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Abstract

Brands, C. M. J. (2002). Kinetic modelling of the Maillard reaction between proteins and
sugars. Ph.D. Thesis, Wageningen University, The Netherlands. 127 p.

Keywords: Maillard reaction, sugar isomerisation, kinetics, multiresponse modelling, brown
colour formation, lysine damage, mutagenicity, casein, monosaccharides, disaccharides,

aldoses, ketoses

The aim of this thesis was to determine the kinetics of the Maillard reaction between
proteins and sugars, taking into account other simultaneously occurring sugar reactions.
Model systems of foods, consisting of the protein casein and various sugars in a buffered
solution, were studied. The reaction conditions were varied, covering relevant heating
conditions for foods. The kinetics of the reactions were studied by means of multiresponse
modelling.

The main reaction routes that were established in heated sugar-casein systems were (i)
isomerisation of the aldose sugars inte ketose sugars and vice versa, (ii) degradation of the
sugar into carboxylic acids and unidentified products and (iii) the Maillard reaction between
the sugar (degradation products) and the protein. In the Maillard reaction, the aldose sugars
(like glucose and lactose) reacted with the e-amino group of lysine residues of the protein to
form the Amadori product. Under the conditions studied in this thesis (90-130°C; pH 6.8) it
was shown that ketose sugars (like fructose and lactulose) themselves were not reactive in the
Maillard reaction. Therefore, the expected Heyns compound could not be detected. The
degradation products of the sugars and Amadori products reacted in the Maillard reaction
with either the e-amino group of the lysine residues or the guanidine groups of the arginine
residues of the protein to form the brown-coloured melanoidins. The Maillard reactivity of the
sugar degradation products was found to be much higher than that of the aldose sugars
themselves. The formation of these reaction intermediates was, however, highly temperature
dependent. The reaction mechanism of disaccharide sugars was roughly in accordance with
" that of monosaccharide sugars, with the difference that some sugar degradation pathways
were hindered by the glycosidic bound sugar while others were favoured.

The multiresponse modelling approach as used in this thesis appeared to be a very
powerful tool to unravel complicated reaction routes as occur in the Maillard reaction. The
observed differences in reaction mechanism and reaction rate between the various studied
sugars can be used to direct food quality aspects like browning, loss of nutritive value due to

lysine damage and formation of mutagenic compounds.
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Chapter 1

1.1 Introduction

Many foods are heated while they are processed. This causes many changes and has a large
impact on quality. Quality can be defined as ‘product performance that results in customer
satisfaction and freedom from deficiencies, which avoids customers dissatisfaction’ (Juran,
1990). Attributes that influence quality perception of foods involve product safety, nutritional
value, sensory properties (taste, flavour, texture and appearance), shelf life, convenience and
product integrity. A reaction that is of utmost importance during heating and storage of foods
because of its contribution to food quality is the Maillard reaction. The reaction products are
significant in foods since they are responsible for the development of flavour and colour,
which may be desirable or undesirable, depending on the type of food. The Maillard reaction
can also result in loss of nutritive value, the formation of mutagenic compounds and the
development of compounds with antioxidant properties (Ames, 1992).

The Maillard reaction is a very complex reaction. To make it even more complex, the
reducing sugars that react in the Maillard reaction are also subject to isomerisation and
degradation reactions. These reactions affect in turn the Maillard reaction. In order to be able
to control the Maillard reaction, and therefore partly the quality of foods, it is necessary to
study the reactions of interest quantitatively. Since these reactions are not simple, but

interrelated and complex, kinetic modelling is necessary (Van Boekel, 2001}.

1.2 The Maillard reaction

The Maillard reaction is a type of non-enzymatic browning which involves the reaction of
carbonyl compounds, especially reducing sugars, with compounds that possess a free amino
group, such as amino acids and proteins. The first step of the reaction is followed by a
cascade of reactions, which make the Maillard reaction a complex network of chemical
reactions. The Maillard reaction is traditionally divided into three stages: the early, advanced
and final Maillard reaction (Mauron, 1981).

The scheme of the Maillard reaction as proposed by Hodge in 1953 (Figure 1.1) is still
widely used. In essence, it states that in the early stage of the Maillard reaction, an aldose
sugar, like glucose, condenses with a compound possessing a free amino group to give an N-
substituted glycosylamine (A). This condensation product rearranges (B) to form the so-called
Amadori product (l-amino-1-deoxy—2—kétose). In many foods, the g-amino groups of the

lysine residues of proteins are the most important source of reactive amino groups. Due to

blockage in the Amadori product, these lysine residues are no longer available for digestion
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Figure 1.1 Scheme of Maillard reaction pathways according to Hodge (1953).

anck consequently the nutritive value decreases. In the advanced stage of the Maillard reaction,
the Amadori compound is broken down (C and D). The degradation pathway of the Amadori
product is dependent on the pH of the systern. At low pH, it undergoes mainly 1,2-enolisation
with the formation of 5-hydroxymethylfurfural (HMF). At higher pH, the degradation of
Amadori compound is thought to involve mainly 2,3-enolisation, where a variety of fission
products, such as short chain carbonyls, dicarbonyls, and reductones are formed. The reaction
products include severat flavour compounds. Another pathway occurring in the advanced
stage of the Maillard reaction is the Strecker degradation (E), which involves the reaction of
a-amino acids (but not with proteins) with a-dicarbonyl compounds to yield aldehvdes and

carbon dioxide. In the final stage of the Maillard reaction, reaction products condense with
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amino compounds (G) and form high-molecular weight compounds, the melanoidins, which
are mainly responsible for the brown colour. In this stage also, proteins are crosslinked to a
considerable degree, which has an impact on structure and functional properties of proteins.

According to the scheme of Hodge, the key step in the early Maillard reaction is the
Amadori rearrangement, a step which involves the transition from an aldose to a ketose sugar
derivative, It is supposed that in the reaction between ketoses (fructose) and amino groups the
formation of ketosylamines is followed by the Heyns rearrangement to form 2-amino-2-
deoxyaldoses (Reynolds, 1965).

