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Abstract – The objective of this study was to evaluate the interactions between lactose and β-lac-
toglobulin in β-lactoglobulin/lactose powders (BL powders) during storage. Model BL powders
were produced by co-lyophilization of lactose with increasing quantities of β-lactoglobulin. Lyo-
philization produced lactose in the amorphous state, which is highly reactive and likely leads to
agglomeration of industrial whey powders. The BL powders were stored at 20 ± 1 °C from 0.11 to
0.95 aw and their water sorption behaviour was studied gravimetrically. Before storage, BL powders
were amorphous. After storage at high aw, a loss of water was observed on the moisture sorption
isotherms of BL powders due to lactose crystals formation, detected by DSC and SEM analysis, and
to the structural collapse of the powders. Lactose crystallization occurred at aw = 0.43 in pure lactose
samples and at aw = 0.59 in BL powders containing 40% β-lactoglobulin. Moreover, β-lactoglobulin
was responsible for a delayed crystallization process in BL powders. Thus, the water sorption beha-
viour of BL powders was very different from the behaviour of the two compounds mixed after sepa-
rate lyophilization (B+L powders). These results pointed out interactions between lactose and
β-lactoglobulin, which occurred during the lyophilization process and storage. Lactose/β-lactoglo-
bulin interactions stabilized the BL powders against lactose crystallization. In the last part of the
work, the nature of the interactions (covalent links, H bonds and hydrophobic links) and the kinetic
aspect of the crystallization were studied.

whey powder / lactose / β-lactoglobulin / interaction / storage

Résumé – Étude des interactions lactose/β-lactoglobuline lors de la conservation. Les poudres
obtenues à partir de lactosérum sont très souvent utilisées comme ingrédients alimentaires car elles
possèdent d’intéressantes propriétés fonctionnelles (moussantes, gélifiantes…). Lors de la conser-
vation de ces poudres, de nombreuses dégradations biologiques et physico-chimiques altèrent les
propriétés fonctionnelles des produits, ainsi que les propriétés physiques et l’aspect des poudres
(écoulement, couleur…). La stabilité de ces poudres dépend également fortement de la température
de conservation ainsi que de l’activité de l’eau (aw) et de la composition des produits. Des poudres
modèles ont été préparées par co-lyophilisation de lactose avec des quantités croissantes (10 à 40 %)
de β-lactoglobuline (poudres BL). Les poudres ont été conservées 3 mois à 20 ± 1 °C, à des activités
de l’eau comprises entre 0,11 et 0,95. L’objectif de notre étude a été d’évaluer la présence ou
l’absence d’interactions entre lactose et β-lactoglobuline lors de la conservation des poudres, en
considérant le comportement de sorption d’eau de ces poudres. Les courbes isothermes de sorption
d’eau des poudres BL ont été établies. Elles indiquent que toutes les poudres contenant du lactose
libèrent de l’eau, mais à des aw différentes selon la teneur en β-lactoglobuline : à aw = 0,43 pour le
lactose, à aw = 0,54 pour les poudres contenant 10 à 30 % de β-lactoglobuline, et aw = 0,59 pour les
poudres à 40 % de β-lactoglobuline. Des analyses thermiques différentielles et des observations de
microscopie électronique à balayage ont alors été effectuées pour vérifier que la libération d’eau
dans les poudres BL est bien due à la cristallisation du lactose. Les comportements de sorption d’eau des

* Corresponding author: Joel.Scher@ensaia.inpl-nancy.fr

Article published by EDP Sciences and available at http://www.edpsciences.org/lait or http://dx.doi.org/10.1051/lait:2005013

http://www.edpsciences.org/lait
http://dx.doi.org/10.1051/lait:2005013


326 M. Thomas et al.

poudres BL ont été comparés avec ceux de mélanges de lactose et de β-lactoglobuline lyophilisés
séparément (B+L). Il a été montré qu’il y avait additivité des comportements de sorption d’eau dans
les poudres mélangées séparément, mais pas dans les poudres co-lyophilisées ; ceci signifie que lac-
tose et β-lactoglobuline ont interagi. Les interactions stabilisent les poudres BL en reportant l’aw de
cristallisation. Ce travail précise également la nature de ces interactions. En effet, des mesures de
couleur ainsi que des mesures par spectroscopie infrarouge ont montré le développement de liaisons
covalentes ainsi que des liaisons hydrogènes et hydrophobes entre les deux composants.

