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The goal of the present work was to evaluate whether the Maillard reaction, with glucose and lactose as
substrates, improves the foaming properties of b-lactoglobulin. Lactose led to the lowest degree of mod-
ification without significant differences by reaction time and by protein:sugar molar ratio. However, in
the case of glucose, the degree of glycation increases with reaction time and molar ratio. The results
obtained by UV fluorescence, surface hydrophobicity and differential scanning calorimetry clearly
showed differences in the degree of folding of b-lactoglobulin upon modification with different sugars
or thermal treatment, with changes in the foaming capacity of b-lactoglobulin. All the modified samples
exhibited a significant increase (a 6 0.05) in draining stability (Kg) as compared to the non-thermally
treated sample. In addition, foams formed by lactose-glycated samples were more stable than those
formed by glucose-glycated ones. A significant increase (a 6 0.05) of foam stability with reaction time
was also detected, particularly in glucose-glycated samples.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

During recent years, a great deal of attention has been focussed
on improving the functional properties of whey proteins by differ-
ent methods, including the Maillard reaction. During this reaction,
the conjugation of a reducing carbohydrate to the e-amino group of
lysine occurs spontaneously under heating conditions without the
utilization of toxic chemical products (Chevalier, Chobert, Dalga-
larrondo, & Haertle, 2001a).

It is known that the Maillard reaction, carried out under dry
state and well controlled conditions (temperature, relative humid-
ity and time), is an adequate method for improving functionality of
proteins without important structural changes (Morgan, Leonil,
Molle, & Bouhallab, 1997). Recent studies have shown that func-
tional properties of b-lactoglobulin, such as thermal stability and
emulsifying and foaming capacity, are improved after modification
by the Maillard reaction, depending on the sugar used during mod-
ification (Chevalier, Chobert, Popineau, Nicolas, & Haertle, 2001b;
Moreno, Lopez-Fandiño, & Olano, 2002). Glycated b-lactoglobulin
used as a food ingredient may also diminish oxidative reactions
and/or can influence cellular and microbial growth (Morgan, Leo-
nil, Molle, & Bouhallab, 1999a; Nakamura, Kato, & Kobayashi,
1991). b-Lactoglobulin has been conjugated with mono- and disac-
charides to improve its functional properties, such as solubility and
emulsifying capacity (Chevalier, Chobert, Dalgalarrondo, Choiset, &
Haertle, 2002; Fenaille, Morgan, Parisod, Tabet, & Guy, 2003; Mat-
ll rights reserved.

: +598 2 924 1906.
).
suda, Kato, & Nakamura, 1991; Rada-Mendoza, Villamiel, Molina, &
Olano, 2006).

Since structural changes, such as those involved in denaturation
processes, may influence the reactivity of proteins, it is important
to know how different conditions may affect the susceptibility of
different proteins to the Maillard reaction. The goal of the present
study was to investigate the effect of glycation of b-lactoglobulin
with glucose and lactose and the influence of different conditions
of reaction (temperature, time, molar ratio) on the structural
changes of the molecules and its foaming properties.

2. Materials and methods

2.1. Materials

b-Lactoglobulin isolate from Davisco (Le Sueur, MN) was used in
all experiments performed. All other chemicals and reagents were
of analytical grade from Sigma Chemical Co. (St. Louis, MO).

