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Abstract — We studied the structural behaviour and foaming properties of whey proteins under the
effects of spray-drying in a co-current configuration. We used two different inlet/outlet air tem-
peratures (170/85 °C or 260/138 °C, respectively), the other operating conditions being unchanged.
Using different characterisation techniques, we showed that both whey proteins (WP-Pgs and WP-
Py35) which were submitted to hydro-thermal treatments under mild and high air processing condi-
tions behaved differently from untreated proteins (WP-L). As expected, WP-P,35 powder exhibited
lower moisture and free lactose contents, a higher particle internal porosity, and a thinner particle
wall thickness than the WP-Pgs powder. The conformational stability of whey proteins, obtained by
dilution of untreated whey proteins (WP-L) and dispersions of the two spray-dried powders (WP-
Pgs and WP-P,35), were compared. Whey proteins in the WP-P ;33 powder showed a red-shift in
the tryptophan emission wavelength, the appearance of a newly created fluorescent compound at
420 nm, contrary to untreated and WP-Pgs whey proteins. In addition, we observed formation of
a higher proportion of covalently-bound aggregates (11% in WP-Pjsg, instead of 5% in WP-Pgs)
and a decrease in conformational stability against re-heating (~50% s in WP-P, g, instead of ~30%
in WP-Pgs5) compared with untreated WP-L solution. Finally, combination of continuous measure-
ments of foam volume (by an on-line video camera) and liquid (by conductivity) entrained in a
column foam during its formation by air injection, in parallel with automatic acquisition of video-
foam images during the destabilisation step, showed that solution of WP-P,35 spray-dried powder,
obtained using the highest air temperature conditions, has higher foaming properties than WP-Pgs
and WP-L solutions.
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Résumé — Production d’agrégats de protéines sériques a propriétés d’usage. Nous avons étudié
I’influence du séchage par pulvérisation, en co-courant, sur le comportement structural et les pro-
priétés moussantes de protéines de lactosérum. Les poudres ont été obtenues en utilisant des tem-
pératures d’entrée et sortie d’air différentes (170/85 °C et 260/138 °C, respectivement), les autres
conditions opératoires étant inchangées. Par application de différentes techniques de caractérisa-
tion, nous avons montré que les protéines (WP-Pgs et WP-P135) qui ont subi des traitements hydro-
thermiques a température d’air modérée et sévere, respectivement, se comportent différemment des
protéines (WP-L) contenues dans les solutions avant séchage. Comme attendu, la poudre contenant
les protéines WP-P,35 présente des taux d’humidité et de lactose libre plus faibles, un taux de poro-
sité interne plus important, et une épaisseur de paroi plus faible. L’étude spectrofluorimétrique des
protéines, contenues dans des dispersions dans 1’eau distillée des poudres issues des deux condi-
tions de séchage, indique que pour les protéines WP-Psg, et contrairement aux protéines WP-L
et WP-Pgs, la longueur d’onde maximum d’émission de fluorescence du tryptophane présente un
déplacement vers le rouge, ainsi que 1’apparition de nouveaux composés qui fluorescent avec une
longueur d’onde maximum d’émission a 420 nm. D’autre part, nous avons observé une plus forte
proportion d’agrégats covalents (11 % pour WP-P;35 au lieu de 5% pour WP-Pgs), ainsi qu’une
diminution plus importante de la stabilité conformationnelle vis-a-vis de la chaleur pour WP-P35
(~50 %) que pour WP-Pgs (~30 %). Finalement, la mesure in situ des volumes de mousse (camera
video) formée par injection d’air dans une colonne et de liquide sous la mousse (conductivité)
apres arrét de I'injection de gaz, effectuée parallelement a I’acquisition automatique d’images de
la mousse, ont montré que les protéines WP-Py35 ont de meilleures propriétés moussantes que les
protéines WP-Pgs et WP-L.

protéine de lactosérum / séchage par dispersion / dénaturation / agrégat / mousse

1. INTRODUCTION been the focus of numerous studies, not
only for their nutritional amino-acid bal-
ance, but also for their functional prop-
erties in food systems which were shown
to be related to their conformational
changes [6-8,12,13,17,22-26]. Most pre-
vious studies indicated that the conforma-
tional stability of whey proteins is greatly
dependent on their intrinsic and extrinsic
physico-chemical parameters, such as pro-
tein composition and concentration, pH,
ionic strength and time-temperature of

