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In order to investigate the effect of various reducing sugars on the available 
lysine loss by Maillard reaction, four model systems were prepared by mixing 
casein with glucose, fructose, lactose or maltose, followed by storage at 37°C 
50°C and 60°C. The available lysine contents were monitored periodically. 
Highest and lowest reaction rates were observed in the model systems containing 
glucose and fructose, respectively, at the three temperatures. The two dis- 
accharides behaved very similarly, with reaction rates between those of the 
monosaccharides studied. The activation energies of glucose, lactose and maltose 
systems were similar (116132 kJ mol-‘), while that of fructose was somewhat 
higher (166 W mol-I). This difference was supposed to be in part due to the dif- 
ferent mechanism of tautomerization of fructose, highly dependent on tempera- 
ture. Therefore, though the potential nutritional damage at moderate 
temperatures is lower when fructose is used instead of other reducing sugars, its 
higher activation energy can reverse the effect at higher temperatures. 0 1998 
Elsevier Science Ltd. All rights reserved 

INTRODUCTION 

The most important nutritional effect of the Maillard 
reaction during processing and storage of foods is the 
reduction of protein quality. This reaction between free 
amino groups and reducing sugars leads to the biologi- 
cal unavailability of amino acids by modification of 
their side chains or destruction of their carbon skeleton, 
with an overall reduction in protein digestibility 
(Hurrell, 1990; Mauron, 1990). 

When heating conditions are not extremely severe, the 
Maillard reaction stops at early stages. This may not 
cause browning but can seriously reduce the nutritional 
value, lysine being the most affected amino acid because 
of the blockage of its free-amino group (Erbersdobler, 
1989; Hurrell, 1990). 

Milk proteins are an excellent source of lysine and 
other essential amino acids, with casein comprising 82% 
of them. However, milk products are prone to lysine 
damage, particularly through its reaction with lactose. 
Other sugars can react with milk proteins as well (e.g. in 
infant formulas, lactose-hydrolyzed milk, regional pro- 
ducts such as ‘dulce de leche’, mixtures with cereals or 
formulated foods). 
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Browning rate is significantly influenced by the type 
of reducing sugar involved in the reaction. Some inves- 
tigators reported the following order of reactivity: 
aldopentoses > aldohexoses 1 ketohexoses > disacchar- 
ides (Spark, 1969; Mauron, 1981). Nevertheless, results 
are often difficult to compare because of the great 
diversity of conditions of treatment and indicators of 
the degree of reaction used. 

For a better understanding of the differences in reac- 
tivity of sugars it is necessary to take note that, in most 
chemical and biochemical reducing sugar reactions, the 
major pathway involves only one of its tautomeric 
forms, usually the acyclic form (free aldehyde or 
ketone). This is considered the central intermediate in 
the interconversion of the cyclic anomers of a sugar and 
is generally present in a very low proportion at equili- 
brium (less than 1%) (Pigman and Isbell, 1968; Cockman 
et al., 1987; Yaylayan et al., 1993). If the reactive form 
reacts faster than it is generated from the other forms, 
the rate of tautomeric interconversion dominates the 
reaction rate (Angyal, 1984). Thus, in the Maillard 
reaction, the concentration of open chain form might be 
a crucial factor in determining the rate of glycation if 
the interconversion rate is slower than the reaction rate 
(Yaylayan et al., 1993). 

Some authors tried to find a simple association 
between both rates to predict the behaviour of different 
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sugars in the initial steps of the Maillard reaction. In measured at 340nm with a Hewlett Packard spectro- 
some studies a log/log correlation was found between photometer mod.HP 8451. Six replicate measurements 
the amino-carbonyl condensation rate and the extent to of each sample were done. The available lysine content 
which the sugars exist in the acyclic or open form, was obtained from a standard curve prepared with pur- 
considering aldoses and ketoses separately (Bunn and ified casein dissolved in pH 9.0 sodium tetraborate buf- 
Higgins, 1981; Labuza and Baisier, 1992). fer solution in the range 1 .O-10.0 mg ml-‘. 

Wolf et al. (1982) examined the influence of the 
mutarotation constants of some sugars and reported a 
linear relationship between this parameter and the lysine 
loss rate coefficients of xylose, glucose, lactose and 
maltose. 