2.2. b-Lactoglobulin glycation

Glycation was performed with glucose (G) and lactose (L) in the
following conditions. b-Lactoglobulin (b-Lg) (0.91 mM and
0.091 mM) was dissolved in 9.1 mM glucose in water, and the pH
was adjusted to 7 with 50 mM phosphate buffer. After being
freeze-dried, the protein–sugar powders were kept under 65% rel-
ative humidity (saturated KI solution) and 50 �C for periods of 51
and 96 h (1:10 96 h, b-Lg:G (sample 4); 1:10 51 h, b-Lg:G (sample
5); 1:100 96 h, b-Lg:G (sample 6); 1:100 51 h, b-Lg:G (sample 7)).
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The same protocol was followed for lactose treatment (1:10 96 h,
b-Lg:L (sample 8); 1:10 51 h, b-Lg: L (sample 9); 1:100 96 h, b-
Lg:L (sample 10); 1:100 51 h, b-Lg:L (sample 11)). After these treat-
ments the powders were dissolved in distilled water and the free
glucose or lactose were removed by extensive dialysis (molecular
mass cut-off: 8–10 kDa) against 20 mM ammonium carbonate at
5 �C. The dialyzed solutions were freeze dried and the powders
were stored at �20 �C until used. Control samples used in the pres-
ent study were obtained by incubation of the protein without G
and L during the same reaction times (51 and 96 h, respectively)
(b-Lg c tt 51 h (sample 2), b-Lg c tt 96 h (sample 3)). b-Lactoglobu-
lin without heat treatment was used too as a control (b-Lg stt
(sample 1)). All glycation experiments were performed in
triplicate.

2.3. Determination of the extent of glycation by MALDI-TOF mass
spectrometry

For MALDI-TOF-MS analysis, samples were diluted in a satu-
rated solution of R-cyano-4-hydroxycinnamic acid in 0.1% TFA
with 33% acetonitrile. An aliquot of this mixture was spotted onto
a stainless steel target, air-dried, and subjected to mass determina-
tion using a Voyager DE-PRO MALDI-TOF-MS (Perspective/Applied
Biosystems, EUA). The instrument was equipped with a nitrogen
laser (k337 nm) and a reflector. Measurements were performed
using delayed extraction. Laser-desorbed positive ions were ana-
lysed after acceleration by 19 kV in the reflector mode. External
calibration was performed by use of a standard peptide/protein
mixture. Each digest was spotted on at least three individual target
positions, and 100 individual spectra of each spot were averaged to
produce a mass spectrum. The monitored mass range was m/z
10,000–40,000.

2.4. Surface hydrophobicity

Surface hydrophobicity of native and glycated b-Lg was evalu-
ated using ANS (8-anilino-1-naphthalenesulfonic acid) as fluores-
cent probe. Spectrofluorometric measurements were taken at pH
7.5 on an Aminco-Bowman Series 2 Luminescence spectrometer.
The fluorescence intensity of the blank (FIb) and of the ANS-protein
conjugate (FIe) were recorded at kex: 363 nm and kem: 475 nm,
using 5-nm emission and excitation slit widths. The surface hydro-
phobicity (So) was obtained graphically using the Kato and Nakai
equation (Kato & Nakai, 1980). A plot of (FI%) versus (PC) was
drawn, where (PC) is the protein concentration; (FI%) = (FIN)/(FI-
max); (FIN) = (FIe) � (FIb); FImax is the maximum fluorescence mea-
sured from the total binding of ANS in methanol.

2.5. UV fluorescence

Spectra were obtained with a Luminescence spectrometer
Aminco Bowman Series 2 (USA). A spectral scanning was per-
formed between 310 and 560 nm using an excitation wavelength
of 295 nm and a scanning rate of 300 nm/min. The maximal emis-
sion wavelength of the samples and the maximal fluorescence
intensity were determined using tryptophan as standard. Samples
of modified and unmodified protein were dissolved in 0.01 M so-
dium phosphate buffer pH 7.5 to obtain protein concentrations of
0.03 mg/ml. All the assays were performed in triplicate.

2.6. Thermal stability and degree of native conformation measurement
by differential scanning calorimetry (DSC)

DSC was performed with a Polymer Laboratories PL – DSC
(Rheometric Scientific DSC 2, Ltd, Epsom, England) device previ-
ously calibrated with indium. The thermal behaviour of b-lacto-
globulin subjected or not to thermal treatment and with different
degrees of glycation was studied. All determinations were per-
formed at least in duplicate, using aqueous dispersions of the sam-
ples (20% w/v). Hermetically sealed aluminium pans were
prepared to contain 12–16 mg of freeze-dried samples suspended
in water (200–250 mg l�1). The samples were scanned at
10 �C min�1 from 25 to 120 �C. As a reference, a pan with b-Lg, pre-
viously subjected to the DSC run was used. After each run, the pans
were punctured and their dry matter content determined by leav-
ing the pans overnight in an oven at 105 �C. The denaturation onset
temperature (To), maximal deflection temperature (Td), and dena-
turation enthalpy calculated as the area under the thermogram
limited by the baseline were obtained by analysing second peak
of each thermograms with a Software Plus V5.41.

