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Abstract This paper is a review of the recent studies on

Maillard reaction products, the formation mechanism for

these compounds and melanoidin structure, the undesirable

consequences in food especially in fruit juice processing,

the desirable effects and the biological properties related to

the beneficial health. Melanoidins are compounds gener-

ated in the late stages of the Maillard reaction from

reducing sugars and proteins or amino acids during food

processing and preservation. Recently, the effects of mel-

anoidins on human health and the chemical characteriza-

tion of the beneficial components have gained a lot of

attention, and their implications on several levels, sensory,

nutritional, toxicological and technological were investi-

gated. Food melanoidins have been reported to be anionic,

coloured compounds, and some of their key chromophores

have been elucidated. The antioxidant activity and other

biological effects of melanoidins from real foods and

model systems have been widely studied. Despite this, very

few different melanoidin structures have actually been

described, and specific health effects have yet to be linked

with chemically distinct melanoidins. The variety of

Maillard reaction products formed during the reaction, in

conjunction with the difficulty in purifying and identifying

them, makes a thorough analysis of melanoidins

challenging.
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Introduction

The Maillard reaction has been named after the French

chemist Louis Maillard who first described such conversion

reactions in 1912 [112], but it was only in 1953 that the

first coherent scheme was put forward by Hodge [73]. The

Maillard reaction, which is a non-enzymatic browning

reaction, is a complex network of reactions involving

carbonyl and amino compounds, such as reducing sugars

and amino acids [36, 172]. It is the main reaction respon-

sible for the transformation of precursors into colorants and

flavour compounds during food processing [169].

Melanoidins are polymeric and coloured macromole-

cules originated by the Maillard reaction and formed pri-

marily by interactions between carbohydrates (typically

reducing sugars) and compound characterized by a free

amino group, such as amino acids [123]. Studies on mel-

anoidins are mainly focused on their chemical character-

ization chemistry of reaction and identification of various

pathways [124, 134] evaluation of the impact of different

reaction parameters (pH, temperature, time, sugar reactiv-

ity, reagent concentration and water activity). Many

research efforts have been done to determine the structure

and chemical properties of melanoidins but since none has

been isolated and characterized yet, this information is still

lacking [151]. The most important roles of melanoidins, as

for most biopolymers, related to flavour and texture, are

strongly affected by physical changes and structure tran-

sitions [148, 172]. However, few references are found in

the literature with regard to the physical structure of mel-

anoidins, possibly due to their complexity and heteroge-

neity [127, 147, 163].

The importance of melanoidins is due to their wide

presence in foods and to the effects that these compounds

could have on food quality [116]. Depending on the extent
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of heat induced reaction, melanoidins could impair or

improve the overall quality of food products [9, 186].

Melanoidins are responsible for the colour in cooked and

processed foods, and they are present in widely consumed

dietary components (e.g. coffee, bread, and roasted malt)

[1, 17, 125]. Artificial maple syrup is often made through a

careful combination of corn syrup and amino acids under

heat, gets its distinctive brown colour from the Maillard

reaction [37, 53]. The Maillard reaction is also used to

create artificial flavourings, based on the hundreds of

complex amino/acid sugar combinations formed after the

process [143]. A typical sample of roasted meat alone is

said to have over 600 different flavours, for example. Food

scientists use the Maillard reaction to duplicate these fla-

vours in laboratories. [128].

In melanoidins characterization there is three ways for

isolation based on their molecular weight; (a) bath dialysis

in a cellulose dialysis tubing [1] (i.e. 33 mm of flat width,

12.4 kDa of molecular weigh cut-off (MWCO). (b) gel-

filtration chromatography (HPGPC) [124] and ultrafiltra-

tion (from 1 to 300 kDa molecular cut-off) [80].The main

advantages of ultrafiltration process, are the high yield/rate

of sample processed and low contamination [44].

In the past, many scientific works focused on the negative

biological effects of the Maillard reaction. The formation of

antinutritional and toxic Maillard reaction products (MRPs)

has been reported frequently. In vitro studies revealed some

harmful effects including mutagenic, carcinogenic [40] and

cytotoxic effects [184]. Excessive glycation has also been

stated to cause the destruction of essential amino acids,

decreased digestibility, inactivation of enzymes, inhibition

of regulatory molecule binding, cross-linking of the glycated

extra-cellular matrix, decreased susceptibility to proteolysis,

abnormalities of nucleic acid function, altered macromo-

lecular recognition and endocytosis inhibitory [181] activity

and increased immunogenicity [160].

During recent years, interest in these compounds has

increased because of their nutritional antiradical, antimu-

tagenic, chelating properties [120], antimicrobial, antihy-

pertensive and anti-browning activities [76]. MRPs

containing antioxidant, antiallergenic and cytotoxic prop-

erties are amongst others mostly detected [65]. Many

studies focused on the high antioxidant capacity of MRPs

in model systems and foods such as beer [155], coffee [9]

and bakery products [24]. In those studies it was shown that

MRPs can contribute greatly to the shelf-life of heat-treated

foods [149] In vitro studies demonstrated that MRPs may

offer substantial health-promoting activity as they can act

as reducing agents [30] metal chelators and radical scav-

engers [36]. It appears that especially low molecular weight

MRPs exhibit antioxidant effects in the organism after they

get absorbed by the small intestine [163, 182], decrease

protein of digestibility and possible formation of toxic and

mutagenic compounds, but can also be improved by the

formation of antioxidative products [116].

Due to this growing interest in the effect of melanoidins

of the human diet and their feasible nutritional, biological

and health implications, the European Union has launched

a specific COST (Co-operation in Science and Technology)

action entitled Melanoidins in Food and Health (COST,

1998) [39, 163].

This review discusses a research approach designed to

increase the understanding of (a) the chemistry of the

reaction and its influence on food properties like colour,

flavour and nutritional value, and (b) the desirable and the

desirable properties in food especially in fruit juice pro-

cessing and (c) the desirable effects and the biological

properties related to the beneficial health.

Non-Enzymatic Browning Reactions (NEB) Pathways

Browning reactions, which are some of the most important

phenomena occurring in food during processing and stor-

age, represent an interesting research area for the impli-

cations in food stability and technology, as well as in

nutrition and health. They can involve different compounds

and proceed through different chemical pathways. The

major groups of reactions leading to browning are enzy-

matic phenol oxidation and non-enzymatic browning [114].

The non-enzymatic browning reactions which occur in

food may be caused by (a) the degradation of ascorbic acid,

(b) lipid peroxidation, (c) sugar–sugar caramelization and

(d) Maillard reaction [144]. Ascorbic acid undergoes a

reaction chemically similar to that of sugars except that

amino acids are not necessary for browning. Since ascorbic

acid is very reactive, it degrades by two pathways, both of

which lead to the formation of dicarbonyl intermediates

and subsequently to form browning compounds [163].

Lipid peroxidation occurs by the action of oxygen and

reactive oxygen species on the fatty acids, especially

unsaturated fatty acids. These are oxidized to form alde-

hydes and ketones which then react with amino acids to

form brown pigments, as in the Maillard reaction. It is

possible that peroxidation products induce the browning

reaction of the Amadori products [12, 185]. In foods, this

reaction takes place essentially between the monosaccha-

rides, glucose and fructose or the disaccharides, maltose

and lactose as well as in some cases reducing pentoses and

amino acids and/or proteins [70].

Mechanism of the Maillard Reaction

John Hodge published his consolidated scheme which

summarized the chemical reactions which were understood
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to comprise the Maillard reaction at that time [73]. The

Hodge scheme remains widely used today (Fig. 1). In

essence, it states that a reducing sugar, such as glucose,

condenses with a compound possessing a free amino group,

such as an amino acid, to give a condensation product

[4, 178]. Subsequently, a range of reactions takes place,

including cyclizations, dehydrations, retroaldolizations,

rearrangements, isomerizations and further condensations,

which ultimately lead to the formation of brown nitroge-

nous polymers and co-polymers, known as melanoidins

[33].

The Maillard reaction is actually a complex series of

reactions; the first stage involves the initial condensation of

the sugar with protein and the isomerization of the resulting

products to form Amadori or Heyns products.

The Maillard reaction is initiated by a condensation

reaction between the carbonyl group of the aldose and the

free amino group of an amino acid to give an N-substituted

aldosylamine. This is the result of a nucleophilic attack

group by the NH2 group of the amino acid on the elec-

trophilic carbonyl groups of sugar [18]. It is basically an

amine assisted dehydration reaction of sugar [13]. The

condensation product rapidly loses water as a product and

is converted into a Schiff base, this reaction is reversible

and acid base catalysed. [35, 73]. The resulting Schiff base

cyclizes in the case of pentoses and hexoses to the corre-

sponding glycosylamine, which then undergoes an Ama-

dori rearrangement. If the aldose and amino acid glycine,

then the Amadori product is 1-amino-1-deoxy-2-fructose

(monofructoseglycine) [68, 184], with fructose the reaction

is quite similar but the rearrangement is termed the Heyns

rearrangement and is generally shown as giving substituted

2-amino-2-deoxyldoses. The Amadori rearrangement is

considered to be the key step in the formation of major

intermediates for the browning reaction [176]. Aminoal-

doses are not very stable and readily react forming the

Amadori compound (no browning occurs at that stage).

[105].

The stage two in the Maillard reaction, particularly in

foods, is usually depicted as starting with the decomposi-

tion of Amadori and Heyns adducts to form deoxydicar-

bonyl sugars [69].

The Amadori product degrades by one of three main

pathways depending on the conditions. (a) The free

hydrogen of the amino group of the ketosamine may react

with a second molecule of aldose to form a diketosamine.

