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Abstract

The rate of the Maillard reaction and the nature of its products are governed by the immediate
chemical environment of the reactants defined by the chemical composition of the system. The fast
developing marker has the advantage of providing a tool to follow early changes, even when quality has
not changed, and it is still possible to take corrective actions.(

The aim of present work was to compare the kinetics of color development during the heat
treatment under different conditions, in order to define suitable markers to sensitively assess the degree
of reactions taking place in milk model systems accounting for the time-temperature effects. The
increase in color intensity was followed in two milk model systems (casein and lactose — CN-L and
casein, whey protein concentrate and lactose — CN-WPC-L) at two pH values (6.6 and 7.5) in different
buffer solution (0.7 M phosphate and 0.2 M acetate).

The extent of changes measured by the increase in browning index could be described by a
first-order fractional conversion model, resulting in activation energy of 37.07+1.4 kJ.mol-1 and
21.48+1.6 kJ.mol-1 for CN-L and respectively CN-WPC-L systems in 0.7M phosphate buffer, pH 7.5
and 16.5£1.65 kJ.mol-1 and 26.5+2.1 kJ.mol-1 for CN-WPC-L system at pH 7.5 and respectively 6.6 in
0.2 M acetate buffer.
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Introduction

Milk is an important source of high value proteins, minerals and vitamins and
bioactive components (MACOVEI & COSTIN, 2006). The high nutritional value of milk
together with the neutral pH and high water activity renders milk an ideal medium for
microbial growth. Fresh milk necessitates a heat treatment in order to guarantee a
microbiologically safe and shelf-stable product. To evaluate the adequacy of the ride wide
range of heat processes used in the dairy industry, knowledge on the process impact (in terms
of food safety and quality) on milk is required.

To maintain and improve milk quality, an optimization of the heat treatment must be
reached to ensure a perfect microbiological safety of the product, while altering as little as
possible its sensory and nutritional value (FRIEDMAN, 1996). The control of the heat
treatment applied to milk and its consequences in terms of quality account for the necessity
for a methodology compatible with industrial requirements, characterized as being rapid, easy
to use and with low cost.

Heat treatment affects the sensory, biophysical and nutritional properties of milk. The
main events occurring upon heating are, successively, protein denaturation, Maillard reaction
and lactose isomerization.

The non-enzymatic browning or Maillard reaction is of major importance in food
preparation. (CHOBERT & al., 2006). The Maillard reaction is a type of non-enzymatic
browning of prime importance to both food scientists and food processors, as it affects the
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quality of processed food products, in particular the sensory attributes, like color, flavor and
taste (MARTINS & VAN BOEKEL, 2005).

This glycation reaction is still extensively studied because of the high number and
complexity of the products formed during its three different reaction stages (AMES, 1990).
The early stage consists of condensation of a reducing sugar with an amino group and leads, via
the formation of Schiff base and the Amadori rearrangement, to the so-called Amadori product.

The second stage involves the formation of Advanced Maillard reaction Products,
including numerous essential fission sugar—amino compounds (FRIEDMAN, 1996). The third
stage results in the final Maillard reaction products containing condensation and polymerization
products of proteins, inducing appearance of brown pigments called melanoidins.

The consequences of the Maillard reaction for milk and milk products are considerable
(VAN BOEKEL, 1998):

a) loss of nutritive value due to blockage of lysine residues which are no longer available
for digestion (early, advanced and final Maillard reaction), reduced digestibility and
inhibition of enzymes;

b) flavor compounds are formed: these are mainly low molecular fission compounds from
degradation of the Amadori compound (advanced Maillard reaction);

c¢) antioxidative compounds are formed in the advanced Maillard reaction;

d) mutagenic, as well as antimutagenic and anticarcinogenic compounds are formed;

e) antibacterial compounds may be formed;

f) antigenicity of heated cow’s milk may be less for people allergic to cow’s milk;

g) milk proteins polymerize because of the Maillard reaction;

h) a brown colour develops due to melanoidins (advanced and final Maillard reaction).

The concerns regarding minimal processing techniques are closely connected to the
increase of consumer exigency regarding food quality and safety.