More recently, Tressl et al. (1994) have given a new perspective to the Maillard reaction
mechanism (Figure 1.2). They proposed a mechanism which involves reaction pathways in
which not the Amadori compound, but the deoxyhexosuloses (3-deoxyaldoketose, 1-deoxy-
2 3-diketose and 4-deoxy-2,3-diketose) are the key intermediates. The reaction of the sugar
via the 3-deoxyaldoketose route is favoured at lower pH and leads to formation of brown
coloured compounds. At higher pH the 1-deoxy-23-diketose and 4-deoxy-2,3-diketose

reaction routes are favoured, which lead mainly to flavour formation.
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Figure 1.2 Scheme of Maillard reaction pathways according to Tressl et al. (1994).

To facilitate the study of the complex pathways of the Maillard reaction Yaylayan (1997)
developed a conceptual representation of the processes occurring during the reaction (Figure

1.3). Propagation of the Maillard reaction was described by the formation and interaction of
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the so-called chemical pools generated from specific precursors. The pools that are formed
from the decomposition of the sugar, amino acid and Amadori or Heyns products are termed
primary fragmentation pools. Further reactions among the populations of these pools lead to
interaction pools. These interaction pools generate high and low molecular weight end
products. This claggification system could also be used to consolidate and categorise the

scattered information available in the literature.
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Figure 1.3 Conceptual representation of the Maillard reaction according to Yaylayan (1997).

1.3 Sugar degradation

Another type of non-enzymatic browning occurring during heating is caramelisation, a
complex process in which sugar reaction products condense and form brown coloured
macromolecules. Although the Maillard reaction as a sugar-amine reaction should be
distinguished from the caramelisation reaction -occurring when pure sugars are heated, similar
reactions can be observed. Many chemical reactions that occur in pure sugars only at very
high temperature or strongly alkaline conditions take place at much lower temperature and
neutral pH once they 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
Lobry de Bruyn-Alberda van Ekenstein transformation. This isomerisation via the enolisation

reaction, which is a reversible reaction, is accompanied by an irreversible transformation of
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the sugars into carboxylic acids, generally known as the alkaline degradation reaction (Figure
1.4) (De Bruijn, 1986).
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Figure 1.4 Reaction scheme of the alkaline degradation reaction (1=[-elimination; 2=benzilic acid

rearrangement; 3=a-dicarbonyl cleavage; 4=aldolisation} according to De Bruijn (1986).

1.4 Kinetic modelling

Since the sugar reactions occur simultaneously with the Maillard reaction and the sugar
reaction products take subsequently part in the advanced Maillard reaction, the Maillard
reaction becomes very intricate. In order to be able to control the Maillard reaction, and
thereby the quality of foods, it is necessary to study the reactions of interest quantitatively as a
function of time and temperature.

Trying to describe the changes of a compound (either a reactant or a reaction product) in

time with zero-, first- or second-order reactions is too simplistic. The observed reaction rate
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constant will reflect a mixiure of many elementary rate constants. This simple kinetics
approach is only a mathematical fit procedure and does not give any mechanistic insight. For
kinetic modelling of complex reactions, a new approach was therefore introduced, called
multiresponse modelling. The basic idea is to take into account as many responses as possible
at once, as opposed to only one response. By applying multiresponse modelling, more
realistic models and more accurate parameter estimates (namely of rate constants and
activation energies) will be obtained and this ultimately means better control of food quality
(Van Boekel, 1998).

1.5 Aim and outline of thesis

The aim of this thesis was to determine the kinetics of the Maillard reaction between proteins
and sugars, taking into account other simultancously occurring sugar reactions. Because foods
may contain various sugars, several sugars were compared in their reaction behaviour.
Proteins are vsually the most important source of reactive amino groups in foods. Caseins
were studied in this thesis because they do not denature and do not cause problems with
precipitation during prolonged heating. The temperature range chosen was from 90-130°C,
thus covering relevant heating regimes for foods.

In Chapter 2 of this thesis, the identification and quantification of the main reaction
products that were formed during heating of monosaccharide-casein model systems is
described, as well as the main reaction pathways that were established. Furthermore, a model
for the reaction mechanism is proposed. Since no conventional techniques were available, a
relatively new technique was vsed to quantify the brown-coloured melanoidins. The results of
this study are reported in Chapter 3. The purpose of Chapter 4 was to study the kinetics of the
reactions occurring during heating of monosaccharide-casein systems, starting with the
kinetic model developed in the second chapter and vsing the multiresponse approach. The
effect of heating temperature, pH, reactant concentration and type of sugar were studied and
the results were used to test the kinetic model very rigorously. In Chapter 5 a kinetic model
for reactions in disaccharide-casein systems is proposed and tested. In the Maillard reaction
mutagenic compounds might be formed. Chapter 6 reports a study on the mutagenicity of
heated sugar-casein model systems. In Chapter 7 the results of this thesis and their

significance for food quality will be discussed in a general discussion.
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Reactions of monosaccharides during heating of
sugar-casein systems: building of a reaction
network model

Abstract

The Maillard reaction is important during heating and processing of foods for its contribution
to food quality. To control a reaction as complex as the Maillard reaction it is necessary to
study the reactions of interest quantitatively. In this paper the main reaction products in
monosaccharide-casein systemns, which were heated at 120°C and neutral pH, were identified
and quantified, and the reaction pathways were established. The main reaction routes were (i)
sugar isomerisation, (ii) degradation of the sugar into carboxylic acids and (iii) the Maillard
reaction itself, in which the sugar itself but also its reaction products react with the e-amino
group of lysine residues of the protein. Significant differences in reaction mechanism between
aldose and ketose sugars were observed. Ketoses seemed to be more reactive in the sugar
degradation reactions than their aldose isomers, and whereas the Amadori product was
detected as Maillard reaction intermediate in the aldose-casein system, no such intermediate
could be found in the ketose-casein system. The reaction pathways found were put together

into a reaction network model, which will be evaluated by kinetic modeling in a subsequent

paper.

Carline M. J. Brands and Martinus A. J. 8. van Boekel. Journal of Agricultural and Food Chemistry
2001, 49, 4667-4675.



Chapter 2

2.1 Introduction

Heating is a frequently used process in the food industry to obtain safe products with a
prolonged shelf life. Heat is also used to improve the sensory properties of food. However, it
may also cause changes that decrease food quality. Many desired but also undesired effects of
heating are due to the Maillard reaction.