poudre sérique / lactose / β-lactoglobuline / interaction /conservation

1. INTRODUCTION

In 2003, 2 million tons of spray-dried
whey protein were produced worldwide.
Whey powders and derivatives are mainly
used as food ingredients due to their inter-
esting functional properties. Changes in
lactose state occur during storage from the
amorphous to the crystalline state [17].
When whey is spray-dried, lactose is mainly
in the crystalline state but a small percent
of amorphous lactose still exists and crys-
tallizes during storage when temperature
and/or humidity increase above glass tran-
sition (Tg), and leads to caking. Other phys-
ico-chemical alterations occur above Tg,
such as collapse, non-enzymatic browning
and lipid oxidation [16]. So, it is essential
to limit or control amorphous lactose crys-
tallization to preserve spray- or freeze-dried
powders.

According to Jouppila and Roos [9], pro-
teins seem to limit or retard milk powder
crystallization. Costantino et al. [6] showed
that interaction between proteins and lac-
tose modify lactose crystallization kinetics.
In addition, lactose is known to have an effi-
cient cryo-protector due to lactose–protein
hydrogen bonds, which could also act to
reduce crystallization kinetics [1]. 

The aims of the present work were to
study the effects of β-lactoglobulin on lac-
tose crystallization during storage of model
“amorphous lactose/β-lactoglobulin” pow-
ders (BL powders) and to study the interac-
tions between these two compounds.

2. MATERIALS AND METHODS

2.1. Preparation of the BL powders

Amorphous systems were obtained by
freeze-drying solutions of lactose, β-lactoglob-

ulin and the two compounds at different
ratios. Solutions of 10% (w/v) α-monohy-
drate lactose (Prolabo, Paris, France) and
β-lactoglobulin (Davisco, Eden Prairie,
USA) were prepared in distilled water. The
solutions were stirred until complete disso-
lution. The pH of the lactose solution was
4.07 and the pH of all solutions containing
β-lactoglobulin was between 7.30 and 7.56.
The solutions were mixed to obtain β-lac-
toglobulin/lactose (BL) ratios of (10:90),
(20:80), (30:70) and (40:60). Solution sam-
ples of 75 mL were immediately dispensed
into 500-mL round-bottomed flasks and
quickly frozen at –30 °C in a refrigerating
bath. Frozen samples were stored at –30 °C
for at least 12 h and then freeze-dried for 48 h
using a Lyovac GT3 (Leybold-Heraeus,
Orsay, France). The powders were stored in
vacuum desiccators over P2O5 at 20 °C for
one week to complete the dehydration. 

The powders composed of the two com-
pounds were assigned as BL(10:90),
BL(20:80), BL(30:70) and BL(40:60).

2.2. Storage of the BL powders 
and moisture sorption isotherms

Samples were stored at 20 ± 1 °C for
3 months over the saturated salt solutions
(LiCl, CH3COOK, MgCl2, NaI, K2CO3,
Mg(NO3)2, NaBr, KCl, KNO3). The solu-
tions corresponded to water activity (aw)
ranging from 0.11 to 0.95, [8].

Approximately 0.5 g of powder samples
were placed at each aw. Two replicates were
done. The moisture sorption was monitored
gravimetrically. Moisture sorption isotherms
were drawn up from the percentage of
water adsorbed at each water activity
(g water·100 g–1 dry solid) when equilib-
rium was reached.
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2.3. Differential Scanning Calori-
metry (DSC)

The state of lactose in BL powders was
determined using a DSC analysis system
(Pyris 1 and Pyris manager 2.0 software,
Perkin Elmer, Norwalk, USA). The instru-
ment was calibrated using indium. Analysis
involved 50-µL open aluminium pans (Perkin
Elmer) containing powder samples of 3 to
5 mg. An empty pan was used as a refer-
ence. Two replicates of each sample were
analyzed. Each sample was heated at a tem-
perature rate of 10 °C·min–1 in a tempera-
ture range from 25 to 250 °C.