Many technological alternatives exist that can be used to obtain safe products and to
ensure long self-life. From a technological point of view, controlling food quality means
controlling chemical, physical and microbiological changes during food processing and
storage. However, to be able to do that, the reactions of interest need to be studied in a
quantitative way. Kinetic parameters describing such changes are thus needed.

Many chemical indicators for evaluating quality of thermally processed milk have
been proposed and huge information on that issue has been published, but it is very difficult
to compare and use this information as intrinsic indicators of heat-treated milk, because of the
variability of analytical methods, composition of milk, kinetics, etc.

The objective of this study was to follow the heat induced changes in browning index
in milk proteins and sugar model systems at different pH, buffers and ionic strength. Hereto,
kinetic studies were performed to quantitatively describe the time-temperature changes in
browning index, furthered referred as Br.

Materials and methods

Preparation of reaction mixtures

Milk-resembling model systems: casein: lactose ratio 1:1.6 (CN-L) and casein: whey
proteins concentrate: lactose ratio: 1:0.2456:1.579 (CN-WPC-L) were prepared in 100 mL 0.7
M phosphate buffer and 0.2 M acetate buffer at pH 7.5 and 6.6. All solvents and chemical
reagents were of analytical grade.

Heat treatments

One ml of proteins/sugar solutions were filled in the screw-capped glass tubes. The
thermal treatment experiments were performed in a thermostatic oil bath at various constant
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temperatures (90-130°C) for preset time intervals (0 - 40 minutes). After thermal treatment,
the tubes were immediately cooled in ice water to prevent further reactions. The changes in
absorbance were measured exactly in 2 min after thermal treatment, spectrophotometrically
after diluting the samples to 2 mL in adequate buffers.

Colour measurement

Color measurement, at the different times, was performed to follow the progress of
non-enzymatic browning in the model systems with time. HUIDROBO & SIMAL (1985)
proposed a simplified method of four selected coordinates to evaluate the colour parameters
of yellow to yellow-brown samples, which was employed to obtain the CIE (Comission
Internationale de I'Eclairage) tristimulus values X, Y and Z, according to the following
equations:

X = T(,zs : 0,42 + T550 . 0,35 + T445 : 0,21 (1)
Y= T(,zs : 0,2 + T550 . 0,63 + T495 : 0,17 (2)
Z =Tys 0,24 + Tyys - 0,94 3)

where Teys, Taos, Tass, Tsso are the transmittance values at 625, 495, 445, 550 nm, respectively.

Transmittance values at 445, 495, 550 and 625 nm were measured in a UV-VIS GBC
Cintra 202 spectrophotometer. The function browning index “Br” which has been proposed as
a suitable measure of visual browning was calculated following equation 4:

Br=100- (x — 0.31)/0.172 (4)
where
x=X/(X+Y+2Z) (5)

and Bry is the color measurement of system without thermal treatment. Each reaction mixture
was prepared, heated and analyzed at least in duplicate.

Kinetic Data Analysis

The fractional conversion model (a modified first order kinetic model) was used to
define the heat-induced changes on colour. In this model, the changes in Br as a function of
heating time are described by equation 6:

Br, =Br, + (Bro0 - Br, )exp(— kt) )

where Br,, is the equilibrium value for Br at infinite heating time (the value after which longer
heating time does not result in changes in the Br and Bry is the Br index of the samples at time
0 of thermal treatment.

The temperature dependence of the rate constant, k (min") was described by the
Arrhenius equation 7:

E (1 1
k=k ,exp| ——%| ———— 7
" p[ R [T Tref B ?

with T and T, the absolute temperature (K) and the reference temperature (K), respectively;
ks the rate constant at T,.s, E, the activation energy (kJmol'l), R the universal gas constant
(8.314 Jmol'K™"). Kinetic parameters were estimated by nonlinear regression analysis.

Statistical analysis
Experimental data were analysed by analysis of variance (ANOVA). Significant pH-rate
constant £ and medium composition-rate constant k interactions was evaluated with
unifactoral ANOVA.
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Results and discussion

Influence of proteins types

There is a need to select and define potential thermal intrinsic indicators to evaluate
the destruction of the target micro-organism associated with each heating process, taking into
consideration the safety and quality aspects.

