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Interfacial properties of fractal and spherical whey protein aggregatest

Najet Mahmoudi,* Monique A. V. Axelos” and Alain Riaublanc®

Fractal and spherical aggregates of whey globular proteins are formed under conditions that coupled
heating and shear flow in a plate heat-exchanger at high temperature and for short holding time. Their
properties upon adsorption and spreading at the air—water interface have been studied at neutral pH
and two subphase conditions. The surface activity of mixtures of aggregates and residual proteins is

enhanced and the adsorption behaviour depends strongly on the denatured native-like monomers and
the charge screening. After long hours of adsorption, they form a weakly dissipative viscoelastic

network, with strong interactions. When spread at the air—water interface, protein aggregates dissociate

and form monolayers whose properties are described by scaling laws in the semi-dilute regime. The
scaling exponents found in charge-screening subphase conditions correspond to values for polymer in
#-conditions, whereas the values determined in long-range repulsion subphase conditions are
intermediate between an ideal (f-conditions) chain and a chain in good solvent.

Introduction

Due to their amphiphilic nature, whey globular proteins are
frequently used as emulsifiers and foam stabilizers.’? The inter-
facial behaviour of pure B-lactoglobulin, a-lactalbumin and
bovine serum albumin, at the air—water and oil-water interfaces
has been the subject of extensive research.>® These and other
studies have given information on the physicochemical proper-
ties that govern the interfacial and rheological properties of whey
protein films, and on the correlations that could exist between the
interfacial and rheological behaviour of whey proteins and their
emulsifying and foaming properties.”®

Because of their high cost of purification, pure B-lactoglobulin,
a-lactalbumin and bovine serum albumin are rarely used in food
emulsions and foams. Food industry uses rather whey protein
concentrates and commercial milk powders as emulsifiers and
foam stabilizers.'®!* However, whey protein concentrates have
generally variable protein, salt and sugar compositions, which
make their physicochemical and functional properties vary.'?
The variability in composition and functionality of these prod-
ucts comes from differences in the process conditions used in
cheese making or casein manufacture, as well as in the manu-
facture of the whey protein concentrates themselves.'*'* The
processing of whey protein concentrates includes generally an
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evaporation step that may induce denaturation and aggregation
and then modify the protein structure. Since interfacial proper-
ties depend strongly on protein structure and bulk conditions
such as salt and pH, variations in composition and in degrees of
protein structural changes can result in different interfacial and
rheological behaviours of whey proteins.!*-'3

Effects of electrostatic interactions on interfacial properties of
globular proteins have been studied at the air-water interface.
Studies on the effect of protein net charges were based on the
kinetic of increase of surface pressure and adsorbed amount for
protein solutions at different pH values.’*** In these studies, the
rate of adsorption and the total adsorbed amount have been
found to be highest at pH values close to the isoelectric point
where the proteins carry no net charge. Nevertheless, since
changing the pH also induces changes in the tertiary and
quaternary structures of globular proteins, the pH range that can
be investigated to study charge effects on interfacial behavior is
limited.?>?2 The alternative approaches were then to chemically
modify the net charge of globular proteins®*** or to screen the
electrostatic charges by increasing the ionic strength.!6-19:23:25
Thus, the protein net charge remains constant while the repulsion
energy is lowered, which reduces the contribution from the
electrostatic forces to the surface pressure. Increasing the ionic
strength was found to result in an increase in the rate of
adsorption, the steady-state adsorbed amount and the surface
pressure.!8:19:23