This compound is less stable than the monoketosamine and

decomposes to give a monofructoseamine and nitrogen-free

carbonyl compounds, for example, 3-deoxyosuloses and the

cis-and the trans-forms of 3,4-dideoxyosulos-3-ene [180],

which are probably the most important intermediates in the

Maillard reaction. The decomposition of the diketosamine

has a maximum rate at pH 5.5 [105]. (b) At pH 7 or below,

an enolization of the Amadori product results in the

formation of furfural (when pentosans are involved) or

hydroxymethylfurfural (HMF) (when hexoses are involved).

At pH above 7, the degradation of Amadori compound N-(1-

Deoxy-D-fructos-l-yl)-glycine (DFG) by 1, 2-enolization

and 2,3 enolization takes place, which involves formation of

3-deoxy-2- hexosulose and 3-deoxy-2, 3-hexodiulose,

respectively. [116]. (c) Along with enolization reactions, the

Amadori product and its dicarbonyl derivates can undergo

concurrently retro-aldol reactions producing more reactive

C2, C3, C4 and C5 sugar fragments, such as hydroxyacetone

derivatives, glyceraldehydes and diketones. This reaction is

called as Strecker degradation and it is characterized by the

production of CO2 [33]. The aldehydes formed may be

important as auxiliary flavour compounds and they also

contribute to melanoidin formation. Strecker degradation

products especially during cooking, and many of the het-

erocyclic compounds that cause flavour and aroma are

formed at this stage [56].

Finally, the condensation of some of the products

formed in this step is produced either among them or with

amino compounds to form brown pigments and polymers

[34, 135, 185]. The amino acids could react with the

unsaturated carbonyl structures to form melanoidins bran-

ched with compounds. The formation of melanoidins is the

result of the polymerization of the highly reactive inter-

mediates that are formed during the advanced Maillard

reaction [146]. Although the Hodge scheme is very useful,

it has some drawbacks. First, the scheme is simply a

summary of the reactions that take place. Secondly, despite

that in recent years the Maillard reaction has been inves-

tigated, the chemistry of these compounds is not well-

known and their formation mechanism also remains

Fig. 1 Formation of advanced MRPs from Maillard reaction (adapted

from Martins [116])
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undefined [3, 51]. The molecular weight of these com-

pounds increases as browning proceeds, until eventually

they become insoluble high molecular weight species

[147]. The chemical reactivity of MRPs and the reactants

play an essential role in the type of melanoidin polymer

formed. In model systems consisting of limited numbers of

substrates, three main proposals for the structure of mela-

noidin have been put forward until now: (a) melanoidins

were reported to be low molecular weight coloured sub-

stances which crosslink with free amino groups in proteins

(Arg, Lys) leading to high molecular weight coloured

structures [8]. (b) Second, it was proposed that melanoidins

are macromolecular structures of repeating units that are

built up from polycondensated furan-like and pyrrole-like

structures [9, 127]. (c) Third, it was reported that the

melanoidin skeleton is mainly built up from sugar degra-

dation products which are formed in the early stages of the

Maillard reaction, polymerized and linked by amino com-

pounds [23, 57]. It has been demonstrated in aqueous

systems that melanoidins are formed by aldol condensa-

tions of highly reactive a-dicarbonyl compounds, which are

the main intermediates during the early stages of the

MRPs, and partially branched by amino compounds [22,

135] in addition to the transglycosylation reactions of

saccharides in water-free conditions produced the postu-

lated carbohydrate-based skeleton shown in Fig. 2a. Amino

acids could react with the unsaturated carbonyl structures

of this structure to form melanoidins branched with amino

compounds (Fig. 2b) [22, 174].

Although melanoidins are chemically diverse, many

studies report that melanoidins are negatively charged in

both real foods and in model systems. Melanoidins found

in coffee were determined to be negatively charged but

heterogeneous with respect to their polyanionic behaviour

[10]: high molecular weight (HMW) melanoidins in coffee

were found to be more negatively charged than low

molecular weight (LMW) melanoidins [9]. Chlorogenic

acids have been hypothesized to be the source of the

negative charges in coffee melanoidins [174], though

melanoidins obtained from sugar-amino acid model sys-

tems also showed anionic characteristics in the absence of

chlorogenic acids [134]. For example, Kwak et al. [103]

showed that melanoidins prepared by refluxing glucose and

lysine could be separated into 14 bands over a pH range of

3.5–4.85, indicating that melanoidins were negatively

charged at neutral pH. Under these conditions, the type of

amino acid present during the reaction determined the

anionic properties of the melanoidins.

Melanoidins in Model Systems and Food Products

The aqueous model browning reaction between glucose or

fructose and asparagine was extensively investigated

[2, 26, 27, 99]. It can be observed that in most model

systems under consideration, the development of Maillard

reaction was followed while changing one single variable,

such as heating time [27, 183] initial pH [103], molecular

weight of MRPs fractions [80] and reactants ratio. Wines

and/or liquors have been widely used to prepare meals, but

there is limited information about whether the Maillard

reaction in the ethanolic solution occurs to the same extent

as in an aqueous solution. Shen and Wu [158] studied the

Maillard reaction in ethanol model solution and found that

ethanol accelerated the rate of browning reaction. Shen

et al. [157] further conducted purification analysis and

confirmed that MRPs produced in an ethanolic system were

different from those produced in an aqueous system.

On the other hand the juice is treated at high tempera-

tures during a long time period while it is flowing through

the evaporation stage. That is why, in the determination of

the non-enzymatic browning kinetic models, it is conve-

nient to perform studies with sufficient long treatment

times, assuring the possibility to interpolate the residence

time of the juice while it flows through the multiple-effect

evaporator; they are useful for getting a complete kinetic

description of the browning reaction [81]. In food systems,

like coffee beans, the composition of melanoidins is likely

to be far more complex due to the presence of many more

possible reactants [8, 9, 127]. Therefore, it is likely that all

the proposed structures for melanoidins can be found in

coffee melanoidins, and they may even occur within the

same melanoidin complex [163]. A good way to investigate

the non-enzymatic browning reaction in heated foods is the

use of model systems in which sugars and amino acids

react under simplified conditions. Each system has to be

studied taking into account its own physical and chemical

characteristics and their evolution during the reaction itself.

These proposals provide valuable information on what

melanoidins might look like. However, these suggested
Fig. 2 Proposal of a carbohydrate-based melanoidin structure

(adapted from Wang et al. [174])
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melanoidin structures are mostly based on model studies

[8, 73].

Model reactions using other amino acids [26], other

monomeric sugars, or polymeric carbohydrates instead of

glucose [129] were also conducted. However, there are 2

important reasons why research should not be restricted to

model systems (a) the reaction products of these model

systems are still very complex (b) model systems do not

resemble the Maillard reaction in foodstuffs because the

compositional complexity of foodstuffs is not taken into

account in model reactions, while it is assumed that other

food compounds (e.g. chlorogenic acid, polysaccharides,

different types of amino acid and monosaccharide) also

play a role in the Maillard reaction [10, 117]. The com-

position of foodstuffs is far more complicated than any

simple model systems. In coffee, for example, lipids,

chlorogenic acids, sugars, free amino acids, and proteins

are also present [1, 10, 112]. As described above, it is likely

that at least some of these components will coincide with

Maillard reaction processes. It must be stated though that

model systems can provide valuable information, but they

should preferably be used in addition to research on the

Maillard reaction within complex foodstuffs.

Methods for Isolate Melanoidins

Different methods have been employed to isolate and purify

melanoidins from food products, for example, from coffee

[9, 10, 16, 127], vinegar [173] bread [56], meat [136, 178]

and dark beer [102] the chromatographic and electropho-

retic methods have been used In coffee brew, a common

method for melanoidins isolation is their dialysis Bekedam

et al. [9] isolated the high and low molecular weight

of coffee brew by membrane dialysis (MW cut-off

12–14 kDa), the ultrafiltration by the use of membranes

with a molecular weight cut-off limit ranging from 1 to over

300 kDa in a model system [80]. Different types of column

chromatography were employed for further melanoidin

purification, such as gel filtration, anion-exchange chro-

matography, copper-chelating chromatography, Sephadex

LH-20, or hydrophobic-type chromatography on octyl

Sepharose [134]. Coffee melanoidins of different degrees of

polysaccharide conjugation were successfully separated by

their solubility in ethanol [20]. These intense studies have

provided a set of facts concerning the structure and com-

position of coffee melanoidins; Bekedam et al. [10] and

Nunes et al. [134] have established the presence of a

polysaccharide backbone (galactomannans and arabinoga-

lactans) to which phenolic compounds (hydroxycinnamtes)

are covalently bound, together with proteins and amino

acid-derived compounds. The origin of volatile compounds

responsible for flavour is still relatively difficult to

determine, due to their multiple origin. The interest shown

by food industry stems from a desire to produce and control

the characteristic aromas and colours obtained on cooking,

baking and roasting. Once the analytical technique of

combined gas-chromatography-mass spectrometry was

developed for the separation and identification of relatively

volatile substances. Most of the publications on foodstuff

melanoidins dealt with specific food products. The fact that

most attention was given to melanoidins in coffee brew can

be attributed that coffee is a food product with high levels of

water-soluble melanoidins which makes research less

complicated [9].

Morales [124] isolated different water-soluble mela-

noidins from both heated (100 �C/24 h) carbohydrate/

amino acid model systems and medium-roasted coffee.