A better understanding of the milk constituent behavior during heat treatment is
essential for the control and predicts functional and nutritional properties of the end-products
and to optimize the thermal processing condition. In general, the traceability indicators for
milk and dairy products can be used as a tool for fast and easy assessment of the process
impact and its can be used to assess the conformity with the legal requirements for quality and
safety, authenticity evaluation and traceability.

Several heat-induced markers have been proposed to control and check the heat
treatments given to milk and milk products, and quite a few of them are related to the
Maillard reaction (PELLEGRINO & al., 1995). Among these, lactulose and furosine
(KULMYRZAEV & DUFOUR, 2002), available lysine (RUFIAN-HENARES & al., 2006,
PEREYRA-GONZALES & al, 2010), hydroxymethylfurfural (CLAEYS, 2003),
lactuloselysine (RATTRAY & al., 1997) fluorescence and color (BOSCH & al., 2007),
lysinoalanine (MONTILLA & al., 2007), flavor compounds (VAN BOEKEL, 2006), N*-
carboxymethyllysine, pyrraline and pentosidine, pronyl-lysine (ERBERSDOBLER &
SOMOZA, 2007), etc. are the most widely used markers for the nutritional evaluation of
severely and even mildly heat-treated foods such as ultra-high temperature-treated milk or
even pasteurized milk.

The rate of the Maillard reaction and the nature of its products are governed by the
immediate chemical environment of the reactants defined by the chemical composition of the
system (MATIACEVICH & BUERA, 2006). Although this reaction has been known for quite
some time, it is still not clear how effectively the effects of amino acid type, pH dependence,
temperature, water content, or interactions with the food matrix can affect the activation of
some Maillard reactions (JALBOUT & al., 2007).

The mechanism and the profile of products of Maillard reaction are very complicated,

not much is yet known about the chemistry of the browning components and certainly not in
milk. Therefore, researchers commonly use model systems to limit the scope.
Kinetics plots of the colour development measured by Br index of casein heated in the
presence of lactose in 0.7 M phosphate buffer at pH 7.5 are given in Fig. 1. The plots show
that depending on the temperature-time combination, the Br index gradually increase until an
equilibrium values was reached. As it can be seen, after 40 minutes of heating, the Br index
reached a maximum value, being 1.95-2.6 times higher than values calculated for Br after 5
minutes of heat-treatment at different temperatures.

~

0 5 10 15 20 25 30 35 40
k heating time (minutes) J

Figure 1.Time dependent changes in CN-L model systems heated in 0.7 M phosphate buffer at pH 7.5 at different
temperatures (4 90°C, [1100°C, a 110°C, m 120°C, O130°C)
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Fig. 2 shows the kinetics of heat induced changes in Br index of CN-WPC-L model
systems in 0.7 M phosphate buffer. Similar increase tendencies were observed in these model
systems. It can be seen, that at 1300C, Br index reached maximum values.

Ty
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40 |
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25 1
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Br (%)

0 5 10 15 20 25 30 35 40
\ heating time (minutes) J

Figure 2. Time dependent changes in CN-WPC-L model systems heated in 0.7 M phosphate buffer at pH 7.5 at
different temperatures (4 90°C, [1100°C, « 110°C, m 120°C, O130°C).

BERG and VAN BOEKEL (1994) suggested that at 130°C degradation of the Amadori
product was faster than its formation, and/or that lysine residues were involved in the
advanced stages of the Maillard reaction. Also, it should be mentioned that at 130°C, lactose
is also subject to isomerization and degradation, and this contribution is quantitatively more
important than Maillard reaction. It seems that the kinetics of lactose reactions, including the
Maillard reaction, revealed that (i) lactose isomerization is quantitatively more important than
the Maillard reaction at sterilization temperature (for instance 80% isomerization versus 20%
Maillard at 120° C), (ii) lactose isomerization is more strongly temperature dependent than the
Maillard reaction (VAN BOEKEL, 1998). At prolonged heating time, in advanced stage of
reaction it was observed a saturation of colour. MATIACEVICH & BUERA (2006) suggested
that in this stage the fluorescence is more sensitive for following the reaction.

Fig. 3 shows the calculated values of Br heated in temperature range of 90-130°C for
40 minutes.