2.7. Electrophoresis

Electrophoretic runs were performed on polyacrylamide gels
with Tricine–Sodium Dodecyl Sulfate (Tricine–SDS–PAGE) accord-
ing to (Schagger & Von Jagow, 1987). Stacking, spacer and separat-
ing gels of 4%, 10% and 16.5% acrylamide, respectively, were
prepared. Protein samples were dissolved in sample buffer con-
taining 4% SDS, 12% glycerol (w/v), 50 mM Tris, 2% mercap-
toethanol (v/v), and 0.01% Serva Blue adjusted with HCl to pH
6.8. The molecular weight markers (Biorad SDS-calibration kit)
were Triosephosphate isomerase (26,625 kDa), Myoglobine
(16,950 kDa), Lactoalbumin (14,437 kDa), Aprotinin (6,512 kDa),
Insulin b chain oxidized (3,496 kDa) and Bacitracin (1,423 kDa).

2.8. Protein solubility

The solubility index of all the unmodified and glycated samples
was calculated as the ratio between the soluble protein concentra-
tion (mg/ml) *100 and the total protein concentration (mg/ml).
Protein concentration was determined by the Lowry method
(Lowry, Rosebrough, Farr, & Randall, 1951) and the Kjeldahl meth-
od using a nitrogen:protein conversion factor of 6.25. Samples
were solubilized in 0.01 M phosphate buffer pH 7.5 during
30 min at room temperature and centrifuged 15 min at 10,000g
at 5 �C before measuring protein concentration in the supernatant.

2.9. Surface tension

Surface tension (r) measurements at the air/water interface
were performed with a drop volume tensiometer Lauda TVT2 (Lau-
da Dr. R. Wobser GMBH & CO. KG Lauda-Königshofen Germany)
with injection syringe of 2.5 ml. The conditions of the assay were
as follows: the run was started with a drop formation interval of
0.07–0.10 s/ll, number of measurement cycles and number of
drops per cycle 6 � 3 by the dynamic method with drop retention;
the run followed with a drop formation interval of 0.10–0.80 s/ll,
number of measurement cycles and number of drops per cycle
9 � 3, dynamic method with drop retention; and finished with a
determination in the quasistatic mode without drop retention un-
der the conditions dV1 = 10.0% and dVx = 1.0%, maximal measure-
ment time 600 s, number of measurement cycles and number of
drops per cycle 9 � 3. The assay was carried out on sample dilu-
tions at 1 mg/ml concentration in 0.01 M phosphate buffer at pH
7.5.

2.10. Colour

The colour of samples was measured with a tristimulus color-
imeter, Chromater CR 300 series, and data processor DP-30, Minol-
ta Co. Ltd., Japan. The parameters L, a and b were determined in all
cases.
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Fig. 1. MALDI-TOF MS spectrum of b-Lg stt.

Table 1
Mean number of sugar residues bound per b-lactoglobulin monomer, surface
hydrophobicity (So), denaturation onset temperature (To), denaturation enthalpy
(DH) and maximal deflection temperature (Td) of the monomer in each assay
condition

Sample Mean number of sugar
residues bound
per b-lactoglobulin
monomer

So To (�C) Td (�C) DH
(mJ/mg)