In the milk industry, whey represents a
large amount of by-product from cheese
production, and heating is often used for
its further processing such as concen-
tration, protein fractionation, demineral-
isation and drying. In their native con-
formational state, whey proteins have a
globular tertiary structure which is sta-
bilised by non-covalent interaction forces
(hydrogen, ionic and hydrophobic bond-

ing) and also by covalent cross-linking.
Among whey proteins, [-lactoglobulin
(major component), bovine serum albumin
(BSA), and immunoglobulin G (IgG) con-
tain both disulphide bonds and free sul-
phydryl groups, while a-lactalbumin (the
second most important whey protein in
terms of weight ratio), contains disul-
phide bonds but no free thiol group [17].
For several years, globular proteins have

heating conditions

During spray-drying, liquid droplets are
atomised and evaporated when in con-
tact with hot air. And, following this
hydro-thermal path their dissolved solids
are more and more saturated, leading to
formation of a solid crust on the droplet
surface and dried particles with different
qualities [14,21]. Quality of milk powders
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produced by spray-drying was evaluated in
regard to the effects of the product flow
rate in co-or counter-current configuration,
atomisation speed and inlet air tempera-
ture on powder density, particle diameter
and flowability [3, 5]. Other studies fo-
cused on the effects of spray-drying on
changes in lactose, fat and protein surface
composition of milk particles, changes in
whey protein denaturation and association
with casein during different steps in pro-
duction of milk powders, including con-
centrate heating before drying [15, 19, 20]
and product feed concentrations [1]. In
most of these studies, the effects of dry-
ing on protein structural changes were ex-
amined in milk powder whose proteins
were assumed to have not been affected
by spray-drying. Recently [2], a simple
model based on mass and energy balances
between co-current drying air and whey
protein droplets was applied to predicting
particle hydro-thermal paths in the drying
chamber as functions of various operat-
ing drying conditions. Measured air out-
let temperatures and water contents were
compared with those predicted by the
model, and used to discuss the effects of
spray-drying on changes in a whey protein-
rich product.

In the present study we focused on
determination of the degree to which
spray-drying of a protein-rich product, in a
co-current configuration, can lead to heat-
induced denaturation-aggregation with ef-
fects on end-use properties.

2. MATERIALS AND METHODS

Spray-drying of a whey product
(pH 6.7) prepared by micro-filtration of
skimmed milk (Ingredia, Arras, France)
was performed in a pilot-scale dryer (Niro
Minor pilot, GEA, Niro Atomizer, Parma,
Italy), with an atomiser rotary disc type,
and feeding in drying air in a co-current
configuration [2]. In this study we com-
pared effects on whey protein structural

changes upon spray-drying at two air inlet
temperatures (170 and 260°C), the other
operational variables such as the product
flow rate (3.4 kg-h™!) and the air flow rate
(0.029 kg-s~!) being unchanged.

2.1. Protein characterisation

The whey protein concentrate (WPC)
was characterised before and after drying
for its dry matter and protein composi-
tion (Tab. I). The weight percentages of
dry matter and ashes were obtained by
heating the protein-rich samples at 105 °C
for the period needed to reach a constant
weight, and at 550°C for 5 h, respec-
tively. The lactose content was obtained by
application of the Boehringer Lactose/D-
Galactose kit (Boehringer Mannheim,
Meylan, France), and the total protein
content and protein solubility were de-
termined, after powder dispersion in dis-
tilled water (1% wt and gently stirring
for 2 h), by Kjeldahl analysis of protein
solutions and their supernatants obtained
after centrifugation (15000xg, 60 min,
15°C). Polyacrylamide gel electrophore-
sis (PhastSystem apparatus, Pharmacia
Biotech-Orsay, France) in dissociative con-
ditions (SDS-PAGE) was used for evalua-
tion of the relative proportions of 3-1g and
a-la monomers and covalently-bound ag-
gregates [24]. We used a 20% w/w ho-
mogeneous gel concentration (Pharmacia
Biotech), and a molecular weight standard
(Low Molecular Weight Electrophoresis
Calibration Kit/ Pharmacia) for identifi-
cation of protein bands. Protein samples
were diluted 1:1 with SDS PAGE sam-
ple buffer (20 mol-L~" Tris/HCI - pH 8.0,
2 molL™' EDTA and 5% (w/w) SDS)
then heated for 5 min in a boiling wa-
ter bath under stirring before being cooled
in an ice bath. After separation, the gels
were stained using 0.1% Coomassie blue
(Phastgel Blue R-350, Pharmacia Biotech-
Orsay, France). The corresponding elec-
trophoretic patterns were scanned (Image
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Table 1. Characteristics of exiting powders from the drying chamber, depending on air inlet and
outlet temperatures used for spray-drying of whey protein solution (22% dry matter).