Whey globular proteins are less surface active than the random
coil flexible B-casein that adsorbs faster, unfolds and reorients
more easily than the ordered B-lactoglobulin and bovine serum
albumin.>?¢2® Upon adsorption at the air-water interface, whey
proteins retain their overall globular shape but a partial
unfolding is usually observed.>* Irreversible conformational
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changes take place during heat-induced interfacial aggregation of
a whey protein film heated after two hours of adsorption at the
oil-water interface, and enhance the surface activity and the
rheological properties.* Heat treatment of a-lactalbumin results
in partially folded, disulfide bond shuffled states with enhanced
surface activity at the air-water interface.’' Pre-heating B-lacto-
globulin was found to result in an increase in surface rheological
viscoelasticity because of the decrease in the a-helix content with
an increasing flexibility and surface hydrophobicity resulting
from the partial unfolding of the molecules.’* Furthermore,
contradictory results were reported on the effect of heat treat-
ment on the surface hydrophobicity of B-lactoglobulin.3?-34
This variability is thought to be related to different heating
conditions, which result not only in a partial denaturation of
B-lactoglobulin but also in burying patches of high hydropho-
bicity on protein molecules due to the formation of aggregates.
The issue we concentrate on in this contribution is how
aggregation and 3D structure of aggregates of globular whey
proteins influence their surface activity and dilatational proper-
ties upon adsorption and spreading at the air—water interface.

Materials and methods
Protein aggregates

The whey protein isolate (WPI, 98 wt% protein content) used
was purchased from Lactalis Industrie (Laval, France) and is
a mixture of 70% of B-lactoglobulin, 20% of a-lactalbumin, 6%
of bovine serum albumin and immunoglobulins, and 4% of
aggregates due to the spray drying process. To prepare protein
solutions a weighed amount of WPI powder was dissolved in
milli-Q water containing 0.003 or 0.1 M NaCl at pH 7, under
gentle stirring overnight. Protein solutions are subsequently
heated in a counter-current plate heat-exchanger. This indus-
trial-like system is composed of three sections where the protein
solution is first heated in less than 30 s to the required
temperature (80, 100 or 120 °C), then kept at that temperature
for a short time (17 to 219 s), and finally cooled down to 20 °C.
Protein solutions were sheared in two sections: at 10* to 10* s™!
when heated between the plates at all temperatures, and at 10°
to 10° s~! due to intensive shearing load during cooling only for
solutions heated at 100 and 120 °C. Two concentrations were
investigated: 3 g L' at 0.1 M and 15 g L' at 0.003 M. These
concentrations were selected to obtain aggregates of 50-300 nm
size. The samples were refrigerated at 4 °C until examination
with different techniques.

Bulk characterization of aggregates

To quantify residual native-like proteins which coexist with
aggregates, gel filtration chromatography (GFC) experiments
were performed on TSK 6000 column SWXL (Tosohaas,
Montgomeryville, PA) equilibrated in a 0.05 M Tris solution
containing 0.1 M NaCl, using a flow rate of 0.4 mL min~'. This
column theoretically separates globular proteins with molecular
weight up to 2 x 10° g mol '. The eluted protein was detected
using UV absorption at 280 nm and the amount of residual
native-like protein was calculated as % area relative to the area of
unheated protein.

The size and the shape of the aggregates were determined using
dynamic and static light scattering (DLS, SLS), small-angle
neutron scattering (SANS) and cryogenic transmission electron
microscopy (cryo-TEM). SLS and DLS measurements were
performed using an ALV-5000 multi-bit multi-tau correlator and
a Spectra Physics solid state laser operating with vertically
polarized light at A = 532 nm. The protein solutions were
measured in cylindrical scattering vials immersed in a refractive
index matching bath of filtered decalin, and the temperature kept
at 20 £ 0.1 °C. SLS and DLS experiments were performed at 4
ranging from 10 to 140°, corresponding to a g-range of 3.0 x
10°=¢=35x102nm"’

4ren . (0
q= TSIH <§) (1)

with the refractive index of the solvent, n. SLS experiments have
been analysed using the Guinier approximation to determine
particle mass, (M,,), and gyration radius, R,’.** DLS experiments
have been analysed in terms of a distribution of relaxation times
using the Laplace inversion routine REPES.?* SANS measure-
ments were performed on the SANS spectrometer PACE at the
Laboratory Léon Brillouin (LLB) in Saclay (France). The
protein solutions were characterized over a two-decade ¢-range,
0.03nm ' <¢<3nm"', using a combination of two wavelengths:
A = 0.5 nm with a sample-to-detector distance of 1.35 m and
A= 1.2 nm with a sample-to-detector distance of 4.54 m. Samples
were measured in 1 or 2 mm Hellma quartz cells at room
temperature. The raw data were corrected for background scat-
tering, detector efficiency, the incident neutron beam, and con-
verted to an absolute cross-section /(g)/cm ! using standard LLB
procedures.’”-3®

In heated WPI solutions, H,O was exchanged using repeated
centrifugal filtrations in 10 kDa cutoff Amicons (Amicon, Bev-
erly, MA), and diluting concentrated dispersions with D,O with
0.003 M or 0.1 M NacCl after each cycle. The native WPI solution
was prepared directly in D,O. Size distributions of aggregates
were invariant on solvent exchange.