Capillary zone electrophoresis (50 mM sodium tetraborate,

pH 9.3) He used to determine the saturated or aromatic

character of the isolated melanoidins. Melanoidins

obtained from different solutions after an equivalent heat-

ing treatment possess similar apparent molecular weight

but different charge/mass ratio, suggesting differences in

their degree of saturation. Melanoidins isolated from model

systems containing lysine showed a lower saturation than

those isolated from either coffee or other model systems

containing glycine, alanine or tryptophan. He founded that

depending on the type of amino acid as reactant, mela-

noidins could be mainly constituted by a stable structure or

common core which is changing according to the thermal

conditions applied through a more saturated structure.

Factors Affecting the Maillard Reaction

The non-enzymatic browning is influenced by many fac-

tors, including reactant concentration, time, initial pH, and

water activity as well as the nature and the ratio of the

reactants [118], chemical composition of the food system,

but the most important factor on the velocity of the reaction

is temperature [25]. Thermal process optimization during

the heat processing of foods requires kinetic data on several

quality related factors such as nutrients, colour, flavour,

texture, etc. It may be desirable to prevent degradation of

natural colours such as chlorophylls, carotenoids, etc., or

the formation of colours during browning reactions [66].

Temperature and Heating Time

Temperature and duration of heating were studied by

Maillard (1912) himself, who reported that the rate of the

reaction increases with temperature [168]. An increase in

temperature leads to an increase of the reactivity between

the sugar and the amino group. The Arrhenius model has

often been used to evaluate the dependence of the Maillard
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reaction rate on temperature: the activation energy of the

reaction has been found within a range of 3–50 kcal/mol

depending on reactants nature, moisture, pH [115] and on

the specific indicator chosen to follow the reaction. The

temperature dependence of a reaction rate constant k is

often described by the well-known Arrhenius equation [84]:

k ¼ A� exp � Ea

RT

� �
ð1Þ

where k is the rate constant; A the so-called frequency

factor; Ea the activation energy; R the gas constant

(8.314 Jmol-1 K-1) and T is the absolute temperature (K).

Type of Sugar and Amino Acid

Browning rate is significantly influence by the type of

reducing sugar involved in the reaction. The order of

reactivity is follows: aldopentoses [ aldohexoses [ keto-

hexoses [ disaccharides [137]. A terminal pyranose group

at the C-4 position of the reducing end of disaccharides

retarded further reactions of protein-disaccharide adducts.

Generally, aldoses are intrinsically more reactive than

ketoses [147]. There have been conflicting reports on rel-

ative reactivity of glucose compared with fructose. Jakas

and Horvat [92] reported that glucose is more reactive than

fructose but Knol et al. [95] reported that at high temper-

ature and pH 5.5 fructose is more reactive than glucose.

Concentration of the Sugar and Amino Acid

The ratio of reducing sugar to amino acid has been sug-

gested as being an important factor in determining the rate

of Maillard browning and would have important implica-

tions from: a food formulation standpoint and in the case of

in vivo glycation of proteins. The excess of reducing sugar

over amino compound promotes the rate of Maillard

browning [133]; there are mechanistic differences in the

destruction of the sugar compared with the amino acid.

Carabasa-Giribet and Ibarz-Ribas [27] reported that the

increase in glucose concentration led to the decrease in

induction time in the aqueous model systems containing

glucose and aspartic acid or asparagine.

The Influence of pH

The non-enzymatic browning reaction of a model system is

usually initiated in the neutral or weakly alkaline pH region

and the pH is gradually decreased in the course of the

reaction [103]. Since such a great decrease in pH is not

common in food processing and preservation, it is neces-

sary to investigate the effect of pH control on the inter-

mediates and melanoidins in a model system in order to

match the model melanoidin with food melanoidin. Just as

for temperature, the reactivity of the sugar and amino

group is also highly influenced by the pH [116]. The open

chain form of the sugar and the unprotonated form of the

amino group, considered to be the reactive forms, are

favoured at higher pH dependence of the Maillard reaction

can be related to the amount in protonated form of the

amino group (the reactive form), which is favoured at high

pH [164], as described in the following equation:

R - NH2 þ Hþ $ R - NHþ3 ð2Þ

The amino group reacts with the group of the sugar

through a nucleophilic attack. At basic conditions the

nucleophile, that is, the amino group will be more likely

deprotonated, and therefore more nucleophilic. However,

under acidic conditions the amino group becomes a weaker

nucleophile, which requires that the group be activated prior

to the nucleophilic attack [115]. Ajandouz et al. [2] revealed

that the pH in Maillard reaction, highly UV-absorbing and

colourless compounds and brown polymer are formed at

higher pH in the fructose-lysine aqueous model system. The

lower the pH, the more protonated amino group is present in

the equilibrium and therefore, less reactive with the sugar.

In the case of a model system consisting of 2 mol/L

glucose, 2 mol/L glycine, and 0.2 mol/L NaHCO3, the

initial pH value of about 7.5 resulted in less than 4.0 after

4 h of reflux by heating [167].This decreased is considered

attributable to reduction formation. Since such a great

decrease in pH is not common in food processing and

preservation, it is necessary to investigate the effect of pH

control on the intermediates and melanoidins in a model

system in order to match the model melanoidin with food

melanoidin [100, 103].

Water Activity (aw)

Water activity has been used to assess microbial growth,

lipid oxidation and non-enzymatic and enzymatic activity

following the manufacture of food products. Water activity

provides a general guideline for predicting the stability of

food systems and is used extensively throughout the food

industry as a quality and safety indicator. The effect of

water on chemical reactions in foods, whether enzymatic or

non-enzymatic, is difficult to attribute to a single mecha-

nism because the reaction mechanisms are complex [94].

The measure of water activity (aw) is useful to describe a

thermodynamic equilibrium state and for predicting reac-

tion rate [159]. Browning rate is strongly influenced by

environmental factors, such as temperature and water

activity. With respect to moisture content, the accepted

scenario is that the rate of browning increases from the dry

state, starting at a critical aw of 0.2–0.3 for most foods, to a

maximum at water activity of 0.5–0.8 and then decreases at

higher water activities as a result of dilution of the reactant

208 Food Eng Rev (2012) 4:203–223
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species [104]. Non-enzymatic browning (NEB) is a com-

mon mode of quality loss in low-moisture foods. At lower

aw’s, the reactions proceed more slowly, and this has been

attributed to diffusional limitations. Changes in diffusion

constants may in turn be related to glass transition [96, 97]

studied the effect of glass transition on non-enzymatic

browning of dehydrated vegetables and model systems

(composed of amino acids and sugars reacting in matrices

with different physical characteristics) Glass transition

temperature (Tg) was determined by differential scanning

calorimetry (DSC) technique. The rates of non-enzymatic

browning for vegetables and for model systems were

determined by measuring absorbance at 280 and 420 nm.

Rate constants were analysed as a function of temperature

(T) and of (T - Tg). Heat flow as a function of tempera-

ture is recorded when samples are heated at 5 �C/min. The

results shows the DSC scans for selected systems at dif-

ferent aw’s. Browning below Tg was very slow. Changes in

activation energy (which were affected by structural

changes) were detected near the glass transition. In all of

the systems Tg decreased with increasing aw and m (mois-

ture content), reflecting the plasticizing effect of water

[162]. They can also be shown at the same conditions of aw

and m that crystallization temperatures decreased. Water

plasticizes the systems, lowers the Tg and increases the

mobility of reactants. Beyond lowering of the Tg there

seem to exist additional effects of moisture on the chem-

istry of the browning reaction. They could also observed

that browning reactions took place very slowly even below

the glass transition temperature, when mobility of reactants

is presumed to be very low. Many researches have been

investigated the effect of aw in fruit juice. Vaikousi et al.

[170]. studied the effect of aw (in the range of 0.74–0.99)

and/or reactant concentration on brown pigment formation

monitored under isothermal heat treatment at four tem-

peratures (60, 70, 80 and 90 �C) in apple juice solutions

having either the same or different concentrations of

reactant solutes. The extent of the Maillard reaction was

evaluated by spectrophotometric measurements at 420 nm

(A420). The results showed that browning rates by the

Arrhenius model was the most applicable for describing the

temperature and water activity dependence of non-enzy-

matic browning reaction rate. Also Ibarz et al. [86]. studied

the temperature influence on non-enzymatic browning

kinetics and also the effect of temperature and water

activity in the kinetic of non-enzymatic browning of peach

juices, with different soluble solids contents at various

temperatures the results shown that the browning devel-

oped in the juice fitted to a first-order kinetics. The

obtained results shown that the values of the activation

energy of the water of the juices decreases as the water

activity of juices decreases, or what is the same with the

soluble solids content increased. [77, 78].

Methods for Determination of Melanoidins

There are three procedures that are used to describe or

measure the extent of melanoidin formation. First, the

amount of melanoidins is determined by difference, which

means that the amount of melanoidins is the percentage of

compounds that can not be accounted in a food product (%

of known compounds) [31, 32]. Second, the brownness can

be quantified in order to measure the colour potency of

MRPs [25, 73]. Third, to make possible to follow the

Maillard reaction both in its early and final stages it is very

important to find suitable indicators. Among the most

commonly used indicators of the Maillard reaction are

spectrophotometric measurements at 280 nm for pyrazine

compounds and 420 nm for brown pigment detection, col-

orimetric evaluations and formation of 5-(hydroxymethyl)-

2-furfural (HMF), which is an important intermediate

formed in the early stage of non-enzymatic browning [26].

The main quality impact by which the consumers take

the decision to acquire a product is its visual appearance.