Dried powders WP-Pgs WP-P;35
Dryer inlet air temperature T; (°C) 170 260
Dryer outlet air temperature T,, (°C) 85 138
Outlet powder water content (kg -kg™!) 0.057 0.034
Dgs (um) 9.5+0.11 10.0 = 0.00
e (%) 27.3 44.6

Scanner, Pharmacia), and the relative pro-
tein concentrations were determined den-
simetrically (Image Master 1D, Pharmacia
Biotech, Orsay, France).

2.2. DSC measurements

Protein conformational stability against
heating was determined by using differ-
ential scanning calorimetry (Perkin Elmer
DSC VII, USA), following the method-
ology described elsewhere [25]. Whey
protein solution, WP-L (22% dry mat-
ter) prepared by microfiltration from skim
milk, was submitted to a heating cycle
(10°C-min~!, from 10 to 100°C) and the
observed calorimetric parameters (T}, peak
maximum deviation and Q,, overall heat
involved during the peak transition) were
compared with those obtained from disper-
sion at 22% dry matter of exiting powders
(WP-Pgs and WP-Py33) from the drying
chamber.

2.3. Fluorescence properties

Fluorescence  measurements  were
performed using a SLM AB2 Aminco
Bowman  spectrofluorimer  (Chama-
rande, France). Tryptophan fluores-
cence properties of the three whey
protein samples (0.01%) were eval-
uated at 280/330 excitation-emission
wavelengths. Observation of other fluo-
rophore compounds was performed using

330/420 excitation-emission wavelengths
and protein solutions at a higher protein
concentration (0.05%). The variation in
the intensity photon flux, as a function of
wavelength, was minimised by using a
ratio amplifier mode, as specified by the
manufacturer.

2.4. Powder characterisation

Particle size distribution of the different
exiting powders from the drying chamber
was measured by laser diffraction using the
Malvern Mastersizer with powder feeder
unit (Scirrocco 2000, Malvern Instruments
SA, Orsay, France), used with the Malvern
software for determination of particle me-
dian diameter values (Dsg). Particle den-
sity, pp, was measured using an Accupyc
1330 pycnometer (Micromeritiscs, Creil,
France), whose principle is gas displace-
ment. The percentage of internal porosity
(non-accessible pores to air) was evaluated
using the following equation:

e= TP 09 (1)

Ppg

where p, and p,, are the particle density of
exiting powders from the drying chamber,
before and after grinding.

Scanning electron microscopy (Jeol
JSM5200 SEM, operating at 5 kV,
Croissy sur Seine, France) was used for
observation of the particle size and wall
thickness. Powder samples, before and
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after grinding, were mounted on double-
sided adhesive mounted on SEM stubs,
and were coated with Au/Pd in a sputter
coater.

2.5. Foaming properties

Foaming properties of whey protein so-
lutions were characterised using a foam
analyser based on conductimetric measure-
ments [10,11,13,23]. The foam was gener-
ated by sparging air (15 mL-min~!) into an
initial volume of protein solution (12 mL)
through a metallic porous disk (a sintered
metal frit of 2 um pore size). The foam-
ing ability was evaluated by the sparging
time needed to reach a certain total of foam
volume that was detected by an on-line
camera, while the volume of liquid under
the foam was measured by conductimetry.
Foam formation and liquid drainage were
analysed for 20 min with acquisition of im-
ages of air bubbles during the draining pro-
cess.