- )
50+ OCN-L = CN-WPC-L |
40
< 30 _ — —
=
(i3 20
101
0,
90 100 110 120 130
temperature (°C)
N S

Figure 3. Changes in Br index after 30 minutes of heating in phosphate buffer as a function of temperature and
medium composition

As it can be observed, Br values for milk-resembling model system (CN-WPC-L) are
significantly higher compared with those for CN-L systems, being e.g. 2.6 times higher at
90°C. It is obviously that casein is less reactive when heated only with lactose. This behaviour
was also reported by AJANDOUZ & al., (2008) for bovine serum albumin and casein in a
glucose model system at pH 8.0. On the other hand, VAN BOEKEL (1998) remarked that
lysine residues in caseins are more reactive than in serum proteins, while k-casein seems to be
the most reactive casein.
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Influence of pH

There are few quantitative data in literature regarding the influence of pH on the
Maillard reaction in milk. All the above described reactions can occur simultaneously,
affected by each other as well as by reaction parameters (SILVAN & al., 2006). The
complexity of this chemical reaction lies in the fact that it is influenced by numerous factors,
who’s unique combination will each time lead to a new case study.
To study the effect of pH on the milk proteins-lactose reaction kinetics the CN-WPC-L model
systems was selected. The samples were heated at temperatures between 90 and 130°C for 0-
40 minutes at pH 7.5 and 6.6 in 0.2 M acetate buffer.
Heat treatment at pH 7.5 results in a significant increase in Br index (Fig. 4). Increasing
treatment time results in a higher level of Br (%), until an equilibrium value was reached. The
Br index reached a maximum values after 35-40 minutes of heating, with a values higher with
~28% compared with value measured at 90°C.

225
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N heating time (minutes) Yy

Figure 4.Time dependent changes in CN-WPC-L model systems heated in 0.2 M acetate buffer at pH 7.5 at
different temperatures (4 90°C, [1100°C, a 110°C, m 120°C, O130°C).

As it was mentioned in literature, colored Maillard reaction products may be divided
into two classes: the high molecular weight melanoidins and the low molecular weight
compounds (SHEN & al., 2007). After 30 minutes of heating in this temperature range, the Br
index slowed down which might because that the systems came gradually to saturation of
brown color or sedimentation of brown pigment.

The initial pH value of the reaction system was considered to affect Maillard reaction
significantly. In alkaline condition, Schiff-base formed easily and promoted the Maillard
reaction further. Consumption of the amino group by Maillard reaction could shift systems
into more acidic condition and lowered the browning reaction (DEMAN, 1999). In addition,
some acidic compounds with buffering capacities including formic acid, acetic acid,
methylglyoxal, glyoxal, etc. (CHEN & al., 2005; MARTINS & al., 2003) had been reported
to be present in the intermediate Maillard reaction products, whereas none of any basic
intermediate Maillard reaction products had yet been found during the earlier stage.

In order to evaluate the kinetics of browning at different values of pH, the milk protein-
lactose systems were heated in the same temperature-time range as described earlier at pH
6.6. The results are given in Fig. 5.

/30 I

0 5 10 15 20 25 30 35 40
N heating time (minutes) Y,

Figure 5.Time dependent changes in CN-WPC-L model systems heated in 0.2 M acetate buffer at pH 6.6 at
different temperatures (4 90°C, [1100°C, a 110°C, m 120°C, O130°C).
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Heating the solutions at pH 6.6 between 90 and 130°C results also in an increase of Br

index. The maximum values of Br index was obtained after 40 minutes of heating at 130°C,
being with 51.7% higher compared with the values obtained after 10 minutes of heating at the
same temperature and almost 8 times higher than values reached at 90°C for 10 minutes.
To compare the results at different values of pH, in Fig. 6 are depicted the Br values reached
after 30 minutes of treatment at different temperatures at pH 7.5 and 6.6. As it can be seen,
the colour development in Maillard browning by using the Br index is more advanced at pH
6.6 compared with pH 7.5. At pH 6.6 the Br values were 0.86-1.4 times higher that the index
calculated at pH 7.5.