The Maillard reaction is a type of non-enzymatic browning which involves the reaction of
carbonyl compounds, especially reducing sugars, with compounds that possess a free amino
group, such as amino acids and proteins. The reaction products are significant in foods since
they are responsible for flavour and colour, which may be desirable or undesirable depending
on the type of food. The Maillard reaction can also result in nutritional damage, the
development of components with antioxidant properties (Ames, 1992) and in the formation of
mutagenic and antimutagenic compounds (Brands et al., 2000). The Maillard reaction is
actually a complex network of chemical reactions, which is traditionally divided into three
stages: the early, advanced and final Maillard reaction. The early Maillard reaction between an
aldose sugar and an amino group leads to the formation of the Amadori product as a relatively
stable intermediate. The Heyns compound is supposed to be formed as the analogous
compound when a ketose sugar is the starting sugar. In many foods, the s-amino groups of the
lysine residues of proteins are the most important source of reactive amino groups. Due to
blockage in the Amadori product, these lysine residues are no longer available for digestion
and consequently the nutritive value decreases. In the advanced Maillard reaction the Amadori
product is broken down into numerous fission products. In this stage flavour compounds are
formed. In the final stage of the Maillard reaction, reaction products condense with amino
compounds and form high-molecular weight compounds, the melanoidins, which are mainly
responsible for the brown colour (Mauron, 1981). In this stage also, proteins are crosslinked to
a considerable degree (Pellegrino et al., 1999).

Another type of non-enzymatic browning occurring during heating is caramelisation, a
complex process in which sugar reaction products condense and form brown coloured
macromolecules (without nitrogen). This caramelisation reaction is preceded by sugar
isomerisation and sugar degradation reactions. Monosaccharides in aqueous alkaline medium
undergo both reversible and irreversible transformations (De Bruijn et al., 1986). The
reversible reactions include (i} ionisation, resulting in an equilibrium of neutral and ionised
monosaccharides, (i} mutarotation, resulting in an equilibrium of the different cyclic hemi-

acetal structures of monosaccharides and (iii) enolisation, resulting in the transformation of

10




Monosaccharide-casein reactions

interconvertible monosaccharides. The isomerisation via the enolisation reaction is known as
the ‘Lobry de Bruyn-Alberda wvan Ekenstein transformation’ (Speck, 1958) and is
accompanied by (iv) irreversible transformation of the monosaccharides into carboxylic acids,
generally known as the alkaline degradation reaction. According to Berg and Van Boekel
(1994), the degradation products of lactose found in heated milk appeared to be mostly the
same as those mentioned in the degradation route of monosaccharides in alkaline medium.
This means that the described sugar reactions not only occur in alkaline medium but also take
place at neutral pH (the pH of milk is approximately 6.7).

Sugar 1somerisation and degradation reactions were reported to be much more important
from a quantitative point of view than the Maillard reaction (Berg and Van Boekel, 1994; Van
Boekel, 1996). Since these sugar reactions occur simultaneously with the Maillard reaction
and the sugar reaction products take subsequently part in the Maillard reaction, the Maillard
reaction becomes even more intricate. In order to be able to control the Maillard reaction it is
necessary to study the reactions of interest quantitatively.

The objective of this paper was to identify and quantify the main reaction products in
heated monosaccharide-casein systems and to establish the main reaction pathways. Glucose
and galactose (aldose sugars) and fruclose and tagatose (ketose sugars) were the studied
monosaccharides. In this paper a model for the reaction mechanism will be proposed,
amenable to quantitative purposes. A subsequent paper will deal with the kinetic analysis of

the reactions.

2.2 Materials and methods

2.2.1 Chemicals

All chemicals were of analytical grade. Glucose, fructose and galactose were supplied by
Merck (Darmstadt, Germany). Fluka Chemie (Buchs, Switzerland) supplied tagatose. Sodium
caseinate (a spray-dried powder) was obtained from DMV (Veghel, the Netherlands)

containing 90% protein.

2.2.2 Preparation of reaction model systems

Sodium cascinate (3% w/w) and sugar (150 mM monosaccharide) were dissolved in a
phosphate buffer (0.1 M; pH 6.8) to give a molar ratio of sugar to lysine residues of 10:1. The

samples were heated for various times (0 — 40 min) at 120°C in an oil bath in screw-capped
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glass tubes (Schott, 16 x 160 mm). The chosen heating temperature corresponds to
sterilisation temperatures usually used in the food industry. The reported heating times include
the heating up period of about 2 - 3 minutes. After a given heating time, samples were cooled
in ice water, prior {0 analysis. The reaction mixtures were heat-treated and analysed in al least

two-fold.

2.2.3 Analyses of sugars and organic acids

After heating, sugars and organic acids were separated from the protein via Sephadex G25
disposable columns (NAP-25, Pharmacia, Uppsala, Sweden). A sample of 1 ml was brought
on the column and was eluted with 10 ml of water. The last 6 ml, containing the sugars and
organic acids, were analysed by HPLC using an ion-exchange column (JON-300, Interaction
Chromatography Inc., San Jose, CA, USA). The eluent consisted of 0.0025 M sulphuric acid
in water, the flow rate was 1.4 ml/min and the column was kept at 85°C. Sugars were detected

by monitoring the refractive index and organic acids by their UV absorbance at 210 nm.

2.2.4 Analyses of total acid formation

Titrations were performed to determine total acid formation in heat-treated samples. Samples
of 15 ml reaction mixture were titrated with 0.1 N NaOH to pH 8.3. From the difference in
added NaOH between the heated and unheated sample the total amount of acid formed was
calculated.

2.2.5 Analyses of available lysine residues

Samples of 0.5 ml were diluted with 1.5 ml sodium dodecyl sulphate (SDS; 16% w/w) and
refrigerated overnight. Available lysine residues were determined after derivatisation with
ortho-phthaldialdehyde (Vigo et al., 1992). A fluorescence spectrophotometer (Perkin Elmer,
Beaconsfield, England) was used at emission and excitation wavelengths of 430 nm and 340

nm, respectively.