The colour of products can be specified by three coordi-

nates in the colour space which can be obtained directly

with a tristimulus colorimeter. The L*, a* and b* system is

the more frequently used scale to measure the colour of

food products [44]. Changes in food colour can be asso-

ciated with its previous heat treatment. Various reactions

such as pigment destruction (carotenoids and chlorophylls)

and non-enzymatic browning (MR), can occur during

heating of fruits and vegetables and therefore affect its

colour [60]. The retention of total colour can be used as a

quality indicator to evaluate the extent of deterioration due

to thermal processing [88].

Several researchers have published work on modelling

of thermal degradation kinetics of colour in the temperature

range of sterilization conditions. CIELab, colour parame-

ters have previously proved valuable in describing visual

colour deterioration and providing useful information for

quality control in fruits and fruit products [108, 179].

Colour deterioration during heating of pulp includes

(a) non-enzymatic browning (NEB) reaction between

reducing sugars and amino acids, which has usually been

assumed to follow zero-order kinetics, as in the case of

fruit juice and intermediate moisture fruit products and

(b) destruction of natural fruit pigments, which degrade

during heating and storage by following first-order reaction

kinetics [85].

The most common method for characterizing browning

is the measurement of colour development as a function of

time and its expression in terms of kinetics of the reaction,

which is described by the reaction rate constant. Many

researchers have reported the appearance of brown pig-

ments as following either zero-order or first-order kinetics

[90].
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These kinetic models are expressed by the equations:

Zero order kinetics: P ¼ P0 þ k0t ð3Þ
First order kinetics: P ¼ P0 exp k1tð Þ ð4Þ

where P is the value of the variable studied at time t, P0 is

the value of the variable studied at the initial time (t0), k0 is

the zero-order kinetic constant and k1 is the first-order

kinetic constant [87]. It is not always possible to apply

kinetics as simple as first-order or zero-order to describe

the colour changes produced in fruit purees, since these

changes can be due not only to the Maillard reaction but

also to the thermal destruction of pigments present in the

samples. Based on data for the deterioration produced by

thermal treatments, a two stage mechanism is proposed.

According to this combined kinetics, the non-enzymatic

browning process can be expressed by the Eq. 5.

P ¼ k0

k1

� k0

k1

� P0

� �
expð�k1tÞ ð5Þ

In the case of HMF, this can be formed in different

ways: by hexose dehydration in an acid mean and by

Maillard reaction from reducing sugars and free amino

groups of amino acids. Acid dehydration of hexoses is

catalysed by the same HMF, and because of this the HMF

formation reaction can be considered second order auto-

catalytic [60] which can express the global reaction by:

CHMF ¼
1

C0 þ B expð�ktÞ ð6Þ

B ¼ C0 � C0
HMF

C0
HMFC0

ð7Þ

K ¼ C0k ð8Þ

where CHMF is a HMF concentration for a given time, C0 is

a total initial concentration, initial hexose concentration

(fructose or glucose) ? initial HMF concentration and

C0
HMF is a initial HMF concentration. In the case where C0

is much larger than C0
HMF, the hexose concentration could

be included in the reaction rate constant and would result in

an expression corresponding to first-order kinetics [76].

Determination of the reaction kinetics and mathematical

modelling systems are very important for estimating the

quality criteria, like HMF [113].

Shen and Wu [152] studied the Maillard reaction in eth-

anol model solution and found that ethanol accelerated the

rate of browning reaction. They founded that the Maillard

browning and HMF in ethanolic solutions of a 0.2 M glu-

cose 0.2 M glycine (G–G) system in a heat treatment

increase with an increase in ethanol concentration within

(0–50 %, v/v).The results indicate that the mechanisms of

the Maillard reaction in ethanolic solution and aqueous

solution are not the same. A higher hydroxymethylfurfural

(HMF) content is present in the ethanolic G–G system,

suggesting the involvement of ethanol in the G–G reaction to

form HMF. They also found that ethanol inhibits the for-

mation of HMF in an ethanolic solution containing glucose

alone. HMF is formed in the pH 4.3 buffered G–G system in

an ethanolic solution at a water activity (aw) above 0.81 or at

an ethanol concentration below 30 % than in a glycerolic

solution at the same water activity. Shen et al. [157] further

conducted purification analysis and confirmed that MRPs

produced in an ethanolic system were different from those

produced in an aqueous system.

Molecular Weight of Melanoidins

Melanoidins produced in the Maillard reactions between

proteins and sugars in real foods are predominantly HMW

compounds. Considering that the molecular weight of

melanoidins produced from MRPs is highly dependent on

the heating intensity, and HMW melanoidins are produced

at longer reaction times ([24 h), it is possible that in the

initial stages of the MR, low molecular weight chromo-

phoric melanoidins are formed, which subsequently poly-

merize or cross-link with other MRPs to produce HMW

melanoidins during the later stages of the MR [74].

In real foods, most of the melanoidins have been shown

to be HMW compounds [3]. For example, the browning

intensity of the ethanol extracts of bread crust increased

with increasing molecular weight upon heating, demon-

strating that the browning is due in large part to HMW

melanoidins. In coffee, 59 % of the melanoidins are HMW

([12–14 kDa). It has been found that prolonged roasting

leads predominantly to the formation of HMW melanoidins

[8], which show a more intense brown colour than the

LMW melanoidins [9]. Similarly, polymers of HMW

melanoidins isolated from sweet wines ([12 kDa) [146],

roasted malt ([60 kDa) [52] and roasted cocoa beans

([5 kDa) [165], have been shown to give rise to the brown

colour of these foodstuffs.

Ibarz et al. [80] obtained from melanoidins fractions of

glucose/asparagine model system [ 300 kDa (32.04 %),

300–150 kDa (31.90 %), 150–50 kDa (14.28 %), 50–15

(6.80 %), 15–8 (11.86 %) and 8–1 kDa (3.12 %). The 60 %

percentage of the obtained melanoidins fractions, are over

than 150 kDa molecular weight. There is some controversy

over the size of reactive compounds involved (low versus

high molecular weight melanoidin pigments) [39, 149].

Martins et al. [117] obtained the molar extinction coef-

ficient averaged for glucose/glycine HMW melanoidins of

0.64 ± 0.031 mmol-1cm-1 at 470 nm. They observed that

the chromophores produced in the non-dialysable mela-

noidins in the early stages of the reaction are similar to those

at later stages, independently of the reaction conditions.
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Leong [106] showed that at 470 nm the extinction for

HMW and LMW glucose/glycine melanoidins was the

same. However, the extinction coefficient that they repor-

ted was considerably higher for glucose/glycine systems,

namely 0.94 l mmol-1cm-1 at 470 nm and it varied

according to the type of amino acid.

Non-Enzymatic Browning in Fruit Processing

During processing and preservation of food products often

heat treatments (cooking, baking, roasting, frying, sterili-

zation) at temperatures between 90 and 220 �C are applied.

One of the main reactions occurring at these temperatures

is the Maillard reaction, a Non-enzymatic browning

(NEB), reaction with positive as well as negative side

effects on the quality of the product (colour, flavour, sta-

bility, nutritional value) [43]. Fruit juices, in particular,

exhibit that effect during manufacturing and storage [82,

84]. It not only gives the sensorial characteristics (taste and

aroma) but also causes the loss of nutrients and the for-

mation of intermediate undesirable compounds, like fur-

fural and 5-hydroxymetilfurfural [21]. According to the

International Federation of Fruit Juice Producers (IFFJP)

[91], an HMF content of 5 mg/L for juices and 25 mg/kg

for concentrates should not be exceeded. Higher values

indicate that the product has been overheated [88].

During the manufacturing process and storage of fruit

juices heating processes can affect the quality of fruit juice

concentrates, which leads to consumer dissatisfaction,

changes take place in the structure of derivative fruit prod-

ucts, and thermal treatments during preservation processes

can affect the quality of juices and fruit purees through non-

enzymatic browning reactions, and loss of volatile com-

pounds, destruction of vitamins and amino acids, hydrolysis

of carbohydrates, development of undesirable odours and

tastes and browning reactions can occur [61].

Multiple-effect evaporators were designed to concen-

trate juice at reduced temperatures but, in practice, tem-

peratures become very high in the first effects and

hydroxymethyl-furfural (HMF) formation can reach very

high values [109, 110]. HMF is an important intermediate

in non-enzymatic browning (NEB) reactions and its pro-

duction during processing may accelerate browning during

storage. Fruit juice concentrates containing more than

65 % total solids are normally stable from the standpoint of

fermentation at any temperature but, when stored at rela-

tively high temperatures, NEB reactions occur [108]. Non-

enzymatic browning via Maillard reactions between

reducing sugars and amino acids is the major route of

colour formation in apple juice concentrate during pro-

cessing and storage. These reactions involved the forma-

tion of reactive intermediates by a variety of pathways and

these can yield both volatile flavour components and brown

melanoidins of HMW [6].

Ibarz et al. [85] observed that the presence of

D-galacturonic acid (AGA) increases the browning of

juices. They showed the effect of (AGA) on the non-

enzymatic browning of three types of clarified concen-

trated fruit juices (apple, pear and peach). This was

evaluated by the evolution of the absorbance at 420 nm

(A420) with the treatment time that these juices show. The

effect of the temperature treatment on the non-enzymatic

browning of these juices was quantified by fitting the

variation of the kinetic constants with the Arrehnius

equation, thus obtaining the corresponding activation

energies. In the case of apple juice, it was observed that

for the increase in AGA content the activation energy

increases considerably, while for the pear and peach jui-

ces, a slight increase of the activation energy was

observed with the increase in AGA.

