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Abstract – Lactose crystallisation and Maillard reaction are two major modifications occurring in
milk and whey powders during processing and storage. In this work, the aim was first to monitor
the solid-state early Maillard reaction (EMR) in whey protein concentrates (WPC) heated at 60 °C
and various water activities, and then, to characterise the physical changes that occur as a conse-
quence of heat treatment in skim milk powder (SMP) and WPCs. After aw adjustment, SMP and
WPC were heated at 60 °C in hermetic conditions to induce an amino-sugar reaction. Furosine ana-
lysis (% of blocked lysine) was used to monitor the progress of EMR. The results showed that the
kinetic of EMR was linked to the initial aw of the powders. Heating of SMP may lead to the crys-
tallisation of lactose in humidified powders, without apparently affecting the progress of EMR. Sur-
prisingly, lactose crystallisation – monitored by micro-Differential Scanning Calorimetry – was
easily induced in heated SMP, whereas it was delayed or even inhibited in WPC. The results showed
that this effect was dependent on the protein/lactose ratio in WPCs.

lactose crystallisation / early Maillard reaction / whey protein concentrate / water activity

Résumé – Cristallisation du lactose et réaction de Maillard précoce dans les poudres de lait
écrémé et les concentrés de protéines du lactosérum. La cristallisation du lactose et la réaction
de Maillard sont deux modifications importantes survenant au cours de la production et du stockage
des poudres de lait et de lactosérum. L’objectif de ce travail était dans un premier temps de suivre
la réaction de Maillard précoce (RMP) dans des concentrés de protéines de lactosérum (CPL) chauf-
fés à 60 °C à différentes activités d’eau et, dans un deuxième temps, de caractériser les modifica-
tions physiques consécutives au traitement thermique (comparaison poudres de lait écrémé et CPL).
Les poudres de lait écrémé et les CPL – équilibrés à différentes activités d’eau – étaient chauffés à
60 °C dans des conditions hermétiques pour induire la RMP (suivie par l’analyse de la furosine).
Les résultats indiquaient que la cinétique de la RMP était liée à l’activité d’eau initiale de poudres.
Dans les poudres de lait écrémé humidifiées et chauffées, la cristallisation du lactose ne semblait
pas avoir d’impact sur l’évolution de la RMP. La microcalorimétrie différentielle à balayage per-
mettait d’observer que la cristallisation du lactose, induite facilement dans les poudres de lait
écrémé, était retardée voire inhibée dans les CPL. Les résultats indiquent que cet effet était dépen-
dant du rapport protéine/lactose dans les CPL.

cristallisation du lactose / réaction de Maillard précoce / concentré de protéines du lactosérum /
activité de l’eau
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1. INTRODUCTION

Whey protein concentrates (WPCs) are
produced from cheese whey or from milk
microfiltrate by ultrafiltration and spray
drying. As a function of the ultrafiltration
step, lactose content in powdered WPCs
varies from 51% to 5% and, consequently,
protein content varies from 35% to 80%.
During the processing and storage of
WPCs, lactose might be involved in various
modifications, e.g. chemical modifications
such as early Maillard reaction (EMR)
where lactose reacts with free amino-
groups of proteins, or physical modifica-
tions such as lactose crystallisation where
lactose interacts with itself to induce nucle-
ation and crystal formation.

The nature and extent of the Maillard
reaction depend on numerous factors,
including water activity (aw), pH, tempera-
ture and the physico-chemical state of the
components. Numerous published results
have shown that EMR can progress with a
very high rate in a powdered matrix with
intermediate aw (0.3–0.7). Model studies on
the solid-state EMR between the main
whey protein, β-lactoglobulin (β-LG) and
lactose have shown that the rate of Maillard
reaction is accelerated at intermediate water
activity and have provided a very extensive
characterisation of glycoconjugates [13–
15]. These studies demonstrated that exten-
sively lactosylated β-LG – obtained after a
dry heating (50 °C) of powder under a rel-
ative humidity of 65% - was more structur-
ally stable than β-LG reacted with lactose
in an aqueous solution. However, the impacts
of water activity and glass transition were
not properly addressed in these studies.