The variation of conductivity performed
at the base of the foam between two large
electrodes, as a function of time (C;) and
with reference to the conductivity of the
buffered test solution (Cj,;), was used to
calculate the volume of liquid in the foam
column (Vy), according to [10]

VL) = Vigie[1 = C/Cinio)] 2

where Vi, is the volume of protein solu-
tion (12 mL) incorporated into the sparg-
ing chamber. Foaming capacity of protein
solutions was evaluated by the air sparging
time (ty) needed to form a certain volume
of foam (around 40 mL), by foam density
value (Dpax), immediately after the sparg-
ing time, to, and t;/, the time correspond-
ing to half of the volume liquid retained by
the foam bubbles

tip = 0.5(Vmax + Vnin)- (3)

All the air bubble images were shot with
a camera (Philips ToUCam PCVC 750 K)
connected to the USB port of the computer

located facing the bubbling column. Ded-
icated software was designed using Irfan-
View freeware to record pictures automat-
ically every 20 s and save them in TIFF
uncompressed format with a time stamp
in its file name. To have the best possible
pictures, the camera was located approxi-
mately 0.16 cm from the foaming column,
at the middle of the height of the foam.
The system was illuminated from the top
with a 25 W bulb with a 45° angle from
the column axis. Two light deflectors were
adapted on the column: one at the top and
the other at the bottom. This method forced
the light to go inside the column only,
avoiding any reflections disturbing the ac-
quisition.

3. RESULTS AND DISCUSSION

The protein-rich product was spray-
dried in a co-current configuration using
two different values of air inlet tempera-
tures, while the other processing parame-
ters, such as the product flow rate and the
air flow rate, were unchanged (3.4 kg-h™!
and 0.029 kg-s~!, respectively). Air outlet
temperatures and physico-chemical char-
acteristics of the two exiting powders are
reported in Table I. It is seen that increas-
ing the inlet air temperature from 170 to
260 °C was accompanied by an increase in
the outlet air temperature (~53°C) and a
decrease in water content (~40%), in par-
allel with an increase in powder internal
porosity (~40%). Images of spray-dried
powders obtained by scanning electron mi-
croscope displayed a smooth surface and
typical “skin-forming” behaviour resulting
in hollow spheres (Fig. 1), with a wall
thickness which appeared thinner for par-
ticles in the WP-Pj35 sample, in parallel
with a much higher internal porosity but
close values of the average median particle
size as determined by laser light scattering
measurements (Tab. I).

The whey protein-rich products (WP-
Pgs and WP-Py33), obtained at the two
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Table II. Dry matter composition (% wt), protein solubility and protein composition of the protein-

rich product.

Protein sample WP-L WP-Pgs WP-P35
% Dry matter 22.5+2.6 942 + 1.6 96.7 £ 0.1
% Ashes 43+0.1 410+ 0.0 44+0.2
% Lactose 7.7+0.3 7.10 £ 0.20 42 +0.1
% Proteins 84.9+1.8 87.4+3.0 82.4+20
Protein solubility (1%-pH6.7) 97.1+£1.2 93.0+0.3 85.0+0.7
Protein composition (%)

HMW A 35+£0.2 45+0.5 11.2+2.1
p-lg 77.6 1.8 740+ 1.2 74.0+1.2
a-la 189+1.9 193 +£0.7 134+24

different air inlet temperatures (170 and
260°C), were also characterised for their
dry matter composition, protein solubil-
ity (1%, pH 6.7) and protein composition.
The results reported in Table II indicate
that drying using mild or high air tem-
peratures was accompanied by changes in
whey protein physico-chemical character-
istics. Particularly, it is seen that spray-
drying in a co-current configuration can
lead to powders with decreasing values
of protein solubility, concentration of free
lactose and (-lg and o-la monomers. This
decrease in protein solubility and whey
protein monomers was followed by for-
mation of an increased proportion of high
molecular weight covalently-bound whey
protein aggregates (> 100 kg-mol™!).