2.4. Scanning Electron Microscopy 
(SEM)

Samples of the moisture sorption equi-
librium were used for SEM investigation.
Thin layers of powder samples were mounted
on aluminium stubs using a double-sided
adhesive tape. The mounted samples were
first sputter-coated with carbon and then
with gold/palladium. The coated samples
were examined with a Hitachi S2500 scanning
electron microscope (Hitachi, Tokyo, Japan)
operating at 17 kV accelerating voltage.

2.5. Color measurement

The b index, corresponding to the “blue-
yellow” axis in the L,a,b system, was meas-
ured with a microflash® 200d (Datacolor
international, Lawrenceville, USA) appa-
ratus, on the model powders initially and
after two months of storage at various water
activities. All results were the mean of trip-
licate measurements.

2.6. Infrared spectroscopy

One hundred mg of powder was mixed
(15% w/w) with anhydrous KBr, which
does not absorb infrared rays. By scanning
IR wavelength from 4000 to 400 cm–1, and
using a Fourier transform IR spectrometer
IFS 55 (Bruker, Paris, France), around 200
absorption spectra were accumulated for
each sample with a 2-cm–1 resolution. First,
oxygen and carbon dioxin spectra were
deduced from the powder spectra and the

resulting spectra were analyzed using Origin
version 6.1 software. Second, spectra were
smoothed using the 4th-order Savitzky-
Golay algorithm. And then, second-order
derivatives of the spectra were used to high-
light interaction bands. 

3. RESULTS AND DISCUSSION

3.1. Moisture sorption isotherms 
and determination of the state 
of lactose in BL powders

The moisture sorption isotherms of lac-
tose, β-lactoglobulin and BL powders con-
taining the two compounds are shown in
Figure 1. β-Lactoglobulin had a sigmoid
moisture sorption isotherm, which is typi-
cal of food proteins. Pure β-lactoglobulin
powder was very hygroscopic and adsorbed
more water than the other powders studied.
In BL powders above 0.70 aw, the higher the
β-lactoglobulin content, the more the pow-
der adsorbed water. 

Isotherms of all powders containing lac-
tose were irregular between 0.39 aw and
0.55 aw: they released water and their sorp-
tion isotherms thus showed a “break”, cor-
responding to high water release. This
water release occurred at higher aw with
increasing β-lactoglobulin content in BL
powders. Pure lactose powder released
water at 0.39 aw. BL powders with 10 to
30% β-lactoglobulin released water at 0.43 aw.
The sorption isotherms of BL(40:60) with
40% β-lactoglobulin only showed a “break”
at 0.55 aw. According to the literature, the
release of water by powders containing lac-
tose is due to lactose crystallization [2, 5, 9].
Water is released when the hygroscopic
amorphous lactose crystallizes into the less
hygroscopic crystalline forms. 

The characterization of the lactose state
in the lyophilized powders, before and after
storage, was undertaken using differential
scanning calorimetry (DSC). Before stor-
age, lyophilized lactose samples were
amorphous. The DSC curves of lyophilized
lactose showed an exothermic peak at
around 175 °C and an endothermic peak at
218 °C (Fig. 2). These peaks correspond to
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Figure 1. Moisture sorption isotherms of all lyophilized powders after 12 weeks of storage. The
three arrows on the graph indicate a sharp water loss, respectively, from lactose above 0.39 aw; from
BL(10:90), BL(20:80), BL(30:70) above 0.43 aw; and from BL(40:60) above 0.55 aw.

Figure 2. DSC profiles of lyophilized lactose samples before and after 3 months of storage at water
activities between 0.11 and 0.95 at 20 °C.
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the re-crystallization of amorphous lactose
during analysis, and to the melting of the
crystalline α-lactose produced, respec-
tively [10]. 

After storage at aw below 0.39, lactose
remained amorphous, as shown by the exo-
thermic peaks still present. On the contrary,
for aw above 0.43, an endothermic peak
appeared at 150 °C, showing the presence
of α-monohydrate lactose crystals. Lactose
storage at aw  ≥ 0.43 led to lactose crystal-
lization.