( )

Br (%)

90 100 110 120 130

temperature (°C)

Figure 6. Changes in Br index after 30 minutes of heating as a function of temperature and pH

The results clearly show that the reaction rate is strongly influenced by the pH and
consist with the data from literature (MARTINS & VAN BOEKEL, 2005). This behaviour
was explained by the fact that heating at pH 6.6 had more pronounced effects on the casein
amino groups probably due to the disturbance of micelle structures, rendering lysine available
for reticulation.

The effect of pH on reactivity of both sugar and amino acid explains, qualitatively, the
dependence of the Maillard reaction on pH. The pH decrease during the heat treatment of
milk makes things even more complicated as the pH affects the Maillard reaction as well as
isomerization, although in a different way: isomerization increases more strongly with pH
than does the (early) Maillard reaction (PELLEGRINO & al., 1995). In heated milk, the
decrease of pH is mainly due to formic acid formation. Also, the free amino groups of
proteins mainly have catalytic effects on chemical reactions rather being specific to the
reducing sugar. Another disturbing effect is that degradation products of the sugar reactions
may interfere in the Maillard reaction (MORALES & VAN BOEKEL, 1996).

Kinetics analysis

Kinetic studies are excellent means of predicting and managing food browning
processes, as mentioned by VAN BOEKEL (2001). The activation energy had been the
important and widely used parameters for predicting the effect of temperature on any specific
reaction. The first-order fractional conversion model could be applied to describe the heat-
induced changes in Br index of CN-L and CN-WPC-L model systems, as shown in Fig. 7.
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-2.7
-2.5
-2.3
2.1 4
-1.9
-1.7 A
-1.5 -
245 25 25.5 26 26.5 27 27.5 28
1T (K™ *10° y

[®CN-L mCN-WPC-L |

In k

Figure 7. The temperature dependence of the rate constant (k, min™) describing changes in Br index in
phosphate buffer at pH 7.5
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By monitoring the kinetics of colour development in milk model systems in different
condition, it was observed that the rate constant had different values in the temperature range
of 90-130°C (Table 1).

Table 1. Kinetic parameters k and E, of the first order fractional conversion model describing heat-induced
changes in colour development by using the Br index

Temperature k (min”)
°C) 0.7 M phosphate buffer, pH 7.5 0.2 M acetate buffer
CN-L CN-WPC-L pH 7.5 pH 6.6
920 0.0598+0.012° 0.0996+0.016 0.0434+0.013° 0.0282+0.006
100 0.0897+0.016 0.1217+0.012 0.0527+0.026 0.0387+0.013
110 0.1139+0.0025 0.1548+0.017 0.0633+0.0015 0.0482+0.016
120 0.1583+0.0063 0.1788+0.013 0.0671+0.0036 0.0602+0.013
130 0.2065+0.0057 0.1976+0.0075 0.0755+0.012 0.0669+0.0085
E, (kJ.mol™") 37.07+1.4 21.48+1.6 16.5+1.65 26.5+2.1

*: values + standard errors of regression.

For the experiments in phosphate buffer at pH 7.5, the temperature dependence of &
between 90 - 130°C could accurately be described by the Arrhenius equation (equation 7),
resulting in an activation energy of 37.07+1.37 kJ.mol™ (1*=0.9966) for CN-L solutions and
respectively 21.5+1.6 kJ.mol™ (*=0.984) for CN-WPC-L system.

It can be seen that at 90° and 100° C, the rate constant was 1.6 and respectively 1.35
times higher for CN-WPC-L model system. In the temperature range of 110-130°C, the rate
constants had the same reaction order.

The increase in colour development in milk-resembling model systems measured by
Br index in 0.2 M acetate buffer at different pH could also be described by a first-order
fractional conversion model. The kinetic parameters are summarized in table 1.

The temperature dependence of the k values in the temperature range of 90 to 130°C
(Fig. 8) could be described by the Arrhenius equation (equation 7), resulting in an activation
energy of 16.5+1.65 kJ.mol™ (r* = 0.9711) for the experiments conducted at pH 7.5 and
26.5+2.1 kI.mol™ (* = 0.9815) at pH 6.6.