Physical modifications of amorphous
dairy powders have been extensively stud-
ied, most of the work being conducted on
milk powders and whey powders, which
leads to a lack of data for WPCs. The under-
standing of the physical behaviour of milk
powders has markedly increased during
recent years, and useful tools such as the
milk state diagram have been developed [8,
11, 19]. The link between physical state and
Maillard browning (which does not account
for EMR only) has been demonstrated in
various dehydrated model systems [9, 12],

milk powders [16, 19] and whey powders
[2, 10, 17]. Numerous authors have shown
that the crystallisation of amorphous lac-
tose in dairy and whey powders is control-
led by the temperature difference between
storage temperature and glass transition
temperature (Tg). Jouppila and Roos [7]
have observed on milk powders that lactose
crystallisation was affected by the presence
of milk proteins (when compared with pure
lactose). Burin et al. [2] have shown that
besides physical parameters, the composi-
tion of whey models plays a role in their
propensity to undergo Maillard reactions.
Recent data have been focused on the role
of protein content and structure on the crys-
tallisation of lactose in amorphous materi-
als. For instance, in spray-dried lactose/
protein mixtures, Haque and Roos [6] have
shown that lactose crystallisation was
delayed by the presence of proteins. The
type of proteins also had an impact on the
delay of crystallisation, and the proposed
mechanism for such an effect was attributed
to differences in the miscibility properties
of proteins with sugars in the dry state.
Thomas et al. [18] have studied lactose
crystallisation in freeze-dried powders with
β-LG and lactose. They found that lactose/
β-LG interactions stabilised freeze-dried pow-
ders against lactose crystallisation. They
proposed that the spatial organisation of
proteins within the powder particle might
account for this effect. Non-covalent inter-
actions between protein and sugars in the
dry state are known to occur via hydrogen
bonding [3], and these interactions could
also have an impact on the propensity of
lactose to crystallise.

Our objectives in this work were first to
monitor the EMR in WPCs heated a mild
temperature (60 °C) and various water
activities. A second objective was to eval-
uate how physical changes that occur as a
consequence of the mild heat treatment
(glass transition, lactose crystallisation and
water activity change) could impact the rate
of EMR in skim milk powder (SMP) and
WPCs. Finally, the crystallisation of lac-
tose in WPCs was compared with that of
SMP, using micro-Differential Scanning
Calorimetry (micro-DSC).
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2. MATERIALS AND METHODS

2.1. Milk and whey powders

WPCs (Lacprodan 35 and Lacprodan 60)
were purchased from Arla Foods (Viby,
Denmark). The SMP was provided by Nestlé
(Konolfingen, Switzerland). Humidifica-
tion of the powders was conducted in closed
chambers with saturated salts. The salts
used were MgCl2 (aw = 0.33), K2CO3
(aw = 0.44) and MgNO3 (aw = 0.53). Water
uptake was monitored during this phase (4 to
14 days) and the powders were then placed
in sealed opaque aluminium bags. Actual
water activities might be slightly different
than those corresponding to the saturated
salts (sorption stopped before equilibrium).
The powders were then kept (at least for
1 week) in sealed opaque aluminium bags
at 20 °C for equilibration of water within the
matrix. Water activity was then controlled
before powder handling (see Sect. 2.3). The
state of lactose in all powders was found to
be amorphous after water sorption and
equilibration (Microscopy and Near-Infra-
red Reflectance spectrometry).

Early Maillard reaction was induced by
a heat treatment of the powders at 60 °C for
up to 450 min, in hermetic screw-capped
metallic tubes, using a home-made heating

apparatus. The measured temperature reached
60 °C ± 1 °C in the powders in less than 2 min.

2.2. Furosine analysis by amino acid 
analyser

Lysine and furosine in acid hydrolysates
of proteins were separated by cation exchange
chromatography and quantified by compar-
ison with an external standard after deriva-
tisation with ninhydrin and spectrophotometric
detection, as described in Fenaille et al. [4].
The percentage of blocked lysine is calcu-
lated assuming that during hydrolysis about
40% of ε -deoxy-fructose-lysine is retrans-
formed into lysine, part is transformed into
pyridosine and about 32% into furosine [5].

2.3. Water activity

Measurements of aw were carried out at
25 °C with a Hygroskop model DT instru-
ment (Rotronic, Bassersdorf, Germany),
based on the official AOAC method 978.18
[1]. All water activity values were corrected
with respect to aw values obtained with 5
standard saturated salts (aw: 0.111, 0.225,
0.328, 0.432 and 0.529).

2.4. Water content: P2O5 method

A certain amount of powder (around 2 g)
was placed on pans inside a glass tube con-
taining P2O5. Pressure was reduced in the

Table I. Water activities and water contents of SMPs and WPCs at initial water activity (*) and
after water sorption with saturated salts. Two batches of SMP powders with different initial water
activities were used, and one batch was further humidified.

Sample
(protein/lactose content in % wet basis)

aw Water content (%)

SMP
(35/51)

0.211* n.d.

0.278* 5.33

0.373 n.d.