The g-dependence of the absolute scattering cross-section can
be written as

I(g) = nparl(ppart - psolv)2 VpartZP(q)S(q) (2

with the particle number density, 72,,,/cm >, the particle coherent
scattering length density, p,../cm~>, the solvent coherent scat-
tering length density, psor/cm >, the particle volume, Vp,/cm?,
the form factor, P(q), and the structure factor, S(g).

Cryo-TEM micrographs were taken at 95 K on a JEM-1230
‘cryo’ microscope (Jeol, Japan) operating at 80 kV. Protein
solutions were deposited onto glow-discharged holey-type
carbon-coated grids (Ted Pella Inc., USA), vitrified using liquid
ethane and imaged under low dose conditions (<10 electrons
A*Z). A detailed description of the techniques used to charac-
terize the molecular characteristics, structure and morphology of
aggregates (SLS, DLS, SANS and cryo-TEM) is given in ref. 39.

In addition to the 3D-structure of aggregates, we looked at
changes in secondary structure of proteins induced by heating.
We used Attenuated Total Reflection Fourier Transform Infra-
Red (ATR-FTIR) spectroscopy (see details about the technique
and results in the ESIY).
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Interfacial characterization of aggregates

The kinetics of surface tension decrease and the dilatational
properties were measured using a dynamic drop tensiometer
(Tracker, I.T. Concept, France), see description in ref. 40. A 6 uLL
air bubble was formed upward at the tip of a U-shaped stainless
steel needle immersed in a cuvette filled with the protein solution
at 0.5 g L', both of which are thermostatted at 20 & 0.1 °C. The
tension decrease was followed using axisymmetric drop-shape
analysis. Image acquisition and regression of the interfacial
tension were performed with Windrop software by fitting the
Laplace equation to the drop shape. Windrop software also
controlled an automatic pipetting system that maintained
constant drop volume over the long time periods of measure-
ment. The interfacial dilatational moduli were measured by
varying periodically the interfacial area of 6.25%, at frequency
from 0.0025 to 0.1 Hz. The dilatational modulus was determined
at the end of the adsorption. It is related to the changes in the
interfacial tension, Ay, and the interfacial area, A4, by:

e = A(AyIAA) (3)

The elastic dilatational modulus ¢’ and the viscous dilatational
modulus ¢ were calculated from ¢ and the phase angle between
the changes in interfacial tension and area, @, by:

& = ecos @ 4)
&' = wng = esin @ (®)

with the frequency of compression/expansion, w, and the inter-
facial dilatational viscosity, 4.

Surface pressure vs. area (II-A) isotherms were recorded using
a two-symmetrical barrier Langmuir trough with a filter paper
Wilhelmy plate sensor (Nima Technology, UK). The PTFE
trough, with an area of 70 x 10 cm?, was filled with approxi-
mately 500 mL of salt solutions and the impurities removed from
the surface. Solutions of WPI aggregates, typically 50 uL of 1 g
L', were spread under dilute conditions or at very low pressures
(=0.5mN m "), dropwise using a microsyringe. The temperature
of the subphase was held at 20 °C by a controlled-temperature
water circulation. The spread layer was left for at least 30 min to
reach equilibrium, and then compressed at 40 cm® min'. The
surface pressure I is then recorded as a function of surface area
of the protein spread at the interface. Dilatational properties of
protein monolayers were derived from the equilibrium surface
pressure—area isotherms. Film elasticity of protein monolayers at
zero deformation rate, e.q, can be calculated from the slope of the
IT-A isotherm:

boq = —AVI1,4/0A (6)

Protein films at different pressures are transferred at a speed of
0.1 mm s~' onto freshly cleaved mica plates, using the Langmuir—
Blodgett technique. The structure of the transferred films was
imaged using an AFM East Coast Scientific (ECS, Ltd., Cam-
bridge, UK) and performed in contact mode, in butanol and
under ambient conditions, using a 10 x 10 um? scanner. Topo-
graphic images were acquired in constant force mode using
silicon nitride tips on integral cantilevers.