/-3.75 q )

MpH 7.5 ApH 6.6
3.5 -
-3.25 -
4
£
-3
-2.75 -
2.5
245 255 265 27.5
404 e
\_ (1m*10* (K™) y

Figure 8. The temperature dependence of the rate constant (k, min) describing changes in Br index

It can be observed that the higher rate constants were reached at pH 7.5 in 0.7 M
phosphate buffer, being 2.3-2.6 times higher compared with those predicted by the first order
fractional conversion model for the heat induced changes in Br index in acetate buffer at pH
7.5. The accelerating effect of phosphate on browning reactions has previously been observed
by several authors (BELL, 1997, MATIACEVICH & BUERA, 2006).

BELL & WETZEL (1995) suggested that, in contrast to citrate and acetate buffers, the
increased kinetic reaction in phosphate buffer was due to the ability of phosphate anion to
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simultaneously donate and accept the protons necessary in the complex series of reactions
leading to non-enzymatic browning.

There were literatures concerning the activation energy of Maillard browning in real
food systems, including: RAPUSAS & DRICOLL (1995) figured out the activation energy of
Maillard browning in onion slices between 121 and 139 kJ.mol' and TURKMEN & al.
(2006) indicated that the activation energy of zero-ordered formation of Maillard brown
pigment in heat-treated honey between 50 and 70° C was 122 kJ.mol'. ATANDOUZ & al.,
(2008) also observed an increase in non-enzymatic browning, measured as changes in
absorbance at 420 nm for a glucose-casein system. They reported activation energy of 128
kJ.mol™ at pH 8.0 and 107 kJ.mol™" at pH 9.7.

The obtained Ea values were significantly lower than those obtained on other reducing
sugar—protein model systems, and the factors such as pH and water activity may possibly have
contributed to this difference, although it is difficult to allot a specific score to each factor.

Analysis of variation (ANOVA) unifactoriale was used to confirm if the pH and
medium composition has a significant influence on the variation of rate constant k. The
statistical analysis showed that the presence of WPC in the protein — sugar model systems and
the pH do not have the significant influence on & value as F (0.62) < F;; (5.31) and F (1.77) <
F.it, respectively.

The employment of real food systems could be much practical for specific food
environments. On the other hand, using milk proteins-lactose model systems as the subject in
the current study could provide a much more fundamental model for understanding the
reaction mechanism in milk during heat processing.

Conclusions

To overcome over processing of the product as well as to control if heating was
adequate from a safety point of view, criteria need to be defined. Such criteria not only must
guarantee the correctness of a heat treatment, but can also be applied for quality management
at all steps in the production process (e.g. authenticity, food safety management systems,
traceability). Moreover, these criteria must result in products on the market that comply with
their labeling in terms of processing.

To control the Maillard reaction, the reaction steps of interest need to be studied in a
quantitative way. With knowledge of kinetics it becomes possible to describe and predict
changes in a quantitative way at any time-temperature combination.

Some general conclusions can be drawn from the data presented in this study. The
findings show that the rate of color development in milk proteins-sugar model systems
followed a fractional conversion model. The activation energy of casein heated with lactose at
pH 7.5 is higher than that of casein and whey protein heated in presence of lactose, probably
because of the higher energy cost for the deformation of casein micelles. The rate of color
development in milk proteins-lactose model systems was dependent not only on temperature-
time combination but also on pH, reactants nature, buffer type and ionic strength with a very
low activation energy compared with the data from literature.

The experimental evaluation of heat-induced changes in milk model systems measured
as Br index does not permit detection of relevant Maillard products. Brown index is an easiest
measurable consequence of the Maillard reactions as it may be estimated visually. In this
study, the Br index was used as a parameter to quantitatively describe the effect of high
temperature-time combination on the colour intensity in model systems. Further studies are
needed to provide insights into the mechanism of reactions in milk during heat treatment.
These specific and complex issues are some of the main objectives of our Research Project
PN-II-ID-PCE-2008-2, Idea, ID 517 — Research resulting in analytical systems for Romanian
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milk and dairy products traceability in order to comply with European quality and safety
criteria.

As the Maillard reaction can cause both deterioration and enhancement of food
quality, the development of universal and well adapted indicators for milk and dairy products
by correlating biochemical changes with microbiologically criteria should give the
opportunity to evaluate quality and safety, as well as the authentification and traceability of
the end-products.
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