WPC 35
(35/51)

0.233* 4.09

0.291 5.27

0.363 6.78

WPC 60
(60/23)

0.258* 5.64

0.339 6.66

0.498 9.15
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glass tubes using a vacuum at 26.6 × 102 Pa
for around 20 s. Then they were placed in
the oven and heated at 102 °C for 2 h and
then left to cool down for 45 min. The vac-
uum was broken and the sample was
weighed. Based on the weight differences, the
amount of water loss was measured.

2.5. Microscopic examination 
of the lactose crystallisation state

The presence or absence of lactose crys-
tals was determined by direct microscopic
observation of the powders under polarised
light, using a Wild Heerbrugg microscope
(Leica microsystems, Glattbrugg, Switzer-
land). This method did not give quantitative
results.

2.6. Near-Infrared Reflectance 
spectrometry

Samples were scanned using an InfraAn-
alyzer 500 scanning NIR spectrometer
(Bran & Luebbe, Norderstedt, Germany).
The instrument scans from 1400 to 2400 nm
with a resolution of 4 nm, using an integrat-
ing sphere (reflectance mode) and a lead
sulphide detector. The measurements took
place in a closed cell through a quartz window. 

All NIR spectra were output as JCAMP
format from the instrument and converted

into absorption values corresponding to
each peak using a home-made program.
Further, these absorption values were nor-
malised to eliminate the texture effects.
Normalisation was performed using Micro-
soft Excel by a first-order transformation
with two fixed points at 1680 and 2232 nm
(0.359 and 0.688 absorbance, respectively).
The selected range of wavelengths (1650 to
2250 nm) contains peaks directly propor-
tional to the water content (1940 nm) and
crystallised carbohydrate (2100 nm).

2.7. Micro-Differential Scanning 
Calorimetry

The Micro-DSC III from the company
Setaram (Caluire, France) was used at
0.1 °C·min–1. Temperature was scanned
between 10 °C and 120 °C. Sample weights
were about 100 mg. Reference material was
Al2O3.

3. RESULTS

3.1. Early Maillard reaction in whey 
and milk powders

Figure 1 shows the progress of EMR in
WPCs as a function of water activity and
heating time. As expected, EMR was accel-
erated when water activity increased from

Figure 1. Evolution of blocked lysine during heat treatment at 60 °C of WPC35 (A) and WPC60
(B) having various water activities.
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0.23 to 0.36 for WPC 35 and from 0.18 to
0.41 for WPC60, as a result of a lower glass
transition temperature (Tg) and increased
molecular mobility of reactants [2, 9, 16].

The results in Figure 1 show that EMR
was faster in WPC35 (Fig. 1A, aw 0.29 and
0.36) than in WPC60 (Fig. 1B, at slightly
higher corresponding aw). This experiment
was not repeated; however, in all our exper-
iments on WPCs, a general trend was that
the rate of EMR was higher in lactose-rich
WPCs (WPC35 and WPC50) than in low-
lactose WPCs (WPC60, WPC75 and
WPC80). This could be due to a limiting
number of free lactose molecules available
for each protein monomer in low-lactose
WPCs. The importance of the composition
of whey systems on the rate of Maillard
reaction has been previously highlighted by
Burin et al. [2]. Moreover, the Tg/aw rela-
tionship slightly differs according to the
protein/lactose contents in WPCs (unpub-
lished data). For instance, at a similar aw,
the Tg of WPC 60 was ca. 2–5 °C higher
than that of WPC 35, hence the molecular
mobility during heating at 60 °C would be
lower in WPC60 than in WPC35. 

Then, the next step was to compare the
chemical reactivity of proteins in WPC and
SMP. For that purpose, WPC35 and SMP
were heated in sealed tubes at 60 °C at sim-
ilar water activities (0.36 and 0.37, respec-
tively) to induce EMR. WPC35 was chosen
for this experiment since it contains the
same amounts of protein and lactose as
SMP (35% protein, 51% lactose). The
results shown in Figure 2B indicate that the
development of EMR was similar for both
WPC35 and SMP, except at prolonged
heating times (> 300 min) where a break in
the progress of the amino-sugar reaction
was measured for SMP. For similar aw, the
Tg of WPC35 was ca. 4–5 °C higher than
for SMP (unpublished results), hence the
molecular mobility during heating at 60 °C
would be slightly lower in WPC than in
SMP.