Control of Non-enzimatic Browning in Fruit Juices

Melanoidins and polyphenols have been found to be

responsible for physico-chemical deterioration of some

fruit juices because they are relatively small molecules that

can easily pass through the membranes during ultrafiltra-

tion processing. In order to prevent fruit juices from

browning and haze formation, a reduction of melanoidins

and phenolics is necessary [15, 116].

Few publications concerning the application of mem-

brane separation for remediation of browned juices have

been found. Carrin et al. [28] studied the de-coloration of

browned apple and grape juice by physical separation of

melanoidins with combined use of ultrafiltration (UF) and

nanofiltration (NF) membranes. Proposed actions were

focused to reduce decoloration agents addition to juice, in

accordance with current trends in food processing.

Non-enzymatic browning (NEB) in fruit products can be

inhibited or reduced by refrigeration and by the control of

water activity in dehydrated fruits [104]. Two basic treat-

ments have been used for the control or reduction of non-

enzymatic reactions: the reduction of amino nitrogen in

juices and the use of different chemical inhibitors [108].

The search for effective and safe inhibitors of NEB is

driven by the need to: (a) prevent undesirable Maillard

reactions, and (b) find alternatives to the use of sulphites

[44]. The use of sulphites is restricted to certain categories

of food products. Because of these restrictions, food pro-

cessors have turned to a number of sulphite alternatives.

Many alternative chemicals have emerged to control

browning as formulations of ascorbic acid, erythrobic acid,

ascorbicacid-2-phosphate, cinnamic acid, benzoic acid and

chelating agents [7].
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Concentration of clarified fruit juice by evaporation

ideally reduces costs and increases shelf-life by removing

water without changing the solid composition. A number of

agents including, gelatine, bentonite, activated carbon,

casein, ion-exchange waxes, resins and polyvinylpoly-

pyrrolidone (PVPP), have been studied for the removal of

polyphenols from fruit juices. The use of adsorbent resins

for clear juice stabilization has been introduced as a final

treatment after clarification [28]. However, these are all

used in batch processes, which lead to additional costs in

the existing processing line.

Ibarz et al. [81] showed the effect of elimination of the

coloured compounds produced in the browning reactions in

a peach juice by means of the use of an adsorbent resin. It

shows the adsorption isotherms at different temperatures

applying the Langmuir and Freundlich models, and the

adsorption efficiency was evaluated for different concen-

trations of the resin. Also Ibarz et al. [79] studied the

elimination of colour compounds (melanoidins) when they

have been undesirably produced during the browning

reaction of apple juice with a new adsorbent resin Lewatit�

S 4528. Results showed that the adsorption kinetic constant

was always higher than the adsorption kinetic constant,

which indicates that the adsorption stage predominates the

adsorption stage. The evolution of the a* and b* parameters

shows a colour reduction, which continued for the b*

parameter but limited for the a* parameter, which is

globally appreciated as a reduction of the reddish colours.

Many of the concentrated juices are clarified juices

containing only water and soluble solids. In the conven-

tional manufacturing process of this type of juice, there is a

clarification stage where the insoluble solids are removed

[45]. To improve the colour of a browned clarified peach

juice, an adsorption treatment using different kinds of

activated carbon was investigated [25].

The Photochemical destruction of colour compounds in

fruit juices is the other method to removed enzymatic and

non-enzymatic browning in fruit juices. Few works have

been published concerning of the effect in fruit juices

irradiation. The heat-treated juices tend to change colour

and lose some of its aromas and vitamins during heating

process, while the juices treated with Ultra Violet (UV)

radiation tend to maintain its aroma and colour [55]. Ibarz

et al. [89] irradiated apple, peach and lemon juices with

different soluble solids content and different browning

degrees were irradiated using a lamp that emits in the

ranges 250–650 nm, studying the effect on CIELab color-

imetric parameters. The evolution of the a* and b* CIELab

parameters, which was an indication that the pigments and

compounds that give brown coloration (melanoidins) were

destroyed in this type of treatment. It is important to avoid

the formation of melanoidins, in processing and in storage

of the juice. However, once they are in the juice it would be

desirable to seek methods to eliminate these compounds

from the samples. An alternative may be found in the use

of UV radiation. In this way, Kwak et al. [103] studied the

effect of reaction pH on the photodegradation of model

melanoidins. The Cu2?/O2 and ascorbic acid/Cu2?/O2

systems were used for generating active oxygen species,

using a Xe lamp that emits in the range of 200–1,000 nm,

and a halogen-tungsten lamp emitting in the range of

350–1,000 nm. They found that Photodegradation of

NaHCO3-melanoidins in the Cu2?/O2 system by the con-

tinuous supply of oxygen resulted in an increased decol-

orization rate, decreased molecular mass, production of

low molecular weight compounds, release of free lysine,

and pH change. The buffer- and Cu2?-melanoidins did not

show changes in chemical characteristics similar to those

of the NaHCO3-melanoidin.

Structure of Advanced MRPs and their Pathological

Role

In recent years, several studies have mainly been focused

on the effect of melanoidins on the human diet, and their

feasible nutritional, biological, and health implications

[4, 5, 93]. But results in the literature are difficult to

compare, since models do not resemble food matrices or

processing conditions at industry, so the research could not

show whether melanoidin or the last stage of Maillard

reaction are responsible for the studied effects [124].

The deleterious effects of dietary MRPs on human health

are still unclear, except that it is well-known that MRPs

intake promotes oxidative stress and contributes to diabetes

and the evolution of atherosclerosis and other age-related

diseases [156]. For this reason studies on MRPs absorption

and metabolism with realistic designs and concentrations of

the compounds are a necessary step to establish the effects

of their consumption, and its relation with the endogenously

formed Maillard compounds, also called advanced glyca-

tion end-products (AGEs) [161]. AGEs are complex, het-

erogenous molecules that cause protein cross-linking,

exhibit browning and generate fluorescence. Not all AGEs

have been identified and the mechanisms underlying their

formation remain unclear. Given their slow formation, it

was believed that only long-lived extracellular proteins

accumulate AGEs, although it is now known that they can

form on short-lived molecules and even intracellular growth

factors [29]. Some AGEs are exogenous, being derived

from foods or even tobacco [63], although their significance

in diabetic pathology remains unclear. Over a dozen AGEs

have been detected in tissues and can be divided into three

categories: (a) fluorescent cross-linking AGEs such as

pentosidine and crossline. (b) Non-fluorescent cross-linking

AGEs such as imidazolium dilysine cross-links, alkyl
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formyl glycosyl pyrrole (AFGP) cross-links and arginine-

lysine imidazole (ALI) cross-links and (c) non-cross-linking

AGEs such as pyrraline and N-(carboxymethyl)lysine

(CML) [130].

The traditional scheme of the Maillard reaction impli-

cates Amadori products, the major products resulting from

the condensation of glucose with primary amines, as the sole

major precursor of advanced glycation end-products (AGEs)

[122]. This view was challenged when Hayashi and Namiki

[68] discovered that the Schiff base adduct could undergo

fragmentation to form glyoxal, C-3 fragmentation products

and fairly stable pyrazine radicals. Structure elucidation and

kinetic studies on the formation of advanced Maillard

reaction products have shown that pyrraline undergoes fur-

ther modifications in vivo, especially in the presence of

sulphydryl agents such as cysteine. The biological signifi-

cance of this modification remains to be assessed. Intracel-

lular glycation and glycoxidation products do not follow an

expected pattern as a function of the degree of hyperglyca-

emia, as revealed in experimental animals [121].

Pyrraline may contribute to diabetic microvascular

extracellular damage caused by cross-linking of the

microvascular extracellular matrix because it has recently

been proved [111] to be a crosslinking agent, particularly

with cysteine residues. Although glycaemic control has

been shown to affect only modestly the concentration of

advanced MRPs in the extracellular matrix. Portero-Otı́n

et al. [142] showed that it clearly influences advanced

Maillard reaction in vivo in a more dynamic compartment

such as plasma/urine. Thus, metabolic control may exert

beneficial effects on the progression of long-term diabetes

complications through modification of circulating, cross-

link precursors, that is, advanced MRPs such as pyrraline.

Dietary MRPs and Melanoidins in the Intestine

Significant quantities of dietary MRPs and melanoidins

enter the human intestines every day, but scarce work have

been published about their metabolism therein. Neither the

effects of digestive enzymes in the small intestines nor those

of the bacteria in the large bowel on melanoidin degradation

have been described yet. Ames et al. [3] studied the effects of

faecal bacteria were also determined, in batch culture, with a

combination of phenotypic and genotypic (probes) criteria

being used to identify the microbial diversity involved. After

a maximum time of 24 h of incubation, the total number of

anaerobes, bacteroides, clostridia, and bifidobacteria

increased in a batch culture fermenter containing human

faecal bacteria. Simulation of peptic and pancreatic diges-

tion showed that the melanoidins did not produce detectable

amounts of low molecular mass degradation products.

However, melanoidins affected the growth of gut bacteria

during mixed culture growth. The effect was to cause a non-

specific increase in the anaerobic bacteria enumerated. This

in vitro study indicates that melanoidins can affect the

growth of human large bowel bacteria and serves to dem-

onstrate possible effects that may occur in vivo. Given the

large and varied number of food items that contain MRPs,

this may have relevance for lower-gut health.