b-Lg s tt – 37 ± 1a 66 ± 2a 74 ± 2a 9 ± 2a

b-Lg c tt 96h – 28 ± 3b 62 ± 1a 72 ± 1a 8 ± 2a

b-Lg c tt 51h – 30 ± 3a,b 64 ± 1a 73 ± 1a 8 ± 2a

1:10 96 b-Lg:G 8 12 ± 4c 62 ± 3a 78 ± 3b 3 ± 1b

1:10 51 b-Lg:G 7 17 ± 4c 70 ± 4a 79 ± 3b 9 ± 1a

1:100 96 b-Lg:G 19 16 ± 4c 63 ± 2a 78 ± 1b 5 ± 2b

1:100 51 b-Lg:G 15 14 ± 4c 70 ± 4a 86 ± 1c 5 ± 2b

1:10 96 b-Lg:L 7 35 ± 1a 68 ± 1a 82 ± 1b,c 9 ± 1a

1:10 51 b-Lg:L 6 40 ± 5a 68 ± 3a 80 ± 1b,c 8 ± 1a

1:100 96 b-Lg: L 8 30 ± 5a,b 68 ± 4a 85 ± 1c 5 ± 1b

1:100 51h b-Lg:L 7 38 ± 8a 68 ± 4a 77 ± 1b 6 ± 1b

Values are means of triplicates.
Mean value with different letters were significantly different (P < 0.05).
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2.11. Foaming properties

The foaming properties of untreated and glycated b-Lg were
determined by conductimetry using the method and device devel-
oped by Loisel, Guéguen, and Popineau (1993). Foam was formed
by air sparging into the protein solution in a column with a fretted
glass disk at the bottom. The foaming solutions were prepared at
1 mg/ml in 0.01 M sodium phosphate buffer pH 7.5. The level of the
solution as a function of time was measured by conductimetry with
a pair of electrodes located at the base of the column. To evaluate the
foaming capacity, the maximal volume of liquid retained in the foam
(VLEmax) and the initial rate of liquid transfer to the foam (v0) were
measured. Foam stability was estimated from the rate constants of
gravitational drainage (kg) and gas diffusion or disproportion (kd).

2.12. Statistical analysis

All glycation experiments were performed in triplicate. All gly-
cation samples and control samples were analysed by triplicate.
The statistical analysis was established by Variance analysis and
Test of minimum significant difference, using statistical program
StatgraphicPlus7.0.
1 For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
3. Results and discussion

3.1. Characterization of the native and glycated b-lactoglobulin

The progress of the Maillard reaction was monitored by mea-
suring the mean value of carbohydrates linked to b-Lg after treat-
ment under the different assay conditions. Such values were
obtained by calculating the difference between the spectra of the
sample and the control (b-Lg stt (1)). The MALDI-TOF MS spectrum
of b-Lg stt (Fig. 1) exhibited the peaks corresponding to the mono-
meric (18,300 kDa) and the dimeric (36,705 kDa) forms character-
istic of b-Lg at pH 7.4.

Table 1 shows the mean number of sugar residues bound per
b-Lg monomer under each assay condition. A clear difference can
be observed between the behaviour of samples modified with
glucose and those modified with lactose. For glucose modifica-
tion, the number of sugar residues per protein molecule in-
creased significantly with the molar ratio and the reaction time
(from 7 to 15 and from 8 to 19, respectively). For lactose modi-
fication, in contrast, none of the parameters analysed was related
to the number of sugar residues per protein molecule; the mean
number of residues was 7 in the four experimental conditions
used. The later value agrees with those reported by French,
Harper, Kleinholz, Jones, and Green-church (2002) and Morgan
et al. (1997) for similar assay conditions (50 �C and 96 h of
reaction time).
The lower number of lactose residues than glucose residues
bound to b-Lg may be attributed to the number of lysine
residues available for reaction with lactose in the b-Lg molecule
(9 residues) in relation to the total number of lysine residues (15
residues) (Fogliano, Monti, Visconti, Randazzo, & Facchiano, 1998).

3.2. Colour

To evaluate the colour of modified and unmodified samples, the
following parameters were determined:

H� ¼ tg � 1ðb=aÞ; C� ¼ ða2 þ b2Þ1=2

As shown in Fig. 2, colour intensity (C*) increased signifi-
cantly (a 6 0.05) with reaction time especially in the presence of
glucose and less So in the presence of lactose. Glycated compounds
exhibited a greater shift to red (a) and yellow (b).1 The generation
of coloured compounds was maximal at the longest reaction time as-
sayed (96 h) and did not change when the molar concentration of su-
gar was increased. Thermal treatment did not modify the colour of
the protein.