Figure 2A shows that after 60 min of
heating SMP at 60 °C, aw increased drasti-
cally from 0.37 to reach 0.50 after 120 min
and 0.55 after 300 min. This was the con-
sequence of lactose crystallisation, which
was evidenced by microscopy and NIR

(data not shown). As previously reported by
others there is a clear correlation between
the extent of lactose crystallisation and the
evolution of aw of SMP. The two phenom-
ena are linked since water is released upon
lactose crystallisation. The water arising
from lactose crystallisation remains in the
matrix (sealed tubes, the water content did
not change) and increases the overall aw of
the system. This should not occur with an
open system [10].

In SMP, the increase in aw during heat
treatment had no apparent effect on the
chemical reactivity of proteins. It is possi-
ble that the reorganisation of water mole-
cules after crystallisation did not lead to an
increase in the molecular mobility of reac-
tants. On the other hand, crystallised lactose
is no longer available for reaction with pro-
teins, and this could cause a limitation of the
reaction rate.

Surprisingly, lactose crystallisation was
not observed in WPC35 during and after the
heat treatment, and this behaviour was
remarkably different to that of lactose in
SMP. This experiment was not repeated

Figure 2. Evolution of water activity (A) and
blocked lysine (B) during heat treatment at 60 °C
of SMP (squares) at initial aw 0.37 and WPC 35
(circles) at initial aw 0.36.
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with exactly the same values of aw. How-
ever, we failed to induce lactose crystalli-
sation in all our experiments on WPC35
equilibrated at aw between 0.2 and 0.5 and
heated at 60 °C for up to 8 h. 

Further experiments using micro-DSC
were then carried out for a better under-
standing of lactose crystallisation in SMP
and WPCs.

3.2. Lactose crystallisation in SMP

For SMP at three water activities (Fig. 3)
the interpretation of the calorimetric curve
is easy: we observed glass transition, lac-
tose crystallisation (onset between 62 and
90 °C according to aw) and Maillard reac-
tion at higher temperatures. The superim-
posed curves clearly indicate the effect of

aw: glass transition, lactose crystallisation
and Maillard reactions’ temperature ranges
decrease drastically with an increase in aw.

3.3. Lactose crystallisation in WPCs

For the WPC35 (Fig. 4), the increase in
aw leads to a temperature decrease in all the
exothermic phenomena (Maillard brown-
ing and glass transition). For the WPC sam-
ple at the highest aw (aw 0.363, water
content: 6.78%), crystallisation was even-
tually observed as an exothermic peak below
Maillard reaction. In order to verify whether
this exothermic peak observed on the
WPC35 at aw 0.363 was due to lactose crys-
tallisation, a second micro-DSC run was
performed and the analysis was stopped at
92 °C (just after the exothermic peak) and

Figure 3. Micro-DSC curves obtained for SMP
at three water activities.

Figure 4. Micro-DSC curves obtained for
WPC35 at three water activities.
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the sample removed from the DSC appara-
tus. The physical state of lactose was then
observed by microscopic observation and
NIR spectroscopy. NIR experiments clearly
showed the sample contained a significant
amount of lactose crystals, mainly in the α
form. Lactose crystals were also observed by
microscopic observation of the sample under
polarised light.

Figure 5 shows superimposed DSC
curves obtained for WPC35 and SMP equil-
ibrated at similar aw. As stated earlier, for
similar aw, the Tg of WPC35 was ca. 4–5 °C
higher than that of SMP (unpublished
results), hence the molecular mobility dur-
ing heating at 60 °C would be slightly lower
in WPC than in SMP.

The onset of exotherms corresponding to
Maillard browning was not different in
WPC35 and SMP. On the contrary, the
onset of the exotherm corresponding to lac-
tose crystallisation was shifted to higher
temperatures at high aw, and was not
observed at low aw for WPC35 while it was
clearly identified in SMP for both aw.

For the WPC60 (Fig. 6), two exotherms
were observed as for WPC35, but the two
phenomena were less separated. The aw
increase leads to a slight reduction of both
temperature and intensity of the exothermic
peaks. The lower impact of aw on the calori-
metric behaviour of WPC60 compared with
WPC35 might be due to a quite low lactose

Figure 5. Superimposed Micro-DSC curves obtained for WPC35 (continuous line) and SMP (dotted
line) at similar water activities.

Figure 6. Micro-DSC curves obtained for WPC60
at three water activities.
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concentration in the WPC60 (23% com-
pared with 51% in WPC35). The occur-
rence of lactose crystallisation in WPC60
was checked on a sample with the highest
aw (aw 0.498, water content: 9.15%), after
having stopped the DSC experiments at
95 °C (first exotherm) and 120 °C (second
exotherm). The powders were removed
from the DSC apparatus and then submitted
to NIR analysis and microscopic observation.
Lactose crystallisation was not observed by
NIR in the “stopped” samples at 95 °C and
120 °C and no lactose crystals were seen by
microscopic observation under polarised
light. This suggested that lactose crystalli-
sation was completely inhibited in WPC60,
even if treated in extreme conditions (i.e. 10
to 120 °C for 1100 min at aw 0.498). Con-
sequently, the two exotherms observed for
WPC60 were probably due to different
stages of advanced Maillard reactions. 