Local structural changes in whey pro-
teins under the effect of spray-drying were
evaluated using spectrofluorimetric mea-
surements at 280 nm and 330 nm excita-
tion wavelengths. The peak fluorescence
intensity corresponding to tryptophan flu-
orescence decreased by approx. 27.5% and
17% for WP-Py33 and WP-Pgs, respectively
(Tab. III), but the corresponding wave-
length was close to 332 nm for both WP-L
and WP-Pgs samples, and close to 338 nm
for WP-Py35. The high Stokes’ shift (from
332 to 338 nm) observed for tryptophan
fluorescence of the WP-P;33 sample, in
parallel with a newly created fluorescence

spectrum at 330/420 nm excitation and
emission wavelengths, respectively, could
be explained by changes in the whey pro-
teins’ tertiary structure from a compact one
(native) to a denatured one [16]. This pro-
tein structure transition was accompanied
by an increase in the exposure of initially
buried hydrophobic residues to the aque-
ous medium, with creation of a new flu-
orophore compound, observed at 420 nm,
the maximum wavelength emission. This
compound was attributed to formation of a
Maillard product reaction under damaged
effects of high air temperature [4, 18].

Thus, it appears that protein-rich liq-
uid droplets, when in contact in the drying
chamber with hot air for less than 15 s, may
be denatured and form covalently-bound
aggregates (as shown by SDS-PAGE) and
also new fluorophore compounds with
maximum emission wavelength at 420 nm.

Structural changes in whey proteins
were also evaluated by differential
scanning calorimetry (DSC) through
determination of the energy (Qc,) involved
in heat-induced transitions observed in
protein solutions (22% dry matter) before
drying, and protein solutions obtained by
dispersions in water of the dried powders.
Examples of DSC curves obtained by
heating from 10 to 100°C at 10°C-min~!
of WP-L, WP-Pgs and WP-P35 are shown
in Figure 2. They had a similar shape, with
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Table III. Spectrofluorimetric and calorimetric parameters obtained from three whey protein so-
lutions. WP-L: whey protein sample before drying; WP-Pgs: whey protein sample spray-dried at
170/83 °C air inlet/outlet temperatures; WP-Py35: whey protein sample spray-dried at 260/138 °C air
inlet/outlet temperatures. IFs30 and IF, are peak fluorescence intensity at 280/330 and 330/420 nm
excitation and emission wavelengths, respectively, Ty is the DSC peak maximum temperature and

Q. s the total DSC heat of reaction.

IF330 (u.a.) IFy (u.a.) Tiax (°C) Qua J-g™H
WP-L 240 12.2 979.3 13
WP-Lgs 199 13.4 81.0 9.2
WP-P35 174 26 83.0 6.4

a major peak transition located at around
80°C and a minor one located at a lower
temperature. The major peak corresponds
to denaturation of the f-lactoglobulin
(B-lg), the major whey protein in our
protein-rich product, and the minor peak
to a-lactalbumin (a-la) denaturation. Peak
temperatures and Q. values extracted
from these DSC traces are reported in Ta-
ble III. It is shown that Q., values, which
can be used as an indicator index of protein
conformational stability [25], decreased
by ~50% and ~30%, when submitted, re-
spectively, to spray-drying under high and
mild air inlet temperatures, in comparison
with untreated WP-L solution. As for the
other protein characteristics, DSC results
obtained from the three protein samples
indicated different behaviours depending
on their previous hydro-thermal treatment.

The mechanism of protein denaturation
may be caused by alteration in its origi-
nal native structure without hydrolysis of
primary covalent bonds. It occurs follow-
ing a first reversible step, where multimeric
proteins may dissociate into monomeric
forms, then denature within another or
several successive unfolding steps, follow-
ing the simplified scheme [12,24]:

. Keq k] ki
Ny (native) <==> xD; — xD, —

xDi (denatured/unfolded states) X
A (aggregated). (4)

Considering the simplified scheme repre-
sented above, if k > K4, most of the dena-
tured proteins can be converted irreversibly
into aggregates and the thermal behaviour
of the system is kinetically controlled by
the rate-limiting step reaction. Following
this mechanism, the increase in the ma-
jor peak temperatures observed in the pro-
tein solutions WP-L, WP-Pgs and WP-P33
could be explained by increasing values
of the equilibrium constant (Keg), and in-
creased concentration of denatured states
(shift to the right of the equilibrium re-
action). Aggregation and denaturation in-
volve, respectively protein-protein interac-
tions (exothermic reaction) and breaking
up (endothermic reaction) of low energy
amino acid linkages. They can be superim-
posed in the same temperature range, and
the corresponding overall calorimetric en-
ergy, Qcal, due to these heat-induced struc-
tural changes can be used to explain the
decrease in heat involved during the DSC
heating cycles.