DSC profiles for BL powders are much
more complex due to the endothermic
profile of β-lactoglobulin which covers the
endothermic and exothermic peaks (Fig. 3).
Comparison of DSC profiles of the BL(10:90)
powder showed that the peak of water
release from α-monohydrate lactose crys-
tals (150 °C) and the peak of crystals melt-

ing (above 200 °C) appeared for aw ≥ 0.54.
Amorphous lactose was stable up to
aw = 0.43, and crystallization appeared above
this water activity. The same observation
was made for the BL(20:80) and BL(30:70)
powders. Considering the powder with 40%
of β-lactoglobulin, crystallization appeared
only at aw = 0.59.

Scanning electron microscopy was used
as a complementary technique to confirm
the DSC analysis of BL powders, especially
with high β-lactoglobulin content. Micro-
graphs (Figs. 4a and 4b) show particles of
BL(10:90) stored for 3 months at 0.23 and
0.54 aw. 

The particles of all powders studied had
miscellaneous, irregular size and shape.
However, the surfaces of all the particles
were very smooth, which is characteristic of
amorphous systems [11]. The critical water

Figure 3. DSC profiles of BL(10:90) after 3 months of storage at aw between 0.11 and 0.95 at 20 °C.
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activity of crystallization was determined
from the micrographs. Below this critical
aw, particle surfaces were smooth, since
lactose remained amorphous. Above the
critical aw, lactose crystals clearly appeared
on particle surfaces. The critical aw of crys-
tallization was 0.43 in lactose powders and
0.55 in BL powders containing 10 to 30%
β-lactoglobulin. The critical aw of BL(40:60)
with 40% β-lactoglobulin was 0.59, since
lactose crystals were observed on particle
surfaces only at this aw and above.

The SEM analysis was consistent with
the results obtained from moisture sorption
isotherms and DSC analysis. BL powders
were stabilized against lactose crystalliza-
tion. In BL powders containing from 10 to
30% β-lactoglobulin, lactose crystallization
was delayed to 0.55 aw and BL powders
with 40% β-lactoglobulin were stabilized
until 0.59 aw.

Besides, it has been shown [15] that for
contents higher than 5% of β-lactoglobulin
in the powders, pH has no significant effect
(buffer effect of the protein) either on sorp-
tion isotherms or on IR spectra.

3.2. Lactose/β-lactoglobulin 
interactions

The moisture sorption isotherms of pow-
ders mechanically mixed after separate
lyophilization were drawn up and were com-

pared with the corresponding theoretical
curves calculated from the sorption isotherms
of lyophilized lactose and β-lactoglobu-
lin.The sorption isotherm corresponding to
the BL(10:90) powder is representative of
all the β-lactoglobulin/lactose ratios studied
(Fig. 5).

The water sorption curves of B + L pow-
ders (with the two components lyophilized
separately) were similar to the theoretical
curves. The behavior of water sorption of
these mixed powders corresponded to the
addition of the behavior of each compound
taken separately, neglecting β-lactoglobu-
lin/lactose interaction. Lactose crystalliza-
tion occurred at the water activity predicted
from individual lactose and β-lactoglobulin
powders. Contrary to the mixed powders,
the BL powders had specific sorption
curves, which differed from the theoretical
curves, especially between 0.39 aw and
0.60 aw. BL powders adsorbed more water
than predicted, at the aw before lactose crys-
tallized. Moreover, in BL powders, water
release during lactose crystallization clearly
occurred at higher aw than predicted. The
obvious differences between theoretical and
experimental moisture sorption isotherms
of BL powders showed evidence of solid-
state interaction between lactose and β-lac-
toglobulin. These molecular interactions
stabilized BL powders against lactose crys-
tallization. Jouppila and Roos [9] noticed

Figure 4. Scanning electron micrographs of BL(10:90) stored for 3 months at 20 °C and 0.23 (a)
and 0.54 (b) aw. (x1000 magnification).
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a delayed crystallization of lactose in milk
powders compared with pure lactose and
they reported that milk proteins could be
responsible for this phenomenon. Although
suspected, the result we obtained for BL
powders was, to our knowledge, not clearly
demonstrated between two milk components.