2.2.6 Analyses of Amadori compound

The Amadori compound was determined by means of furosine, using HPLC. Furosine is one
of the reaction products of the acidic hydrolysis of the protein-bound Amadori compound. A

sample was mixed with hydrochloric acid (end concentration 8 M), sparged with nitrogen for
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two minutes and heated in an oven for 23 h at 110°C. The hydrolysed solution was
centrifuged and the supernatant was purified by means of a Solid Phase Extraction cartridge
(Waters, Milford, Massachusetts, USA). The eluate was injected on a Furosine Dedicated
column (Alltech, Breda, the Netherlands) and furosine was detected by its UV absorbance at
280 nm (Resmini et al., 1990). Furosine concentration was recalculated to that of the Amadori
compound using a conversion factor of 3.1 (Finot et al., 1981). This factor was confirmed by
our own research using the periodate assay (Ahmed and Furth, 1991). In this method
formaldehyde is released by periodate oxidation of Cl-hydroxyls. The formaldehyde is
converted to a chromophore (diacetyldihydrolutidine) by reaction with acetylacetone in

ammonia, which can be determined spectrophotometrically at 405 nm.

2.2.7 Analysis of Heyns compound

Methods developed to determine glycated protein are mainly Tocussed on protein glycated
with aldoses, the so~called Amadori compounds. Methods to detect Heyns compounds are
hard to find. According to Ruttkat (1996), carboxymethyllysine (CML)} is formed after
periodate oxidation of both fructosylated and glucosylated proteins and is therefore useful for
detection of the Heyns compound. In the present study, heat-treated samples were oxidised
and hydrolysed as described by Badoud and co-workers (1996). CML was detected by HPLC
after derivatisation with dabsyl (Lin and Chang, 1975). Dr. R. Badoud generously provided
the external CML standard.

2.2.8 Analysis of heterocyclic compounds

In the protein-free fraction, obtained via the Sephadex G25 columns, the compounds 5-
hydroxymethylfurfural (HMF), furfurylalcohol, 4-hydroxy-2-hydroxymethyl-5-methyl-
3(2H)furanone (HHMF) and 2 3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-onc (DDMP)
were determined by HPLC, using a reversed phase column (Lichrosorb RP-18, Merck). The
eluent was 7,5% methanol in water and the flow rate was (.8 ml/min, Furfurylalcoho] was
detected by its UV absorbance at 220 nm, the others by their UV absorbance at 280 nm.

2.2.9 Analyses of methylglyoxal

a-Dicarbonyl compounds are highly reactive reaction intermediates but can be trapped with

ortho-phenylenediamine {OPD). The then formed quinoxaline derivatives can be detected by
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HPLC using a C18 column (Lichrosorb RP-18, Merck) and measuring the absorbance at 320
nm (Hollnagel, 2000). The eluents were water (A) and methanol (B) with a gradient of 20-

100% in 35 min and a flow rate of 0.5 mi/min.

2.2.10 Analyses of brown compounds

The browning intensity of the heated reaction mixtures was determined by measuring the
absorbance at 420 nm with a spectrophotometer (Pharmacia Biotech, Uppsala, Sweden). The
samples were diluted four times with SDS (16% w/w) to reduce scattering due to protein
aggregates. If necessary the samples were diluted once more with water. The browning of the
protein-free fraction was measured without dilution. The browning of the protein fraction was
calculated by subtracting the browning of the sugar fraction from the browning of the total
mixture. The absorbance can be recalculated to the concentration of melanoidins by using the
equation of Lambert-Beer. The extinction coefficient needed to solve this equation is a
constant and its value depends on the kind of amino acid (Leong and Wedzicha, 2000; Leong,
1999). The extinction coeflicient of protein-bound melanoidins formed in glucose-casein and
fructose-casein systems was measured to be 500 Lmol'.cm™ (Brands et al., 2001). The
concentration of melanoiding is thus expressed as sugar units incorporated in the brown

praeducts.

2.2.11 Mass balance

The total concentration of reactants and reaction products was calculated. To determine
whether the main reaction products were identified the mass balance was expressed as

percentage of the initial sugar concentration.

2.3 Results and discussion

2.3.1 Identification of reaction products

During heating of the glucose-casein and fructose-casein systems the concentration of
reactants decreased and reaction products were formed (Figure 2.1 and 2.2). The main
reaction product detected in a heated ghicose-casein system was fructose. In the fiuctose-
casein system glucose was formed in considerable amounts. No other sugars were detected. In

both sugar-casein systems, formic acid and acetic acid were determined. In the glucose-casein
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system protein-bound fructosyllysine was detected as Amadori product. The Heyns compound
glucosyllysine was not detected in the heated fructose-casein system while only a very small

amount of Amadori compound was found.

mmol/l mmcl/l mmol/l
160 87 16
120 12
80 8
40 4
0 0
0 10 20 30 40 0 10 20 30 40 0o 10 20 30 40

heating time (min}
Figure 2.1 Glucose-casein solutions heated at 120°C. Glucose (A), fructose (O), formic acid (),

acetic acid (m), lysine residues (Q), Amadori compound (©).

mmoi/l mmolil mmol/l
180 1

120

40

0
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

heating time {min)

Figure 2.2 Fructose-casein solutions heated at 120°C. Fructose (0), glucose (A), formic acid (=),

acetic acid (M), lysine residues (O), Amadori compound ().

The formation of organic acids caused a pH decrease of 0.3 pH-unit in a glucose-casein
system and 0.4 pH-unit in a fructose-casein system after heating for 40 minuies at 120°C
(Figure 2.3). The formation of acid, as determined by titration, was in both sugar-casein
systems considerably higher than the total amount of acetic and formic acid found by HPLC
(Figure 2.3).
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pH mmolfl
70T

88T
[«

66T
15
64T
10
62T 5
P f } t t 6.0 t + t * 0
o 10 20 30 40 0 10 20 30 40

heating time (min) heating time (min)

Figure 2.3 pH (O) and total amount of acids as found by titration (A) and HPLC () in heated

glucose-casein (A) and fructose-casein (B) systems.

Other identified compounds were 5-hydroxymethylfurfural (HMF), furfurylalcohol, 4-
hydroxy-2-hydroxymethyl-5-methyl-3(2H)furanone (HHMF) and 2,3-dihydro-3,5-dihydroxy-
6-methyl-4H-pyran-4-one (DDMP), However, HMF and furfurylalcohol were formed in very
low amounts (0-40 pM). HHMF and DDMP could not be quantified since no reference
material was available, but could be identified via their spectra, which were generously
provided by Dr. M. Pischetsrieder. These compounds were presumably also formed in low

amounts (as judged using the response factor of HIMF).