3.3. Characterization of modified samples by surface hydrophobicity
(So), UV fluorescence, DSC and electrophoresis

The So values of the different samples are shown in Table 2.
Binding of glucose to b-Lg produced a significant (a 6 0.05) reduc-



Fig. 2. Colour intensity, C*, corresponding to the different samples assayed: 1. b-Lg
s tt, 2. b-Lg c tt 51 h, 3. b-Lg c tt 96 h, 4. 1:1 0 96 b-Lg:G, 5. 1:10 51 b-Lg:G, 6. 1:100
96 b-Lg:G, 7. 1:100 51 b-Lg:G, 8. 1:10 96 b-Lg:L, 9. 1:10 51 b-Lg:L 10. 1:100 96 b-
Lg:L, 11. 1:100 51 b-Lg:L.
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tion of So (two-fold to three-fold as compared to unmodified pro-
tein) but this did not happen with lactose binding. This fact sug-
gests that the number of sites on the protein surface available for
binding the fluorescent probe is lower in the case of lactose, which
may imply the existence of protein aggregation mediated by the
creation of disulfide bonds and, consequently, the folding of the
b-Lg molecule.

Fig. 3 shows the UV fluorescence spectra as a function of wave-
length. The insert depicts the variation in maximal UV fluorescence
intensity of the analysed samples as a function of wavelength. A
diminished intensity of maximal fluorescence for the samples trea-
ted with glucose was observed, which is probably due to a masking
of aromatic amino acid residues by the aggregation phenomenon
Fig. 3. Fluorescence emission spectra and maximum fluorescence intensity (insert) of the
Lg:G 5.1:10 51 b-Lg:G 6.1:100 96 b-Lg:G 7.1:100 51 b-Lg:G 8. 1:10 96 b-Lg:L 9.1:10 51
mentioned above. A shift of the maximal emission wavelength
from 331 to 334 nm was also detected. The location of the emission
maximum of tryptophan residues in the fluorescence spectrum
ranges between 307 and 353 nm. Proteins in their native state
present a tryptophan emission maximum at a low wavelength
(307 nm), while its shift to higher wavelengths (353 nm) indicates
protein denaturation. These results are according to those de-
scribed by (Hattori, Ametani, Katakura, Shimizu, & Kaminogawa,
1993 and Kaminogawa et al., 1989), who observed a slight red shift
of the maximum emission of b-Lg glycated attributed to conforma-
tional changes around the tryptophan residues (Trp19 and Trp61).
The maximal fluorescence intensity of b-Lg samples treated with
lactose did not change significantly as compared to control sam-
ples, and the same happened regarding surface hydrophobicity.
Since UV fluorescence spectra differed significantly (a 6 0.05), it
can be speculated that, while the number of hydrophobic groups
is equivalent, the folding of the protein after lactose binding may
differ from that produced after glucose binding.

The characteristic b-Lg thermogram showed two endotherms at
40 �C and 73 �C, respectively, which are attributed to the dimeric
and monomeric forms present at pH 7.5 (data non shown). The dis-
sociation of the dimeric form occurs at the lowest temperature, fol-
lowed by denaturation of the monomeric forms. These results
agree with those reported by other authors (Akita & Nakai, 1990;
Morgan, Venien, Bouhallab, Molle, & Leonil, 1999b). The tempera-
ture of maximal deflection corresponding to the second endotherm
is shown in Table 2. An increase of the Td of the monomer
(a 6 0.05) with glycation can be observed, especially when lactose
is used as substrate. The denaturation enthalpy (DH) diminished
significantly (a 6 0.05) in the sample treated with glucose, which
may be related to the folding and aggregation state of b-Lg in these
different samples assayed: 1. b-Lg s tt 2. b-Lg c tt 51 h 3. b-Lg c tt 96 h 4. 1:10 96 b-
b-Lg:L 10.1:100 96 b-Lg:L 11.1:100 51 b-Lg:L.