Microbial degradation of melanoidins isolated from a

gluten-glucose mixture heated in water for 1 h was also

indicated by the stimulated growth of bifidobacteria and by

the production of short chain fatty acids in a fermenter

containing human faecal bacteria [42]. As the stimulated

growth of bifidobacteria was inhibited when gluten-glucose

mixtures prepared by 2 or 3 h heating times were tested, it

might be speculated that the microbial degradation is limited

to less complex melanoidin structures, which are preferen-

tially formed in the presence of water than under roasting

conditions and during shorter heating times rather than

during longer heat treatment at comparable temperatures

[163].

Metabolic transit data on food advanced MRPs (mela-

noidins), has not yet completed elucidated and it is still

under investigation an open question whether isolated

melanoidin structures undergo metabolic biotransformation

and subsequently cause physiological effects in vivo [41].

Advanced MRPs, acting as premelanoidins, and melanoi-

dins are formed under severe heat treatment of foods and

are ingested with the habitual diet at considerable amounts.

Metabolic transit data are known for Amadori compounds

classified as early MRPs, like, for example, fructose-lysine.

For rats and humans, the percentages of ingested free

versus protein-bound fructose-lysine excreted in the urine

were found within ranges of 60–80 and 3–10 %, respec-

tively. Homma and Fujimaki [75] investigated the meta-

bolic fate of a 15 N-labelled non-dialysable, high

molecular weight (HMW) melanoidin fraction in rats.

Balance studies on free advanced MRPs are still lacking,

but protein-bound LMW premelanoidins and HMW mel-

anoidins have already been investigated in animal experi-

ments using 14C-tracer isotopes.

The amount of ingested radioactivity absorbed and

excreted in the urine was found at levels ranging from 16 to

30 % and from 1 to 5 % for premelanoidins and mela-

noidins, respectively [51]. These different metabolic transit

data of premelanoidins and melanoidins can be explained

by the following mechanisms involved: (a) intestinal deg-

radation by digestive and microbial enzymes; (b) absorp-

tion of these compounds or their degradates, and (c) tissue

retention. Structure-specific in vivo effects have been

identified for protein-bound premelanoidins on intestinal

microbial activity, xenobiotic biotransformation enzymes

and further glycation reactions. The latter are hypothesized

to be involved in the ageing process and in the course
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of different diseases. Further investigations are needed to

clarify synergistic in vivo effects of dietary ingested mel-

anoidins and endogenously formed glycation products.

Most studies have been developed in rats using model

systems that have exaggerated processed conditions in

order to amplify the significant effects. Thus, after

administration of doses of 110 or 310 mg per kg body

weight of the glycation end-products (AGEs) N-(carboxy-

methyl)lysine (CML), in the form of heated casein to rats,

animals eliminated in urine a 26 % and a 29 % of the dose

and in faeces about 15 and 22 %, respectively. Between 1.5

and 1.7 % was accumulated in the circulation, liver, and

kidney [54]. Other studies have shown urinary excretion of

CML in the range of 4–19 % of that which has been

ingested [107]. It has to be mentioned that there are very

few human assays and those that exist are usually not

consistent with data obtained in rats. Among the few that

there are, most are focused on the effects of the ingestion of

a concrete compound generated in conditions that are not

very common in a diet. It has been well-established that

complex foods used in daily life are more heavily modified

than the single-protein preparations used in many studies

[171]. Moreover, the MRPs absorption and metabolism

seem to depend on the individual chemical structure and

the way they are bound to proteins [161].

N-(carboxymethyl)lysine (CML) as one of the most bio-

logically active MRPs and its faecal and urinary excretion in

a sample of healthy male adolescents consuming the kind of

a MRPs high diet, which is usually ingested by this section of

the population, compared with the consumption of a MRPs-

low diet. Delgado-Andrade et al. [40] studied the effects of a

high and low MRPs diet on N-(carboxymethyl) lysine

(CML) intake and excretion in 11–14 years adolescent

males. They founded that CML absorption and faecal

excretion were highly influenced by dietary CML levels.

Since the compound has long-term effects on health, an

excessive intake deserves attention, especially in a popula-

tion nutritionally at risk as adolescents. The consumption of

the MRP-high diet led to a higher CML input (P [ 0.05)

(11.28 vs. 5.36 mg/day CML for MRP-high and MRP-low

diet, respectively). In parallel, the faecal excretion was also

greater (P [ 0.05) (3.52 vs. 1.23 mg/day CML, respec-

tively) and proportional to the dietary intake. The urinary

elimination of CML was not increased significantly when

the MRP-high diet was consumed compared with con-

sumption of the MRPs-low diet and was not proportional to

the dietary exposure of CML. They sowed that CML

absorption and faecal excretion were highly influenced by

dietary CML levels. Since the compound has long-term

effects on health, an excessive intake deserves attention,

especially in a population nutritionally at risk as adolescents.

Studies using rats indicated that only a small proportion

of melanoidins prepared from glucose and glycine (or

lysine) were absorbed through the gut wall, most being

excreted in faeces [4]. However, 90 day toxicity studies of

Class I and Class IV caramels using rats resulted in dis-

colouration of the mesenteric lymph nodes that was

attributed to the intestinal absorption of high molecular

mass caramel components [133].

Investigations involving melanoidins and micro-organ-

isms are focused on (a) the potential of melanoidins to affect

the growth of bacteria, including the possible extension

of food shelf-life, (b) the ability of micro-organisms to

degrade or decolorize melanoidins and, (c) the effect of

melanoidins on gut microflora composition [4]. There is

very little information on microbial interactions between

human colonic bacteria and Maillard reaction products.

The colon is the most metabolically active site in the

human body. This is because of the resident microbiota,

which comprises about 1014 prokaryote cells in total [154].

The nature of the gut fermentation may impact heavily on

host health and welfare and the gut flora is thought to play a

central role in homoeostasis, digestion and the prevention of

diseases, such as acute gastroenteritis and bowel cancer [58].

Melanoidins as Chelating Agents and Their Antioxidant

Activity

Melanoidins are likely to play an important role in the

binding of nutritionally important metals. The chelating

properties towards metal ions also contribute to the anti-

oxidant and antimicrobial properties of melanoidins in

foods [150] and in vivo [166]. Also, the chelating ability of

melanoidins is relevant from technological, nutritional and

physiological points of view [127, 182].

Literature data relevant that the formation of compounds

with antioxidant activity mainly concern the development

of the Maillard reaction. In the last years great efforts have

been made to detect Maillard reaction rates and the for-

mation of compounds with antioxidant capacity. The

majority of these studies was carried out on model systems.

Melanoidins are one of the major components of coffee

beverages, accounting for up to 25 % of dry matter [16].

Morales and Babbel [125] indicated that the antioxidant

capacity is a result of intermediate and low molecular

weight (LMW) MRPs and these effects are the subject of

considerable research from the view point of preservation

of foodstuffs. In any case, the mechanism of the antioxi-

dant effect of melanoidins is still unclear because the

chemical structure of melanoidins is unknown. It is

assumed that the mechanism is based on the ability of

melanoidins to trap positively charged electrophilic spe-

cies, scavenge oxygen radicals, or carry out metal chelation

to form inactive complexes [39]. The formation of D-amino

acids in many foods of plant and animal origin are the
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results of non-enzymatic browning since the presence of

amino acids together. As for the racemization mechanism,

it is postulated that the reaction of amino acids with glu-

cose or fructose starts with the reversible formation of

Schiff bases. The degree of racemization depends in par-

ticular on steric and electronic properties of the amino acid

side chains. It should be noted that the early stages of the

MR proceeds already under mild conditions [19] and do

not require alkaline or acidic condition. This new racemi-

zation mechanism based on the relatively stable Amadori

compounds has been used to explain the generation of free

D-amino acid in foods such as dried fruits, concentrated

fruit juices and fortified wines [141]. Recently, heating

experiments of synthetic Amadori compounds proved that

they are sources of amino acid-enantiomers [100].

Several methods have been developed to evaluate global

antioxidant capacity; they are usually based on the evalu-

ation of the free radical scavenging capacity. The most

commonly used are based on molecular absorption spec-

trophotometry UV–VIS (MAS) due to its simplicity to

handle and low cost. They are indirect methods, based on

the pre-formation of a free radical from an aromatic

organic compound, such as 2,20 -azino-bis-(3-ethyl-

benzthiazoline-6-sulphonic acid) (ABTS), the free radical

2,2-diphenyl-1-picrylhydrazyl (DPPH) and the free radical

N, N-dimethyl-p-phenylenediamine (DMPD) Other meth-

ods based on electrochemical techniques [131] and on the

determination of the lag time by electron spin resonance

(ESR) [11] have been used.

Wang et al. [174] found that the fructose-amino acid

model MRPs showed higher DPPH and ABTS radical

scavenging and ACE inhibitory activities than the glucose–

amino acid model MRPs. The a-glucosidase inhibitory

effect of MRPs derived from fructose and glucose/tyrosine

showed higher a-glucosidase inhibitory activity than that of

other MRPs. Sugar-amino acid model MRPs inhibited the

growth of HCT116 colon cancer cell in a dose-dependent

manner (from 0.5 to 1.5 mg/ml). Glucose MRPs showed

slightly higher antiproliferative activity than fructose

MRPs. In particular, sugar tryptophan and tyrosine MRPs

exerted higher biological activities than the other MRPs.