Ad20 mmol/l

0 10 20 3¢ 40 4 10 20 30 40
heating time {min) heating time (min)

Figure 2.4 Browning of total system (O), protein fraction {«) and sugar fraction (A) expressed in
absorbance units measured at 420 nm and concentration of protein-bound melanoidins ()} in heated

glucose-casein (A) and fructose-casein (B) systems.
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The concentration of protein-bound brown compounds (measured as amount of sugar
incorporated) was calculated from the absorbance data (Figure 2.4). More browning was
observed in the fructose-casein system than in the glucese-casein system.

The results of the mass balance calculations (Figure 2.5) showed an almost negligible
amount of missing compounds after 40 minutes of heating at 120°C when all reaction
products including brown compounds and unidentified acids were calculated. Of course, many
more reaction products were formed but the fact that we come to an aimost 100% recovery
indicates that the acids formed arc stable end products of scission reactions leading to
numerous C1-C5 reaction products. Between 10 and 30 minutes more compounds were

missing.

Percentage (%)
Parcentage (%)

0 10 20 30 40 0 10 20 30 40
heating time (min) healing time {min)

Figure 2.5 Mass balance of reactants and reaction products in heated glucose-casein (A} and fructose-
casein (B) systems. Glucose (1), fructose (2). Amadori compound (3), total acids (4) and brown
compounds (5).

The reaction products that were detected in the heated galactose- and tagatose-casein
systems were comparable with those in the glucose- and fructose-casein systems (results not
shown). The decrease of the reactants and increase of reaction products were more rapid for
the galactose- and tagatose-casein systems compared to the glucose- and fructose-casein
systems, respectively. The more rapid reaction of galactose compared to glucose is in line with
literature (Kato et al., 1986).

2.3.2 Identification of reaction pathways

Sugar isomerisation, in which aldoses and ketoses can isomerise into each other, is one of the

main reaction pathways in the sugar-casein systems. Another important reaction route was the
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Maillard reaction, in which sugars react with the lysine residues. Loss of lysine residues was
about equal or somewhat higher in the heated ketose-casein system than in the aldose-casein
system. In the aldose-casein system the loss of lysine could partly be explained by the
formation of Amadori compound. Partly, because the concentration of Amadori compound
did not equal the loss of available lysine. The Amadori compound was subject to substantial
breakdown after an initial build up phase, while increasing loss of lysine must have been due
to formation of advanced and final Maillard reaction products. It should be noted that
advanced Maillard products are to a large extent bound to protein, presumably via lysine. In
the heated ketose-casein systern no product of the early stage of the Maillard reaction was
found. This may mean that it was not formed at all, or that it was quickly degraded again after
formation, and that lysine residues were incorporated in advanced and final Maillard reaction
products.

An important group of reaction products were the carboxylic acids. It was however not
clear whether these acids were formed via the sugar degradation pathway or in the Maillard
reaction due to breakdown of the Amadori or Heyns product. To get a better insight in the
reaction pathways two additional experiments were performed.

In the first experiment, glucose and fructose solutions were heated in the absence of
protein (remaining conditions were kept unchanged) and reaction products were determined.
The results are shown in Figure 2.6, Besides a decrease of original sugar and an increase of
isomer sugar both formic acid and acetic acid were formed. The amounts of formic and acetic
acid formed in the fructose system and in the fructose-casein system were about equal. In the
glucose system, on the contrary, the amount of organic acids was much lower than in the
glucose-casein system, especially that of acetic acid. In both systems a lag time was observed
for the formation of acetic acid, which was evidently longer for the glucose system than for
the fructose system. Apparently, an intermediate was formed in the degradation reaction of
fructose into acetic acid and an extra intermediate, supposedly fructose, was involved in the
degradation reaction of glucose into acetic acid. It was also observed that the glucose system
browned only slightly, whereas the fructose system browned much more, although not as
intense as the fructose-casein system. This observation is in line with literature. Pilar Buera
and co-workers (1987) noticed that caramelisation browning contributed noticeably to total
browning in a fructose-glycine solution, whereas it could be neglected in glucose-glycine

solutions.
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mmol/l mmol/| A420
160 8T 5 T
120 6+ 41
34
80 44
2 -
40 24 f 1
0 0 0 m—n—i—#—w""*:ax

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

mmol/l mmoilfl Ad20
160 BT 57

120 1

80 T

401

(undﬁﬂ:?—uﬂ

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
heating time {min}

Figure 2.6 Glucose solutions (top) and fructose solutions (bottom) heated without casein at 120°C,

Glucose (A), fructose (O), formic acid (»), acetic acid (M), absorbance at 420 nm ().

In a subsequent experiment the Amadori compound was isolated and heated. Formation
of protein-bound Amadori product was induced by incubating 150 mM glucose with 3%
casein at 65°C for 15 h. After cooling to room temperature, the glycated protein was separated
from sugars and reaction products via the Sephadex G25 columns as described in section
2.2.3. The solution containing protein-bound Amadori product (it was checked that no
unbound sugar was present anymore) was heated at 120°C and reaction products were
determined (Figure 2.7). Both acetic acid and formic acid were formed, but acetic acid in
about 1.5 time higher amounts. No sugars were forrned. We tried to isolate protein-bound
Heyns compound by the same procedure (incubating fructose with casein at 65°C), but
subsequent heating of the incubated protein did not result in formation of organic acids. This
confirmed our observation mentioned above that protein-bound Heyns product could not be
detected. -
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o

0.0 T v —
0 10 20 30 40
heating time {min}

Figure 2.7 Isolated Amadori compound heated at 120°C. Amadori compound (<), formic acid (s),

acctic acid (m).

2.3.3 Reaction mechanism

Glucose and fructose isomerise into one another via the ‘Lobry de Bruyn-Alberda van
Ekenstein transformation’ (Speck, 1958). The 1,2-enediol anion is the key intermediate in this
isomenisation reaction in which also mannose is involved. Mammose was, however, not
detected in the heated model systems. In addition to the favourable isomerisation of fructose
via the 1,2-enediol anion, fructose can also epimerise to psicose via the formation of a 2,3-
enediol as intermediate species. However, psicose was not detected in this study. This ‘Lobry
de Bruyn-Alberda van Ekenstein transformation’ is also applicable to the isomerisation of
other aldose and ketose sugars among which galactose and tagatose.