Most of the results previously reported on available 
lysine loss in casein-reducing sugar systems were 
obtained using glucose as the only reacting carbohy- 
drate (Lea and Hannan, 1949; Warmbier et al., 1976; 
Warren and Labuza, 1977; Smith and Friedman, 1984) 
and only few using other sugars such as lactose (Keyes 
and Hegarty, 1979; Morales et al., 1995). Lewis and 
Lea (1950) reported the reaction rates of several sugars 
and sugar derivatives with casein at 25°C. However, 
only in a few studies were the nutritional consequences 
of the Maillard reaction of different sugars with proteins 
considered. 

The possible interference of the free amino groups of 
amino acids, small peptides and amines was checked in 
the supernatant of samples dissolved in pH 9.0 sodium 
tetraborate buffer solution after treatment with 10% 
trichloroacetic acid solution (Goodno et al., 1981), and 
was always negligible. 

The water activity was checked with an electric 
hygrometer Vaisala Humicap with sensor modified by 
Driesen and Kern. 

Statistical analysis 

This paper compares the effect of several sugars 
commonly used in the food industry on the kinetics of 
available lysine loss of casein under moderate heat 
treatment. 

The standard curve data were analyzed by linear 
regression according to the method of least squares 
($=0.9995). The analytical values were submitted to 
analysis of variance (ANOVA). Zero and first order 
kinetic rate constants were calculated from the average 
value of replicate measurements of each data point. 
Activation energies were estimated by the point by point 
analysis suggested by Labuza (1984). 

RESULTS AND DISCUSSION 
MATERIALS AND METHODS 

Samples preparation 

Four model systems were prepared. They were com- 
posed of purified casein and one of the following sugars: 
fructose, glucose, lactose and maltose. The initial sugar/ 
available lysine molar ratio was 3:l. Potassium sorbate 
was added as an antimicrobial agent. 

The dry components were blended and then slurried 
with pH 6.5 phosphate buffer solution. The slurried 
mixtures were quick-frozen and freeze-dried. The sam- 
ples were equilibrated for five days at 4°C in evacuated 
desiccators over a saturated Mg(NO& solution 
(aw=0.52). Each system was sealed in glass flasks and 
stored at 37”C, 50°C and 60°C. A pair of duplicate 
flasks was periodically removed and held at - 18°C until 
analysis. 

Available lysine losses of casein in the four model 
systems at 37”C, 50°C and 60°C are shown in Figs l-3, 
respectively. In all cases the decrease in available lysine 
correlated well with a first order kinetics. So the regres- 
sion curves (least squares criteria) were plotted on a 
semi-log scale. This reaction order agrees with that 
indicated in a great number of studies performed at high 
(Wolf et al., 1977, 1978) and moderate temperatures 
(Warmbier et al., 1976; Warren and Labuza, 1977; 
Labuza and Saltmarch, 1981; Labuza and Massaro, 
1990; Baisier and Labuza, 1992). 

Analytical methods 

Total nitrogen was determined in duplicate by the 
Kjeldahl method using a Biichi assembly of a digestor 
mod.430 and a nitrogen distillation unit mod.320. 

Available lysine was measured by the spectro- 
photometric o-phthaldialdehyde (OPA) method mod- 
ified by Vigo et al. (1992) to be used in milk products 
and related systems. Samples were dissolved in 2% 
sodium dodecylsulfate solution and the absorbance was 
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Fig. 1. Available lysine losses in model systems of casein with 
glucose, fructose, lactose and maltose during heating at 37°C. 
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Fig. 2. Available lysine losses in model systems of casein with 
glucose, fructose, lactose and maltose during heating at 50°C. 
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Fig. 3. Available lysine losses in model systems of casein with 
glucose, fructose, lactose and maltose during heating at 60°C. 

The ‘no loss’ period reported by various researchers 
(Wolf et al., 1977; Warren and Labuza, 1977; Labuza 
and Massaro, 1990; Baisier and Labuza, 1992) was not 
observed in this study, even though the available lysine 
losses always reached at least 50%, attaining 80% in 
some cases. Nevertheless, it can be inferred from the 
studies of Thompson and Wolf (1979) and Wolf et al. 
(1982) that the deviation from the first order depends on 
the composition of the model system or food used. In 
particular, no reports were found about this deviation in 
systems with casein. 

