid analysers and by HPLC (Erbersdobler,
19886). Finot et al. (1981} found the furosine method an excellent tool to measure
the blocked lysine and thus the Maillard reaction in milk. However, a problem in the
determination of furosine is the fact that there is until now no commercially
available, stable and pure standard. Erbersdobler {1986} stated that furosine is
formed out of protein-bound fructoselysine at a constant level of 40% (Figure
1.10}. The furosine concentration was calculated from the peak area using the
response factor for arginine as comparison, as arginine is the closest amino acid
to furosine in the amino acid chromatogram, and an additional factar of 0.9 was
introduced. So a conversion factor of 0.36 for the formation of furosine was
assumed. This factor has also been estimated by others and varied from 0.29 to
(.36. The method using a amino acid analyzer is rather complicated and not really
reliable as the furosine concentration in the milk is not determined on the basis of
a pure furosine standard.

Chiang {1983} described a simple HPLC procedure for determination of
furosine, but again quantification is a problem.

Resmini et al. (1990} described a direct HPLC method to determine furosine in
milk and dairy products. They used 2-acetylfuran as external standard for routine
quantification purposes. The response factor of 2-acetylfuran was found to be
comparable to that of furosine. If their results are correct, the data reported till

now, obtained by ion exchange chromatography and gas liquid chromatography
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using traditional amino acids as standard, are underestimated at least by a factor
of 2.

However, we feel that the furosine method is not yet adequate to determine
lactulosyllysine, for two reasons. One reasan is that the response factor of furosine
in the chromatogram can not be determined accurately enough; the second reason
is that the conversion factor of furosine content to lactulosyllysine concentration
was found to vary substantially (Erbersdobler, 1986).

Henle et al. {1991a) also described a method to determine furosine, pyridosine,
lysinoalanine and common amino acids by amino acid analysis. The furosine and
pyridosine contents were calculated by taking standards of lysine and arginine,
respectively, as references, They found a ratio of furosine to pyridosine different
from previously published values. Henle et al. {1991b) also described a new
method for the determination of modified and unmaodified lysine in heat-treated milk
products. This method is based on the direct measurement of enzymatically
released lactulosyllysine as well as lysine, after complete enzymatic hydrolysis, via

ion exchange chromatography. The lactulosyilysine contents were calculated by

lactose + lysine - R

|

lactulosyllysine -R

acid oxidative
hydrolysis cleavage
(78 M HCI)
;R
R- -[lH—NH CIUOH
O¢cH -
stne (I 2), HC-OH
|N| CH | r’»}H HIC— CH
o R " o
0 :
v 0 lysine COOH erythronic
pyridosine furosine carhoxymethyllysine acid

Figure 1.10  Initial steps of the Mailfard reaction with the formation of furosine (after hydrolysis
with 7.8 M HCI} as well as of N-e-carboxymethyllysine (CML) and erythronic acid
{Erbersdobler and Dehn-Midller, 1989}

taking a standard of lysine as reference. They suggested that the method might
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serve as an alternative procedure to the furosine method, as the latter may ilead to

a significant under-estimation of lysine damage.

Carboxymethyilysine

Buser and Erbersdobler (1986} found a new peak in the gas liquid
chromatogram of hydrolysed milk and identified it as N-e-carboxymethyllysine
{CML]}. They found a goad linear correlation with an average ratio of 1:3 between
CML and furosine in several milk products. However, this ratio is not always
constant and conditions for the formation of CML seem to depend on oxidative
processes and on the presence of glycosylated lysine (Bliser and Erbersdobler,
1986). CML is formed by oxidative cleavage of fructoselysine into erythronic acid
and CML (Figure 1.10), and it seems to be an interesting indicator of heat damage,
as the formation of CML increased with increasing heat treatment (Erbersdobler
and Dehn-Miller, 1989). Badoud et al. {1990) described the use of CML to
measure tha blockage of free e-amino groups of tysine residues, which is important
from a nutritional point of view. The protein-bound Amadori compounds were
degraded with periodic acid to release CML upon acid hydrolysis. CML was
quantified by reversed-phase HPLC after precolumn derivatization. Lidemann and
Erbersdobler (1990) measured the formation of CML and fructoselysine
(fructoselysine by means of the furosine method) in various model systems. They
concluded that CML may be helpful in characterising heat damage, namely by
detecting oxidative influences. CML is more heat resistant than fructoselysine and,

thus, can also be used as an indicator of severe heat damage.

Ames mutagenicity assay

Ekasari et al. (1986} found that heat treatment of orange juice induced
mutagenicity under special conditions. The mutagenicity was dose related and
related to the time of heating. They ascribed the mutagenicity to the early Maillard
products and suggested the use of the Ames test as a measurement for the heat
damage of orange juice. Following Ekasari et al. (1986), we studied whether the
hacterial mutagenicity assay of Ames could also be used as a method to measure
the extent of the early Maillard reaction in milk (Berg et al., 1920). However, no
mutagenic response was found in heat treated milk or model solutions of lactose
and casein and lactose and lysine. One of the reasons is that casein appears to be

a very effective antimutagenic agent. However, since also no response was found
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