As well as being the key intermediate in the isomerisation reactions, the enediol anion
species are also considered to be the starting intermediates in degradation reactions (De Bruijn
et al., 1986). Via several pathways they lead to carboxylic acids as the final stable degradation
products (Figure 2.8). The 1,2-enediol anton can undergo P-climination to yicld 3-
deoxyaldoketose. In the same way the dicarbonyl compounds 1-deoxy-2,3-diketose and 4-
deoxy-2,3-diketose are formed from the 2,3-enediol anion. These o-dicarbonyl compounds are
unstable and undergo either a benzilic acid rearrangement yielding saccharinic acids or a
cleavage reaction (cleavage of the C-C bond between the carbonyl groups) towards a
carboxylic acid and an aldehyde. Formic acid was determined as one of the organic acids and
was likely formed via a C1-C2 cleavage of the 3-deoxyaldoketose (Figure 2.8A). At the same
time a C5 compound should be formed. A C5 compound described in literature is 3-

deoxypentulose. However, this compound was detected in disaccharide systems, not in
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monosaccharide systems (Hollnagel, 2000; Troyano et al., 1992). Another C5 compound is 2-
deoxyribose. This compound was not detected, although furfurylalcohol, a cyclisation product
of 2-deoxyribose (Rewicki et al., 1994) was identified. The concentration of furfurylalcohol
did, however, not equal the amount of formic acid. Possibly, 2-deoxyribose also reacts to
other compounds. Berg (1993) observed that it rapidly degraded in similar conditions as in the
present study, whereas furfurylalcohol was quite stable during heating.

A HC-O HG=0 b C/;O
C-OH ¢=0 \ HC=0

HO—G—H I H-C-H I OH  + yc-n
GHOH * GHCH ? CHOH &
CHOH CHOH CHOH 0" ¢Ha
CH,0OH CH,OH ¢H,0H OH

1,2-enediol 3-deoxyaldoketose formic acid  2-deoxypentose furfurylalcohol

B gnom gHy 2
G-CH ¢=0 HaC—C
c-0 ! c=0 u OH +  HC=0
CHOH * CHoM CHOH
GHOH CHOH CHOH
CH,0H CH,0H CH,0H

2,3-enediol 1-daoxy-2,3-diketose acetic acid
CH,0H CH,CH Py
¢=0 " H-¢-0 . | HC=0 \ HyC—C .

HO-G-H M _  HO-C-H - G20 CH ~
GHOH HE=0 &, HzC=0
GHOH CHOH
CH,0H CH,OH

ketose 1,3-dihydroxyaceton glyceraldehyde methylglyoxal acetic acid

Figure 2.8 Degradation pathways of sugars into carboxylic acids (I = B-elimination, Il = a-dicarbonyl
cleavage, 11l = retro-aldolisation) (after De Bruijn (1986)).

The other identified acid was acetic acid, which was either formed by a C2-C3 cleavage
reaction of the 1-deoxy-2,3-diketose or via a cleavage reaction of triose intermediates (Figure
2.8B). According to De Bruijn (1986}, ketoses may undergo substantial retro-aldolisation
towards the important triose intermediates glyceraldehyde and 1,3-dihydroxyaceton. These
compounds can react further to the o-dicarbonyl methylglyoxal that can undergo a cleavage
reaction and form acetic acid. Experiments in which we trapped reactive a-dicarbonyl
compounds with ertho-phenylenediamine showed that methylglyoxal was indeed formed.
Additional evidence for the formation of an intermediate was the observation of a lag time for

the formation of acetic acid.
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The titration experiment showed that acid formation was higher than the total amount of
acetic and formic acid. Hence, other organic acids were formed but were not identified.
Possible acids are lactic acid, which can be formed via benzilic acid rearrangement of
methylglyoxal, glycolic acid, which can be formed via a-dicarbonyl cleavage of the 4-deoxy-

2,3-diketose, and the already menticned saccharinic acids (De Bruijn, 1986).

Glucose + RNH, J-deoxyaldoketose 1-deoxy-2,3-diketose
route roule
# ﬁ Amadori ‘ﬁ‘
H(I}NR H?—NHR HQ-NHR Hz(IIfNHR
H-C-OH C-OH H-c=0 ¢-oH
HO—(F‘,-H H0-pr HO—Q—H (IZ—OH
(IZHOH - ?HOH - (?HOH - QHOH
QHOH QHOH (;HOH QHOH
CH,OH CH,0H CH,OH CH,OH
HCI‘FO Hﬁ:fOH (I'}HZOH Hz(?—OH
HCbifNHR (F*NHR H—Q:NR 9— NHR
HCH.I’.‘.'H HO—(:J—H HO—Q-H (IZfOH
(I:HOH P — QHOH P —— (‘)HOH - ?HOH
?HOH (ISHOH QHOH (I3HOH
GH,OH CH,OH CHOH CH,OH
Heyns V ? J&
3-deoxyaldaketose 1-deoxy-2,3-diketose
route Fructose + RNH, route

Figure 2.9 Early stage of the Maillard reaction of glucose and fructose {after Rewicki et al. (1994)).

Besides being formed via sugar degradation, organic acids were also formed in the
Maillard reaction. In the early stage of the Maillard reaction between free amino groups of
lysine residues of the protein and carbonyl groups of a sugar, an N-substituted glycosylamine
is formed (Figure 2.9). When the sugar is an aldose, the N-substituted aldosylamine undergoes
a rearrangement via a 1,2-enaminol to vield the Amadori compound (1-amino-1-deoxy-2-
ketose). Instead of reacting to the Amadori compound, this 1,2-enaminol can react to a 3-
deoxyaldoketose. A cleavage reaction of this compound leads subsequently to the formation
of formic acid (Figure 2.8A). The Amadori compound can react via 2,3-enolisation to a 1-
deoxy-2,3-diketose. Subsequent cleavage of this compound results in the formation of acetic
acid (Figure 2.8B). When the sugar is a ketose in stead of an aldose, an N-substituted
ketosylamine is formed in the early stage of the Maillard reaction and can react via a 1,2-

enaminol to a 3-deoxyaldoketose or via a 2,3-enaminol to a 1-deoxy-2,3-diketose (Figure 2.9).
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Via these deoxyosones formic and acetic acid can be formed (Figure 2.8). Since acid
formation in the ketose system was about the same in the absence or presence of lysine
residues, acid formation via the Maillard reaction is apparently not significant. Via the 1,2-
enaminol the Heyns compound (2-amino-2-deoxy-1-aldose) can be formed. If this reaction
route is only a side reaction, the Heyns compound is only formed as a by-product of the
Maillard reaction. This would explain why we could not detect any Heyns. In foods the Heyns
compound has never been detected (Ruttkat, 1996), it has only been found in systems that
were heated at physiological temperatures {McPherson et al., 1988).