The reaction rate constants (k,) of the model systems 
at the three temperatures and their respective correla- 
tion factors (r2) are listed in Table 1. 

As expected, glucose (an aldohexose) was the most 
reactive. The reactivities of the reducing disaccharides, 
maltose and lactose, were similar at the three tempera- 
tures, in agreement with the reports of Lewis and Lea 
(1950) and Kato et al. (1990). These reactivities were 
found to be between those of glucose and fructose. 
Fructose (a ketohexose) had the lowest reaction rate 
constant, in opposition to some reports reviewed by 

Table 1. First order rate constants and activation energies for 
available lysine loss 

Fructose 

Maltose 

Lactose 

Glucose 

k, x lo3 (h-l) E, (kJ/mole) 

37°C 50°C 60°C 

- 0.29 - 9.1 - 30.3 166*44.6 
(0.9695) (0.9503) (0.9742) 
- 2.31 - 11.8 - 53.4 132ziz4.2 

(0.9755) (0.8671) (0.9847) 
- 1.76 - 12.8 - 60.7 125k4.2 

(0.9402) (0.9900) (0.9679) 
- 6.52 - 44.2 - 190 116f2.5 

(0.9393) (0.9714) (0.9464) 

a r2 in brackets. 

Dills (1993), but in accordance with the observations of 
Lewis and Lea (1950), Spark (1969) and Sakai et al. 
(1990). Baxter (1995) achieved similar results with glu- 
cose and fructose in mixtures of amino acids and sugars, 
though the reactivities of both disaccharides were 
slightly lower than that of fructose. 

The reaction rate of each sugar depends on the per- 
centage of the acyclic form (see Introduction), but also 
on the electrophilicity of the carbonyl group, as stated 
by Bunn and Higgins (1981). Among the four sugars 
studied here, fructose has the highest proportion of 
open chain form, but aldoses would react faster than 
ketoses because they are more electrophilic. 

The differences between the reactivities of fructose 
and aldoses observed among several studies may be due 
to the diversity of the composition of the systems and of 
the conditions of the reaction, since parameters such as 
pH, solvent, inorganic salts and temperature affect not 
only the Maillard reaction rate, but also the tautomer- 
ization rate of sugars (Avigad et al., 1970; Angyal, 1984; 
Goux, 1985). 

The activation energy values for each system are 
shown in Table 1. They were within the wide range 
found in other studies for available lysine loss in food 
and model food systems (50-238 kJmol-I) (Lea and 
Hannan, 1949; Labuza and Saltmarch, 1981; Wolf et 
al., 1982; Kessler and Fink, 1986; Morales et al., 1995). 

It is remarkable that, though glucose, maltose and 
lactose had similar activation energy values, that of 
fructose was about 30% higher. In fact, the mechanism 
of tautomerization of fructose is different from that of 
most aldoses. Glucose, lactose and maltose show mainly 
interconversions between pyranose anomers, a mechan- 
ism of first order known as simple mutarotation. How- 
ever, fructose also exhibits interconversions with 
furanose anomers, a tautomerization that is not of first 
order, but a complex mechanism (Pigman and Isbell, 
1968; Angyal, 1984). In contrast to simple mutarota- 
tion, complex tautomerization is highly dependent on 
temperature (Wertz et al., 1981; Cockman et al., 1987). 
This could be one of the reasons why the influence of 
temperature on lysine loss rate in the system with fruc- 
tose was greater than in those with aldoses. 
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On account of the higher activation energy of the 
fructose system, the difference between the rate con- 
stants of available lysine loss by this sugar and the oth- 
ers decreases with rise of temperature. Consequently, at 
higher temperatures, the reaction rate of fructose with 
free amino groups would exceed those of other sugars 
more reactive at moderate temperatures, if there were 
no mechanistic changes. 

It can be estimated that the reaction rate constant for 
available lysine loss in the fructose system would equal 
those of lactose and maltose at about 80°C and that of 
glucose at about 100°C. 

It can be concluded, that from the nutritional stand- 
point, the damage to lysine is least with fructose under 
the conditions of this study. So it should be preferred to 
the other sugars in the processing or formulation of 
food products. However, it must be noted that varia- 
tions in the composition or the conditions of the system 
may drastically modify the effect, in particular if the 
process involves high temperatures. 
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