Antimicrobial

The antioxidant activity of melanoidins results especially

interesting since these products are naturally formed during

the food most investigations focused on the effect of MRPs

on microorganisms have been done in specific microbial

growth media, which show that MRPs can stimulate

microbial growth or inhibit it [47]. The most extensive

study on the influence of MRPs on microbial growth was

performed by Einarsson et al. [46]. These authors found

that MRPs have a bacteriostatic activity that depends on the

type and concentration of MRPs, culture media pH and

temperature, and on the molecular weight (MW) of the

MRPs. In this way, the products with an MW higher than

1,000 Da exert higher activity than those with LMW. In

addition, the studies mentioned found that the antimicro-

bial action of the MRPs was mediated by lowering iron

solubility so that there is a decrease in glucose and oxygen

uptake. Rufián-Henares and Morales [150] studied the

antimicrobial activity of different melanoidins obtained

from glucose-amino acid model systems. Found that glu-

cose-lysine melanoidin exerted the highest antimicrobial

activity, being at a concentration of 1 mg/mL, equivalent to

an oxytetracyclin solution of 170 mg/L.

The results in the literature seem to indicate that the

antimicrobial activity of melanoidins could be related to

their anionic charge and their ability to chelate some cat-

ions such as Fe, Zn, and Cu, which are essential for the

growth and survival of pathogenic bacteria. Also that the

anionic behaviour of melanoidins allows the disruption of

Escherichia coli membrane by chelating the stabilizing

cation Mg2? [175].

Antimicrobial activity was determined to be bacterio-

static at low concentrations of melanoidins, but bactericidal

at higher concentrations [150]. The dependence of the

microbicidal mechanism on the melanoidin concentration

could be related to their metal-chelating properties. Three

different mechanisms for the antimicrobial activity of

melanoidins have been proposed. At low concentrations,

melanoidins exert a bacteriostatic activity mainly mediated

by the chelation of iron from the culture medium. In bac-

terial strains able to produce siderophores for iron acqui-

sition, the chelation of the siderophore-Fe3? complex by

melanoidins has been observed, which could decrease the

virulence of pathogenic bacteria. Finally, melanoidins at

high concentrations can disrupt both the outer and inner

membranes by chelating Mg2? ions from the outer mem-

brane, leading to a destabilization of the inner membrane

[149]. The higher antimicrobial activity exhibited towards

gram-positive microorganisms was ascribed to the absence

of a protective outer membrane, which makes them more

susceptible to antimicrobial substances [150]. Antimicro-

bial activity of Maillard compounds exerts its biological

activity by decreasing the microbial growth (bacteriostatic

activity) [153]. In addition, it has been found that whereas

the main part of the antimicrobial activity of food-derived

melanoidins is a direct action of the melanoidin core, in the

case of model system melanoidins the antimicrobial action

falls on the low molecular weigh (LMW) Maillard-derived

compounds linked with the melanoidin core. The high

antimicrobial activity of food-derived melanoidins could

be explained in part tanking into account that these mela-

noidins are produced within a complex reaction media with
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a great mixture of amino acids, sugar and proteins, giving

rise to polymers with higher complexity. Similar results

have been obtained by Del Castillo et al. [38] in gluten-

glucose model systems where the antimicrobial activity of

melanoidins was higher than that of LMW compounds

[152].

Antibacterial Activity and Prebiotic Activity

The first study showing the inhibitory mechanism of anti-

bacterial MRPs was run by Einarsson et al. [47] using the

Salmonella mutagenic test system. They showed that the

MRPs tested had no mutagenic effect and that their anti-

bacterial effect was primarily due to the interaction

between MRPs and iron, resulting in reduced oxygen

uptake. Recently, Rufian-Henares and De la Cueva [150].

tested the ability of coffee melanoidins against the growth

of different pathogenic bacteria. They found that at low

concentrations melanoidins exerted a bacteriostatic activity

mediated by iron chelation from the culture medium,

whereas at high concentrations they exerted a bactericidal

activity by removing Mg2? cations from the outer mem-

brane, promoting the disruption of the cell membrane and

allowing the release of intracellular molecules. Also dif-

ferent molecular weight fractions isolated from roasted

cocoa have been tested for their antibacterial effects [165].

All fractions reduced the growth of pathogenic bacteria;

however, the authors highlighted that the growth of bifi-

dobacteria was also inhibited. Hiramoto et al. [71] deter-

mined the inhibitory activity of a variety of melanoidins on

urease-gastric mucin adhesion. H. pylori infection is the

primary cause for peptic ulcer and gastric cancer, and its

colonization in the stomach is suppressed by anionic

polymers such as food melanoidins. Extracellular urease

proteins located on the surface of Helicobacter pylori are

gastric mucin-targeted adhesins, which play an important

role in infection and colonization to the host. In addition,

they have determined the anti-colonization effect of mel-

anoidins prepared by heating casein and lactose, in an

animal model and in human subjects infected with this

bacterium. They concluded that melanoidins might be an

alternative to antibiotic-based therapy to prevent H. pylori

growth that combines safety, ease of administration and

efficacy. Data demonstrated that the more severe the

thermal treatment the higher the antibacterial activity,

suggesting that melanoidins play an important role.

Coffee melanoidins behave as a soluble dietary fibre

since they are fermented by the gut microflora [145]. High

amounts of acetate and propionate were produced after

microbial degradation of HMW components from coffee. It

can be hypothesized that polysaccharide-rich melanoidins

such as those present in coffee are preferentially

metabolized by bifidobacteria, whereas protein-rich mela-

noidins, as obtained by protein glucose mixtures or milk-

like systems, are good substrates for protein metabolizing

bacteria predominantly present in the descending tract of

the colon [64]. The Bread melanoidins are constituted by

LMW, coloured compounds linked with the gluten poly-

mer. Borrelli and Fogliano [17] studied melanoidins from

different bread types were investigated for their potential

prebiotic activity by a static batch culture. Results showed

that anaerobic bacteria, particularly bifidobacteria strains,

are able to use bread melanoidins as carbon source. The

bacterial growth is different for the various types of mel-

anoidins samples indicating that starting materials and

processing conditions have a strong influence on the pre-

biotic potential of bread melanoidins. In all cases the

bacterial growth obtained using bread melanoidins is lower

than that previously observed using melanoidins from other

sources, such as coffee silverskin. However, an in vitro

study [4, 174] investigating the effects of the melanoidin

fractions from glucose-lysine MRPs (refluxing at pH 5 for

2 h) on colonic bacteria demonstrated that melanoidins

could cause a non-specific increase in all anaerobic bacteria

of the human large bowel, including bacteroides, clostridia,

bifidobacteria and lactobacilli. Thus, it may be difficult to

ascribe prebiotic effects to melanoidins.

Antihypertensive Activity

The potential antihypertensive activity of pure melanoidins

isolated from coffee, beer, sweet wine [150], and purified

model melanoidins [149] has been evaluated by investi-

gating the in vitro ACE inhibitory activity. The in vitro

ACE inhibitory activity of food melanoidins was shown to

be similar to that reported for wellknown antihypertensive

peptides [152]. The ACE inhibitory activity of coffee

melanoidins was significantly higher with coffee that had

been heated for prolonged periods of time, which indicated

that the melanoidins are likely responsible for this activity,

though the ACE inhibitory activity has also been linked

with the presence of bounded melanoidin compounds

[151]. Rufian-Henares and Morales [153] also demon-

strated that the in vitro ACE inhibitory activity of pure

melanoidins extracted from aqueous glucose-amino acids

systems (100 �C, 24 h, pH 7) was related to melanoidin

structure, and the chromophores of melanoidins were not

involved.

Genotoxicity of Maillard Reaction Products

The methods to identify and quantify mutagenic cooked food

mutagens face many problems such as time-consuming
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analytical procedures, requirements of large amounts of

samples and difficulties quantitation [132]. Isolation and

characterization of mutagens in food systems were initiated

in the late 1970s when Kasai et al. [98] identified three

potent mutagens from broiled sardines and beef. Advances

in column and detection technology and high-performance

liquid chromatography/mass spectrometry (HPLC/MS) in

conjunction with nuclear magnetic resonance (NMR) and

(UV) methods stimulated the isolation and identification of

mutagens, such as heterocyclic aromatic amines from

model and real food samples.

Heterocyclic amines (HCA) are produced during high-

temperature cooking of foods, as part of the Maillard

reaction. These compounds pose relative high carcinogenic

risks for the human digestive system and respiratory tract

[93, 101]. HCA can be classified into IQ-type and non-IQ-

type compounds by their structure. IQ-type HCA has a

2-aminoimidazole moiety as a common structure and

includes aminoimidazoquinoline, aminoimidazoquinoxa-

line and aminoimidazopyridine compounds. The imidazole

moiety is derived from creatinine in raw meat and fish, and

other parts of IQ-type compounds are from amino acids and

sugars. Non-IQ-type HCA have a 2-aminopyridine moiety

as a common structure, and include aminopyridoindole and

aminopyridoimidazole compounds. The aminopyridoindole

is formed from the interaction of Maillard reaction products

(MRP) with intermediates from the Strecker degradation

products of tryptophan, while the aminopyridoimidazoles

are produced by glutamic acid at temperatures above

250 �C [126]. A mixtures of creatinine, glucose, and vari-

ous single amino acids as an aqueous model system to

simulate browning meats. Heating of amino acids and

glucose in a water solvent system produces substantial

amounts of mutagens only at alkaline pH (10.5). Positive

response was demonstrated with the Salmonella tester.

When creatine was added to this system prior to heating,

mutagens were formed at all pHs tested (pH 4, 7, 9 and 10.5)

and highest mutagenic activity was recorded at pH 9.0 and

pH 7.0. The amount of mutagen produced was dependent on

the creatine concentrations [95].