3.2.1. Covalent interactions 

The coloring parameter b was followed
for two months in the powders stored at aw
from 0.39 to 0.76 [13, 14]. The b parameter
(Fig. 6) of pure lactose and pure β-lac-
toglobulin did not vary for any storage

water activity, and showed that non-enzy-
matic browning (NEB) did not occur in the
pure powders. For BL(10:90) and BL(20:80),
the b parameter significantly changed dur-
ing storage. For aw between 0.39 and 0.69,
the more the aw increased, the more b
increased. For aw > 0.69, b changes were
slowed; this reduction corresponds to a
modification of the structure of the powder
(collapse). This was a typical observation
corresponding to NEB in powders and b
changes were in complete agreement with
the NEB kinetic profile proposed by
Labuza [10] for NEB. The yellowing of
the powders corresponded to the Maillard
reaction. 

Figure 5. Theoretical and
experimental moisture sorp-
tion isotherms of BL(10:90)
after 9 weeks of storage. The-
oretical curves were calcu-
lated from the moisture sorp-
tion isotherms of each
component considered sepa-
rately. B+L powders were
composed of lactose and β-
lactoglobulin mixed after sep-
arate lyophilization.

Figure 6. Browning of β-lactoglobulin, lactose and model BL powders after 2 months at 20 °C.
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3.2.2. Non-covalent interactions 

Non-covalent interactions between lac-
tose and β-lactoglobulin were studied by IR
spectroscopy (4000–400 cm–1). Freeze-
dried lactose, β-lactoglobulin and BL(10:90)
powders were analyzed after two months of
storage at several aw. Figure 7 shows the
second derivative of the IR spectra of pure
β-lactoglobulin and mixed powder BL(10:90)
stored at aw = 0.76. Analyses of all spectra
showed that lactose crystallization led to
changes in the vOH band, which moved to
lower wavenumbers, and the band became
thinner. These changes resulted from the
increase in the number of hydrogen bonds
during crystallization. 

In the co-lyophilized model powders
stored at aw = 0, β-lactoglobulin presented a
high amount of hydrogen bonds with lactose,
as shown by the low wavenumber of the
amide I band and β-sheet. These interactions
stabilized the β-sheet structure of the β-lac-
toglobulin. These effects did not appear in
the powders mixed after lyophilization. 

Model powder BL(10:90) stored at
aw = 0.43 showed a high number of hydro-
gen bonds due to hydration, but also hydro-
phobic inter-β-sheets and β-lactoglobulin/
lactose links. These hydrophobic links led
to the increase in β-lactoglobulin thermal
resistance [3, 4, 7]. The energy levels of the
hydrophobic interactions (1 to 3 kcal·mol–1)
are lower than hydrogen bonds (2 to
10 kcal·mol–1) [12] and are more difficult
to measure by IR spectroscopy.

For the model powders stored at aw = 0.76,
advanced lactose crystallization reduced
the number of β-lactoglobulin/lactose links
and increased the number of lactose/water
hydrogen bonds.

4. CONCLUSION

In the present work, β-lactoglobulin was
shown to increase the aw of lactose crystal-
lization in co-lyophilized BL powders. This
delayed critical aw was not observed in the
powders mixed after lyophilization due to

Figure 7. Mid-Infrared Spectroscopy: second-derivative spectra of samples stored for 3 weeks at
20 °C at aw  0 and 0.76. Lactose absorbance was subtracted. The amide I band of spectra was
smoothed and normalized before derivation. The peak at 1629 cm–1 is attributed to the β sheet struc-
ture of β-lactoglobulin.

≈
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the greater physical distance between lac-
tose and β-lactoglobulin molecules. 

In the water sorption isotherms, no sim-
ple additivity of the lactose and β-lactoglo-
bulin isotherms was observed, due to the
competition between lactose and water to
produce H bonds with β-lactoglobulin. The
β-lactoglobulin/lactose interactions were
shown to stabilize the lyophilized powder
and increased the crystallization critical aw.
Moreover, IR spectroscopy analyses showed
that hydrogen bonds stabilized the β-sheets
even after hydrogen bond re-arranging due
to lactose crystallization.

Color changes in the BL powders during
storage showed that NEB occurred in the
model powders, and the lactosylation pro-
cess existed prior to browning. 
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