4. DISCUSSION

This study showed that the rate of solid-
state EMR in whey protein concentrates
heated at 60 °C is strongly dependent on aw.
However, the progress of EMR is also
dependent on the protein/lactose ratio ini-
tially present in WPC: WPC35 (with 35%
protein and 51% lactose) reacted faster than
WPC60 (with 60% protein and 23% lac-
tose). These results were in accordance with
the study by Burin et al. [2], where the rate
of Maillard browning followed the order
sweet whey powders > WPC > whey pro-
tein isolate. This was related to the differ-
ences in the content of lactose in these
powders.

Then, we compared the reactivity of
WPC35 and SMP (same protein and lactose
contents) upon solid-state heating (60 °C, at
aw 0.36 and 0.37 for WPC35 and SMP,
respectively). The results showed that the
chemical reactivity (i.e. rate of EMR) is
similar, whereas the physical behaviour of
these two powders is totally different. Dur-
ing mild heating (60 °C) of humidified SMP
(aw 0.37), lactose crystallisation occurs
after a delay (ca. 2 h), and this leads to a
drastic increase in water activity. On the
contrary, lactose does not crystallise in

WPC35 heated in similar conditions of tem-
perature and aw.

The occurrence and onset of lactose
crystallisation in WPCs and SMP were fur-
ther studied by micro-DSC. The results
clearly showed that lactose crystallisation
is delayed in WPC35 compared with SMP
and is totally inhibited in WPC60. Several
hypotheses might explain this result. Tho-
mas et al. [18] have found that the presence
of β-LG (the main whey protein) induces a
delay in the crystallisation of lactose in
freeze-dried powders (2 different powders
were used with protein/lactose ratios of 10/
90 and 40/60). They proposed that the spa-
tial organisation of proteins might account
for this effect, since β-LG might be located
on the surface of powder particles and
might thus limit the access of water to amor-
phous lactose. However, this does not
explain the differences observed between
the behaviour of lactose in WPC and SMP.

Haque and Roos [6] have shown that lac-
tose crystallisation was delayed in spray-
dried protein powders, but that the delay
was less in whey protein powders compared
with caseinate, albumin or gelatine. The
authors proposed that the miscibility of
sugar and proteins might account for these
differences, and that whey proteins and lac-
tose might be phase separated. More exper-
iments are needed to evaluate this
hypothesis. There is an apparent contradic-
tion between this study and our results,
since Haque and Roos [6] showed that whey
proteins were less efficient than caseinate at
delaying lactose crystallisation. However,
in our study we compared whey protein
powders with skim milk powders, and not
with caseinate powders; the casein in these
two powders has a totally different struc-
ture: i.e. casein micelles in SMP vs. random
coil dissociated proteins in caseinate.

We propose that in WPC, the crystalli-
sation of lactose is delayed due to molecular
interactions between lactose and proteins.
Carpenter and Crowe [3] have shown that
in the dry state, sugars interact with polar
groups of globular proteins via hydrogen
bonding. The competition between whey
proteins/lactose interactions (hydrogen bonds)
and lactose/lactose interactions (nucleation)
might therefore reduce the propensity of
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lactose to crystallise. Protein/sugar hydro-
gen bonding might be more intense in whey
protein powders (soluble proteins with
exposed polar groups) than in skim milk
powders containing casein micelles.

Besides protein/lactose interactions, the
presence of minerals and ions (with equi-
librium between the bound and free form
highly different in WPC and in SMP) might
also impact the crystallisation of lactose, but
this was not addressed in the present study.

5. CONCLUSION

These results help to understand the role
played by protein structures and protein/
sugar interactions in the physical stability
of dairy powders and ingredients. We have
shown that whey proteins can inhibit or
delay the crystallisation of lactose in WPCs.
Molecular interaction between whey pro-
teins and lactose through hydrogen bonding
is likely to be responsible for this anti-crys-
tallisation effect. The next step will be to
study the physical behaviour of spray-dried
powders, with a focus on the impact of
whey protein structure in WPCs, and on the
impact of a varying ratio of casein micelles
to whey proteins in SMPs. In our future
experiments, a careful control of Tg will
also be needed to fully elucidate the links
between composition and physical proper-
ties of powders.
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