Fig. 4. Electrophoretic runs (Tricine–SDS–PAGE) and percentage of monomers, dimers, tetramers and octamers calculated from the electrophoretic runs – shown in the
insert- of the different samples assayed: 1. b-Lg s tt, 2. b-Lg c tt 51 h, 3. b-Lg c tt 96 h, 4. 1:1 0 96 b-Lg:G, 5. 1:10 51 b-Lg:G, 6. 1:100 96 b-Lg:G, 7. 1:100 51 b-Lg:G, 8. 1:10 96 b-
Lg:L, 9. 1:10 51 b-Lg:L 10. 1:100 96 b-Lg:L, 11. 1:100 51 b-Lg:L.

Fig. 5. Calculated values of the protein adsorption rate to the air/water interface, Ka,
for the different samples assayed: 1. b-Lg s tt, 2. b-Lg c tt 51 h, 3. b-Lg c tt 96 h, 4. 1:1
0 96 b-Lg:G, 5. 1:10 51 b-Lg:G, 6. 1:100 96 b-Lg:G, 7. 1:100 51 b-Lg:G, 8. 1:10 96 b-
Lg:L, 9. 1:10 51 b-Lg:L 10. 1:100 96 b-Lg:L, 11. 1:100 51 b-Lg:L.
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assay conditions. For lactose modification, significant differences
(a 6 0.05) of Td are also observed with reaction time. In addition,
the denaturation enthalpy decreased significantly (a 6 0.05) when
the protein:glucose molar ratio was 1:100.

Fig. 4 shows the percentage of monomers, dimers, tetramers
and octamers calculated from the electrophoretic runs depicted
in the insert of the figure. Glucose binding at the lowest molar ratio
produced a decrease of dimers and monomers in favor of the for-
mation of tetramers and octamers, while at the higher molar ratio
dimers were diminished and the other molecular forms were in-
creased. The percentage of octamers was significantly higher
(a 6 0.05) when the protein was modified with lactose.

3.4. Functional properties of modified and unmodified samples

3.4.1. Solubility
The solubility index of b-Lg and the glycated b-Lg samples was

72% equivalent in all the reaction conditions assayed (a 6 0.05)
(results not shown).

3.4.2. Surface tension
The experimental data were adjusted with a first order equation

with two exponential components developed by Panizzolo (2005),
and the first order rate constants for the adsorption (Ka) and rear-
rangement (Kr) processes of the proteins in the air–water interface
were estimated:

ct ¼ cae�kat þ cre
�krt þ ce

where ka and kr: first order rate constants for adsorption and rear-
rangement of proteins at the air/water interface. ca, cr and ce: cor-
relation factors between surface tension and protein
concentration for the different conformational states of adsorption,
rearrangement and equilibrium in the interface.

The surface tension under equilibrium (re) was also deter-
mined, which in the case of water at room temperature was
72 mN/m, and in the case of b-Lg, either thermally treated or not,
dropped to 49–50 mN/m. When the assay was applied to the sam-
ples modified with glucose or lactose no significant differences of
surface tension were observed between these samples or in com-
parison to b-Lg thermally treated or not ((b-Lg stt (1), b-Lg c tt
51 h (2), b-Lg c tt 96 h (3)). Binding of lactose or glucose to b-Lg
did not modify its capacity to reduce the surface tension in the
air–water interface. In all cases, the calculated ka value was 100
times higher than that of kr, indicating that the major contribution
to the reduction of surface tension comes from the adsorption pro-
cess and not from the rearrangement of the protein in the interface.

Adsorption rate values for b-Lg samples subjected or not to
thermal treatment are shown in Fig. 5. A significant diminution
of ka (a 6 0.05) with heating time can be observed for b-Lg c tt
51 h (2), b-Lg c tt 96 h (3), which suggests that adsorption to the
interface, is slowed down respect to those corresponding to the
b-Lg stt (1). In addition, the ka/kr value of the thermally treated
b-Lg was also significantly lower (a 6 0.05), indicating that the
reduction of surface tension during rearrangement of b-Lg c tt in
the interface continued for a longer time and contributed more
to the reduction of interface tension that in the case of b-Lg s tt
(not shown).