Apart from the organic acids, several compounds can be formed in the advanced Maillard
reaction (Rewicki et al., 1994; Tressl et al., 1994). These compounds were not analysed in the
present study. Because of their significance in the advanced Maillard reaction, they were
grouped among the advanced Maillard reaction products (AMP). In contrast with the Amadori
compound, the Heyns compound is not necessarily involved in these reaction routes (Rewicki
et al., 1994). AMP can also be formed via reaction of sugar reaction products {Cn) with lysine
residues. The AMP eventually lead to the brown coloured melanoidins in the final stage of the

Maillard reaction.

aldose
"o, o
1,2-enediol = formic acid + C5
ketose = trioses = acetic acid
2,3-enedicl = acetic acid + C4
~ Cn
aldose + lysine-R
¥l Heyns
1 -
1.2-enaminol = lysine-R + formic acid + C5 1,2-snaminol  -» lysine-R + formic acid + C5
LN oo~
Amadori AMP - Melanoiding ketose + lysine=R  AMP Melanoidins
14 - ¥4 -
2,3enaminol & lysine-R + acetic acid + C4 2,3-enaminol > lysine-R + acetic acid + C4
Cn + lysine-R -~ AMP = Melancidins

Figure 2.10 Reaction network model for sugar-casein reactions (Cn: unidentified sugar reaction
compounds with n carbon atoms (1 £ n £ 6), AMP: advanced Maillard reaction products, lysine-R:

protein bound lysine residues).
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The reactions described in this article are summarised in Figure 2.10. The model is
divided into two parts, one containing the sugar reactions (isomerisation and degradation) and
the other describing the sugar-casein reactions (Maillard reaction) for both the aldose and
ketose sugars. In a subsequent paper the proposed reaction network model will be analysed in

kinetic terms,

2.4 Conclusion

In this paper reaction mechanisms were proposed to explain the observed reaction products
for the reactions of the aidose sugars glucose and galactose and the ketose sugars fructose and
tagatose in the presence of the protein casein at neutral pH and 120°C. Ketoses seemed to be
more reactive in the sugar degradation reactions than their aldose isomers and also the
reaction of ketoses and aldoses in the Maillard reaction differed. Due to this difference in
reaction mechanism both sugars contribute to a different extent to quality factors like
nutritional damage, colour and flavour. In line with this, remarkable differences in
mutagenicity were observed for aldoses and ketoses heated under circumstances
corresponding to those in the present study (Brands et al., 2000).

In a subsequent paper, the proposed model will be kinetically analysed and tested by

varying temperature, pH and concentration of reactants.
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3

Quantification of melanoidin concentration in
sugar-casein systems

Abstract

Melanoidins are the final, brown-coloured, high molecular weight products of the Maillard
reaction. The aim of the present study was to determine the average molar extinction
coefficient of melanoidins formed in heated glucose-casein and fructose-casein systems. The
value of the extinction coefficient can be used to translate spectrophotometrically measured
browning (absorbance values) into melanoidin concentration. In the present study the
melanoidins were quantified by measuring the concentration of sugar incorporated into the
melanoidins, using "*C-labelled sugar. The extinction coefficient of the melanoidins remained
constant during the observation period as the absorbance at 420 nm increased to =~ & units, and
it was calculated to be 477 (= 50) L.mol ' .cm™ in the glucose-casein reaction and 527 (+ 35)
Lmol”.cm™ in the fructose-casein reaction. This difference is not significant. An increase of
the number of sugar molecules per reactive artino group during the heating of glucose-casein
and the fructose-casein mixtures was observed by the radiochemical method as well as by

microanalysis of the high molecular weight fraction.

Carline M. J. Brands, Bronek L. Wedzicha and Martinus A. J. S. van Boekel. Accepted for publication
in Journal of Agricultural and Food Chemistry.



Chapter 3

3.1 Introduction

In the final stage of the Maillard reaction between sugars and compounds possessing a
free amino group, such as amino acids and proteins, melanoidins (also referred to as advanced
glycation end products ‘AGE’ in literature concerning in-vivo glycation) can be formed
(Hodge, 1953). The brown-coloured melanoidins are a heterogeneous mixture of high
molecular weight compounds (O'Brien and Morrissey, 1989). Besides being caused by the
high molecular weight melanoidins, browning can also be duc to low molecular weight
coloured compounds, sometimes referred to as low molecular weight melanoidins (Leong and
Wedzicha, 2000). The brown compounds have a high impact on the quality of foods. Colour
is an important foed quality characteristic and a key factor in consumer acceptance (Rizzi,
1997).

The mechanism of the formation of colour is not fully understood and the structure of
melanoidins is largely unknown. Up to now, only hypotheses are available regarding the
structures of melanoidins formed in sugar-amino acid systems (Cimmerer and Kroh, 1995;
Kato and Tsuchida, 1981; Tressl et al., 1998; Yaylayan and Kaminsky, 1998). In sugar-casein
systems, it is established that colour formation is mainly due to the formation of protein
oligomers cross-linked by low molecular weight coloured Maillard reaction products
(Hofmann, 1998a). The structures of some chromophores present in protein-based
melanoiding have been elucidated (Hofmann, 1998b). From the point of view of colour,
melanoidins can be built up of sub-units in two contrasting ways. One possibility is that
melanoidins are formed by more or less random reactions of low molecular weight reaction
intermediates (which may inherently be coloured or not). Alternatively, a repeating unit
{which may be colourless or contribute little to colour) may formn the backbone of
melanoidins, with chromogenic low molecular weight structures attaching themselves to this
backbone, resulting in high molecular weight coloured structures, The results of the studies by
Hofinann (1998a; 1998b) indicate that proteins can act as the colourless backbone of
melanoidins.