Wines and/or liquors have been widely used to prepare

meals, but there is limited information about whether the

Maillard reaction in the ethanolic solution occurs to the

same extent as in an aqueous solution. Wu et al. [177]

studied the formation of mutagenic IQ-type compounds

using a creatinine/glucose/threonine ethanolic model sys-

tem. The carcinogenic IQ and IQx compounds were

determined in ethanolic solution and compared with those

generated from aqueous solution. They showed that ethanol

accelerates Maillard reaction in the model solution. The

results suggest an increase in ethanol concentration favours

the formation of IQ and IQx mutagens when cooking meat,

fish, or chicken with potable alcohol or distilled spirit.

IQ-type compounds have been categorized as probably

carcinogenic to humans. They can reduce intake of HCA in

our diet by decreasing the extent of the Maillard reaction in

daily cooking, and avoiding high concentrations of ethanol

as an ingredient in cooked food.

Gazzani et al. [62] tested mutagenic activity of Maillard

browning products from ribose-lysine and glucose-lysine

mixtures, heated at l00 �C, was evaluated with the Salmo-

nella assay. For both mixtures optimal conditions for

producing mutagenic derivatives they observed at equimolar

concentrations of reactants. Ribose-lysine browning

products showed a higher mutagenic activity than the glu-

cose-lysine mixture and were more active in inducing gene

conversion and mitotic crossing-over in Saccharornyces

cerevisiae. The higher mutagenic activity of the browning

products of ribose was also demonstrated with several amino

acids: alanine, aspargine, aspartic acid, cysteine, cystine,

leucine, methionine, phen-ylalanine, proline, hydroxypro-

line, serine, valine. A DNA-damaging activity of the

browning mixtures of ribose with histidine, proline,

hydroxyproline, valine, was also detected in the Bacillus

subtilis rec-assay.

Genotoxicity Testing

The mutagenic activity of foods and food components as

well as other mutagens have been studied in a number of

test systems using bacteria (Salmonella typhimurium,

Escherichia coli), fungi (Saccharomyces cerevisiae),

insects (Drosophila melanogaster) and mammalian species

in vitro (Chinese hamster ovary cells) and in vivo (mouse).

The three mayor mutagenicity test systems are gene

mutations, chromosomal damage and DNA damage/repair

[5] All three test system have been used in evaluating

MRPs, but the Salmonella/mutagenicity assay has been the

commonly used method to determine gene mutation [4].

Mutagenics Studies on Fruit Juices

Ekasari et al. [49] studied and found mutagenic activity

in fresh orange juice heated at 93 �C for 30 min in

S. typhimurium strain TA100. Fresh-pressed orange juice

possessed no mutagenic properties, the mutagenicity being

induced by the heat treatment. These investigators pro-

posed that the mutagenic response is due to Maillard

browning. In later studies, Eksaki et al. [48] attempted to

characterize the mutagenic compounds in the heated

orange juice using ion-exchange chromatography and sol-

vent extraction. Their results showed that these mutagens

were neutral, polar and non-volatile compounds of

molecular weights less than 700 Da. Analysis by fast atom
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bombardment mass spectrometry was used to determine

the molecular weights of the mutagens at 162, 180, 254,

288, 342 and 540 Da [50] the elemental compositions of

some of these compounds were determined to be C6H12O6,

C9H18O11, C11H20O13, and C11H22O15. In another study,

Friedman et al. [59] studied the mutagenic responses of

fresh and heated orange, apple, grape and pear juices in

S. typhimurium strains TA98, TA100, TA102 and TA2637

with and without S9 activation. Results show that fresh

orange juice yielded revertant frequencies 2–3 times

greater than the water controls, but the mutagenic levels of

the heated juices were the same as the fresh juices.

Inhibitory Effect of Melanoidins

Trypsin is an enzyme with an activity influenced negatively

by physical parameters (temperature and pH), by confor-

mational changes (denaturalization), by chemical modifi-

cations (substitution of amino acid residues and reduction of

disulphide bridges) or due to specific interactions with

polypeptide inhibitors. These molecules, by the formation

of complex enzyme inhibitor, allow the interactions

enzyme-substrate during the catalysis and its mechanism to

be known [140].

Hirano et al. [72] studied the effect of the melanoidin

obtained from D-glucose and lysine using Na-benzoyl-D-L-

argininep-nitroanilide (BANA) as a substrate and it was

observed that the concentration necessary to reduce the

enzymatic activity by 50 % was lower than 1 mg/mL.

However, the same authors observed that the melanoidin

did not affect the chymotrypsin activity using Na-benzoyl-

D-L-tyrosin-p-nitroanilide (BTNA) as a substrate. Enzymes

and hormones of peptidic origin lose their properties in the

presence of melanoidins and modify their immunologic

behaviour [119].

The melanoidins resulting from the Maillard reaction

between D-glucose and lysine affect the activity of different

proteolytic enzymes in the gastro-intestinal tract [138]. The

authors used Na-benzoyl-L-arginine ethyl ester (BAEE) and

casein to study the inhibitor effect of melanoidin on trypsin

activity. When using BAEE as a substrate, they observed

that the addition of 0.5 mg/mL did not affect the value of

Michaelis–Menten constant, while the maximum reaction

rate reduced its value from 0.07 to 0.05 mM/min. In the

case of using casein as a substrate, the addition of 1 mg/mL

of melanoidin caused a decrease of approximately 15 %.

Ibarz et al. [80] showed the effect of the presence of the

melanoidins from glucose-asparagine on the enzymatic

activity of trypsin. It was observed that an excess of

Na-benzoyl-L-arginine ethyl ester (BAEE) has an inhibiting

effect on this enzyme activity. The maximum reaction rate

was obtained for a 0.06 mN substrate concentration. It is

also observed that the presence of melanoidin inhibits the

enzymatic activity of trypsin. This inhibition can be

described as a linear mixed type where the inhibition con-

stant aKi of the substrate inhibitor complex is higher than

the inhibition constant Ki of the complex enzyme inhibitor

with a value of 1.88. Moreover, glucose was shown to be the

most active sugar in producing inhibitory derivatives in the

browning reaction with L-cysteine. To add further support to

the possible involvement of MRPs derived from a thiol

precursor, Billaud et al. [14] showed that the inhibitory

potency of various amounts of MRPs derived from hexose/

glutathione, heated at various temperatures (80–110 �C) for

different times (2–39 h), on enzymatic browning and apple

PPO activity in order to optimize organoleptic properties of

fruit and vegetables. Compared with MRPs prepared from

hexose with cysteine, those from GSH exhibited a more

potent inhibitory effect, due to the presence of an additional

carboxylic function on the tripeptide. Therefore, these

MRPs could be considered as potential natural inhibitors

effect on apple PPO for use with minimally processed fruits.

Hansen and Millington [67] observed a blockage in the

protein digestion catalysed by carboxypeptidase-B (CPB)

due to the products obtained from the browning reaction

between glucose and lysine. As the reaction temperature

increased, which is for higher melanoidin content, the

activity of the enzyme decreased, so that the products

formed could not degrade in the intestine, that is, they

could not be absorbed. As a reaction to this, the organism

puts the immune system to work, synthesizing immuno-

globulin A and M. The low molecular mass constituents in

the browning reaction between glucose and lysine affected

the daily protein ingestion in rats [138, 139] studying the

effect of these products on various pancreatic enzymes,

concluding that their inhibitor effect on trypsin was non-

competitive. However, their action on CPA and CPB does

not follow the established classic inhibition models. Both

enzymes are completely inhibited with 0.5 mg/mL of the

low molecular fraction of formed melanoidin.

Ibarz et al. [83] study the effect of melanodins obtained

from a glucose/asparagine system and also the effect of

excess of substrate on the activity of the carboxypeptidase

A (CPA) and carboxypeptidase-B (CPB) enzymes. The

presence of melanoidins has an inhibitory effect on both

the enzymes, with the value of the maximum reaction rate

of the enzymatic reaction decreasing with the increase in

melanoidins, so that the maximum activity is reached for

substrate concentrations of 1 mM.

Final Remarks

The Maillard reaction (MR) is a chemical reaction between

an amino acid and a reducing sugar, usually requiring the
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addition of heat. The sugar interacts with the amino acid,

producing a variety of odours and flavours. The MR is the

basis of the flavouring industry. On the other hand in the

manufacture of fruit juices and pulps, is of paramount

importance to refer to non-enzymatic browning as an

undesirable process. Non-enzymatic browning is the last

step of the MR where the presence of brown polymers

called melanoidins produces darkening, especially in liquid

foods. Modelling studies of colour formation and definition

of rheological behaviour, considered in this review lead to

the conclusion that models of zero order and first order are

giving better data fittings in kinetic studies of non-enzy-

matic browning. The most influential factors with the

reactions are mainly: temperature, amino acids presence,

reducing sugars, water activity and pH.

Melanoidins produced in the Maillard reactions between

proteins and sugars in real foods are predominantly high

molecular weight compounds. Considering that the

molecular weight of melanoidins produced from MRs is

highly dependant on the heating intensity, and HMW

melanoidins are produced at longer reaction times. To

better understand the benefits of melanoidins in healthy

foods, these beneficial compounds need to be chemically

characterized and categorized according to their structure-

specific health effects. Absorbed melanoidins may have

beneficial in vivo effects, such as antioxidant activity. Also,

the indigestible melanoidins are more likely to be benefi-

cial to human health, displaying in vivo antioxidant, anti-

microbial and prebiotic activity in the intestine.
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93. Jakszyn P, Agudo A, Ibáñez R, Garcı́a-Closas R, Pera G,

Amiano P, Gonzales CA (2004) Development of a food database

of nitrosamines, heterocyclic amines, and polycyclic aromatic

hydrocarbons. J Nutr 134:2011–2014
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