Structural changes which are reflected
in the loss of protein solubility, for-
mation of covalently-bound aggregates
and appearance of new fluorophore com-
pounds are also reflected by the DSC re-
sults (Tab. III). They also indicated that
spray-drying of whey proteins (18.5%
wt concentration-pH 6.7), prepared from
skimmed milk by microfiltration, can lead
to heat-induced denaturation-aggregation
during their hydro-thermal path in the dry-
ing chamber.
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Figure 2. Thermograms obtained for whey protein solutions, before drying (WP-L) and from dis-
persions of spray-dried powder at 170/85 °C (WP-Pgs) and 260/138 °C (WP-P,33) air inlet/outlet
temperatures.
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Figure 3. Example of liquid volume variation in a foam containing a whey protein sample, as

measured by conductimetry during and after the air sparging periods. t;, is the time corresponding
to drainage of half of the liquid entrained in the foam during air sparging (see text).
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The formation of foams by air sparg-
ing in whey protein solutions (0.5% NaCl),
obtained from dilution of WP-L or disper-
sion of WP-Pgs and WP-Py35 to 0.5 wt% wt
in distilled water, was monitored by con-
ductimetric measurements. Examples of
variation of liquid in foams evaluated fol-
lowing equation (2), during the air sparg-
ing period (foam formation) and the desta-
bilisation period, are shown in Figure 3. In
our experimental conditions, we observed
that all of the three solutions required about
the same bubbling time (~3 min) to attain
a foam volume of 40 mL, but the amount
of liquid incorporated in the corresponding
foams and the liquid drainage character-
istics were different. Foam density values
(Dmax) reached at the end of air sparging,
as evaluated from the maximum liquid vol-
ume (Vp,x) entrained during air sparging,
were similar for WP-L and WP-Pgs foams
(105 g-L ") and slightly higher (119 g-L ")
for WP-Pj35. As foam density in bubbling
tests is inversely correlated to foam ex-
pansion in whipping tests [10], it appeared
that spray-drying in high air temperature
conditions enhanced the protein foamabil-
ity. The stability of foams against liquid
drainage, quantified relatively to WP-L so-
lution through t;» values (Eq. (3)) was
~12% and ~18% higher for WP-Pg5 and
WP-P,33 foams, respectively. Proteins, to
be good foaming agents, must be able to
adsorb from bulk medium to the air-liquid
interface and to entrap the gas bubbles in
a continuous liquid lamellar phase. To be
good foam stabilisers, adsorbed proteins
must be able to prevent reduction in the lig-
uid lamella thickness and close approach
of bubbles, in the coalescence or growing
of small bubbles by a disproportionation
(gas diffusion between bubbles), and con-
sequently in liquid drainage [9].

Time evolution of air bubble size and
shape, as observed from cropped images
taken at 20 s, 300 s, 600 s and 900 s
after the end of air sparging (Fig. 4),
seemed to follow trends related to foam

characteristics, as evaluated from conduc-
tivity measurements. The images observed
as a function of liquid drainage after the
end of air sparging showed a lower in-
crease in air bubbles’ size in foam contain-
ing WP-Pj33, than in the foam containing
WP-Pgs or WP-L, the latter protein solu-
tion being less resistant to liquid drainage
and having a longer half liquid drainage
time.

In earlier studies, it was shown that
controlled mild heat treatment of globu-
lar proteins in controlled physico-chemical
conditions can decrease their resistance to
heat denaturation, with positive effects on
their surface activity and stabilisation of
protein-based foams [11, 13, 23]. In this
work, we observed that despite a slight
decrease in protein solubility and forma-
tion of a low proportion of covalently-
bound aggregates, the decrease in whey
proteins’ conformational stability was ac-
companied by enhancement of their ability
to stabilise foams. Thus, spray-drying in
a co-current configuration of protein-rich
products could be proposed as a new tech-
nological way to enhance end-use proper-
ties of whey proteins.
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