The missing information on melanoidin formation and melanoidin structure makes it very
difficult to quantify melanoidins. This quantification is necessary when trying to predict or
optimise browning in processed foods. Both Davies and co-workers (1997} and Brands and
Van Boekel (2001) developed a kinetic model for the formation of brown colour in glucose-
glycine mixtures and sugar-casein systems, respectively. Browning has usually been
measured spectrophotometrically and expressed in absorbance units. If colour can be

expressed in concentration umits, it is possible to relate colour directly to the rates of
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formation of intermediates in the kinetic model and hence to predict it. Assuming Lambert-
Beer’s law is obeyed, absorbance data can, in principle, be related to melanoidin
concentration. Apart from concentration, the absorbance depends on the molar extinction
coefficient of these melanoidins. Leong determined the average extinction coefficient of
melanoidins derived from glucose and glycine and various other amino acids using *C-
labelled glucose (Leong and Wedzicha, 2000; Leong, 1999). A benefit of this approach is that
the molar extinction coefficient of melanoidins can be expressed simply in terms of the
concentration of ghicose molecules converted into melanoidins, even though the molecular
weights of melanoidins are expected to span a very wide range of values. When defined in
this way, it was observed that the extinction coefficient remained constant with time. Once the
extinction coefficient is known, melanoidins can be quantified and used to validate proposed
kinetic models.

In the present study, the average extinction coefficient of melanoidins obtained from
glucose and the protein casein was determined, following the method of Leong and Wedzicha
{2000). Leong (1999) observed that the molar extinction coefficient was dependent of the
kind of amino acid that was heated in the presence of glucose. Although in many foods,
proteins instead of amino acids are the greatest source of free amino groups, the molar
extinction coefficient of melanoidins obtained from the reaction between glucose and (the
lysine residues of) a protein has however not been determined before. To study the effect of
the type of sugar on the value of the extinction coefficient, the same experiments were carried
out with fruciose, the ketose isomer of glucose, as the reacting sugar. Furthermore, a
microanalysis of the melanoidins was carried out to investigate the number of sugar

molecules incorporated per protein molecule.

3.2 Materials and methods

3.2.1 Chemicals

All chemicals were of analytical grade. D-glucose and D-fructose were supplied by Sigma
chemicals (United Kingdom). D-[U-"*C]-glucose and D-[U-'*C]-fructose were obtained from
Amersham Life Science Ltd. (United Kingdom). Sodium caseinate (a spray-dried powder)
was obtained from DMV (the Netherlands) containing 90% protein. Casein is a protein with
aimost no secondary or tertiary structure and has shown to be extremely stable when heated
(Guo et al., 1989),
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3.2.2 Preparation of reaction model systems

Sodium caseinate (3% w/w) was dissolved in a phosphate buffer (0.1 M, pH 6.8) and kept
refrigerated overnight. Sugar (150 mM of glucose or fructose) was dissolved in the casein
solution. Before making up to a volume of 100 ml, 1 MBq of radiolabelled sugar (U-"*C
glucose or U-"*C fructose) was added to the sugar-casein system (amount of added labelled
sugar was = 0.1 pmol and therefore negligible with respect to the unlabelled sugar). This
solution was distributed over 8 screw-capped glass tubes (Schott, 16 x 160 mm) and heated
for various times (0, 10, 20, 30, 40, 50, 60 and 90 min) at 120°C in an oil bath. After being
heated, the samples were cooled in ice-water, The glucose-casein reaction mixtures were heat-

treated and analysed in three-fold, the fructose-casein systems in two-fold.

3.2.3 Diglysis

To separate unreacted radiolabelled substances and low molecular weight products from the
high molecular weight products, the samples were dialysed. An aliquot (10 ml) of each
reaction mixture was dialysed in Visking tubing with a cut-off value of 12000 Daltons. The
samples were dialysed against distilled water for 4 or 5 days (8 water replacements). After
dialysis, the retentate was removed to a volumetric flask containing 20 ml of 20% (w/w)
sodium dodecyl sulphate (SDS) solution and made up to 100 ml with distilled water. SDS was
added to dissolve any flocculated protein.

3.2.4 Scintillatior counting

Aliquots (1 ml) of the diluted dialysed fraction were pipetted into a scintillation vial
containing 10 ml of scintillation fluid. The vial was shaken vigorously and counted for 1
minute using a Packard Tri-Carb 1900TR scintillation counter. The count due to '*C was
corrected for quenching by the internal standard method. The specific activity of '*C-glucose
or "*C-fructose in the reaction mixture was calculated from the counts obtained from 1 ml of a
50-fold diluted unheated reaction mixture and was expressed as number of disintegrations per
minute (dpm) per mol of glucose or fructose. Once the quench-corrected number of counts for
a certain sample was known the concentration of U-"C-sugar incorporated into the high
molecular weight fraction could be calculated by dividing the number of counts per minute by

the specific activity of the sugar.
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3.2.5 Spectrophotometric analysis

In a parallel experiment, in which no radiolabelled sugar was added to the reaction mixture,
the browning of reaction mixtures and of corresponding retentates after dialysis was
determined. Browning was measured spectrophotometrically as the abserbance at 420 nm.
The undiatysed samples were diluted 5-fold in SDS (final concentration 4% w/w) to reduce
light scattering. The dilution of the dialysed samples was as described before for the

experiments with labelled sugar.

3.2.6 Microanalysis

The sugar-casein systems that were heated for 10, 30 and 60 minutes (without addition of
radiolabelled sugar) were dialysed and the retentates were freeze-dried. Microanalysis was
carried out using a Carlo Erba Elemental Analyser. The weight of each sample was about 2

mg.

3.2.7 Analyses of Amadori compound

The Amadori compound was determined by means of furosine, using HPLC (Resmini et al,,
1990). Furosine concentration was converted to that of the Amadori compound using a

conversion factor of 3.1 {Brands and Van Boekel, 2001).

3.2.8 Analyses of available lysine residues

Available Iysine residues were determined after derivatisation with ortho-phthaldialdehyde, as
described previously (Brands and Van Boekel, 2001).

3.3 Results and discussion

3.3.1 Browning

Considerable browning was observed in both the glucose-casein and fructose-casein
reactions during heating (Figure 3.1). After an induction time during which no browning was
detected, fructose browned faster than glucose. Due to differences in reaction behaviour
between glucose and fructose (Brands and Van Boekel, 2001) it is difficult to compare the
results for browning with literature data. Besides the pH, water activity, sugar to amino group

ratio, the rate of browning depends strongly on the temperature.
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