The proteins modified with glucose and lactose at a lower reac-
tion time and the lower molar ratio, 1:10 51 h, b-Lg:G (5); 1:10 51
h, b-Lg:L (9), did not exhibit significant differences (a 6 0.05) with
the non glycated sample submitted to an equal thermal treatment



Fig. 6. Parameters related to the foaming capacity, vo and VLEmax, and foam stability, calculated kg values, corresponding to the foams formed by different samples assayed:
1. b-Lg s tt, 2. b-Lg c tt 51 h, 5. 1:10 51 b-Lg:G, 7. 1:100 51 b-Lg:G, 9. 1:10 51 b-Lg:L, 11. 1:100 51 b-Lg:L, 1. b-Lg s tt. 3. b-Lg c tt 96 h, 4. 1:1 0 96 b-Lg:G, 6. 1:100 96 b-Lg:G, 8.
1:10 96 b-Lg:L, 10. 1:100 96 b-Lg:L.

132 A. Medrano et al. / Food Chemistry 113 (2009) 127–133
(a 6 0.05). However, significant differences were detected between
these samples, 1:10 51 h, b-Lg:G (5); 1:10 51 h, b-Lg:L (9), and the
rest of glycated proteins being their ka value higher than the rest.
Samples 1:10 96 h, b-Lg:G (4); 1:100 96 h, b-Lg:G (6); 1:100 51 h,
b-Lg:G (7); 1:10 96 h, b-Lg:L (8); 1:100 96 h, b-Lg:L (10); 1:100
51 h, b-Lg:L (11) did not presented significant differences
(a 6 0.05) in the rate of adsorption to the interface.

3.4.3. Foaming properties
In order to estimate the stability of the foams formed, experi-

mental data were adjusted to the second order equation of two
terms proposed by Panizzolo (2005)

VðtÞ ¼ V2
gkgt=ðVgkgt þ 1Þ þ V2

dkdt=ðVdkdt þ 1Þ
where kg and kd are the rate constants corresponding to the gravi-
tational draining and gas diffusion or disproportion, respectively.

Fig. 6 shows the parameters related to the foaming capacity, vo
and VLEmax, and the calculated values of kg of foams formed with
glycated b-Lg to different extents. Regarding foaming capacity no
significant differences were found in the maximal retained liquid
volume (VLEmax) or the initial rate of liquid to foam passage (v0)
between b-Lg s tt (1) and the samples submitted to the thermal
treatment, b-Lg c tt 51 h (2) and b-Lg c tt 96 h (3). However, VLEmax

and v0 were affected by the binding of lactose or glucose to b-Lg,
the difference being significantly higher (a 6 0.05) when protein
was modified with lactose for the shorter time period (51 h).

With respect to the foam stability the results obtained shown
that thermal treatment resulted in a significant reduction
(a 6 0.05) of the drainage rate constant (kg), which implies in-
creased foam stability. All the modified samples exhibited also a
significant increase (a 6 0.05) in the stability to drainage (kg) as
compared to the unheated sample (Fig. 6). In addition, samples
modified with lactose formed foams significantly more stable
(a 6 0.05) than those modified with glucose. The increase in reac-
tion time shows an equivalent tendency in the stability of the
foams formed.

4. Conclusion

The modification of b–lactoglobulin with glucose or lactose in
the model systems employed resulted in products with improved
foaming properties as compared to systems prepared without car-
bohydrates (b-Lg stt (1), b-Lg c tt 51 h (2), b-Lg c tt 96 h (3)).

The addition of lactose residues to b–lactoglobulin improved
the formation of foams, especially due to an increased adsorption
of the modified proteins to the air/water interface, and resulted
also in foams with higher stability to gravitational drainage. These
changes can be attributed to structural differences induced in b–
lactoglobulin by lactose binding. Such binding leads to an increase
in exposed hydrophobicity and molecular unfolding, and induces
protein stabilization as monomer, with simultaneous formation
of a higher number of tetramers and octamers.

Glucose binding to b–lactoglobulin seems to provoke a higher
protein aggregation as revealed by a diminution of the exposed
hydrophobicity, the denaturation enthalpy associated to the ther-
mally-induced denaturation process, and the UV fluorescence
intensity (which indicates the degree of exposure of Trp, Tyr and
Phe residues to the polar environment). These modifications result
in foams more resistant to drainage than the non-glycated protein
but less stable than lactose-modified proteins.
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