Results
Molecular characteristics of heated WPI

Fig. 1 shows a set of gel filtration chromatograms of WPI (15 g
L', 0.003 M, pH 7) heated at 80, 100 or 120 °C. Heating solu-
tions of whey proteins to temperatures above the denaturation
temperature of major proteins, B-lactoglobulin*' and a-lactal-
bumin,*? for less than 3 minutes results in a decrease of the broad
“native” peak and the formation of a new peak corresponding to
aggregates. Additionally, the intensity of this peak increases with
rising temperature. Indeed, heating at 80 °C induces the forma-
tion of a low fraction of aggregates, while heating at higher
temperature results in shifting the aggregates’ peak to higher
molecular weight and its broadening. Similar chromatographs
were obtained for a WPI at 0.1 M and 3 g L~'. Quantitative
analysis of the chromatographs allowed for the determination of
the fraction of residual native-like proteins.

In Table 1 are summarized the residual fraction of non-
aggregated major proteins, B-lactoglobulin and a-lactalbumin,
as a function of heating temperature. This residual fraction drops
from 76% at 80 °C to 18% at 120 °Cin a 15 g L' solution at 0.003
M after 145 s of heating, compared to a decrease from 66% to 5%
ina3 g L™ solution at 0.1 M. A high salt concentration then
promotes aggregation more efficiently than a high protein
concentration (protein counterions increase the ionic strength as
0.33 x 107* C (g L")). Adding salt shrinks the Debye double
layer, screening the electrostatic repulsion between the protein
molecules until they aggregate.

Molecular characteristics of aggregates, such as aggregate size
and mass, were obtained from DLS and SLS experiments, as
reported in Table 1. Comparing values obtained by Guinier
approximation, we found that the aggregate mass increases
exponentially with temperature for both ionic strengths. This
increase is slightly steeper at low ionic strength. Similarly to the
aggregate mass, the gyration radius grows exponentially but
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Fig. 1 GFC chromatograms for native and heat-treated whey protein
isolate (3 g L', 0.003 M NaCl, pH 7) in a plate heat-exchanger for 145 s
at 80, 100 and 120 °C. The curves are offset for clarity.
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Table 1 Residual fraction of major whey proteins (B-lactoglobulin + a-lactalbumin) and molecular characteristics of native WPI and WPI aggregates
formed at 0.003 M and 1.5 wt% or 0.1 M and 0.3 wt% and heated at various temperatures for 145 s. Experimental error in light scattering experiments is
estimated at around 10-15%. R per nm, M,, per kg mol™'

/M T/I°C Residual fraction (F)* M? Rg[7 R, R, /Ry’
0.003 20 90 26.7 2.42¢ 23 1.05
0.1 20 90 443 4.02¢ 3 1.34
0.003 80 76 1838 357 29.8 1.2
100 54 28 205 48.2 54.5 0.88
120 18 288 150 78.3 81.1 0.97
0.1 80 66 3957 55.1 46.2 1.2
100 21 42 245 105.3 162.2 0.65
120 5 172 340 119.1 161.5 0.74

“ From GFC. ? Guinier approximation of SLS data. ¢ From SANS experiments. ¢ REPES analysis of DLS data.

weakly with temperature. However, the aggregates formed at
high ionic strength are almost twice as large in size compared to
the aggregates formed at low ionic strength. Values of Ry/Ry, (Rp,
hydrodynamic radius) decrease from 1.2 to 0.65 with increasing
temperature (Ro/Ry, = 0.775 for uniform hard spheres). High
ratio close to the value found at 80 °C has been reported for
B-lactoglobulin aggregates obtained after heating at 70 or 76 °C.*}

Cryo-TEM and SANS experiments have been performed to
elucidate the shape and structure of WPI aggregates. Fig. 2
shows cryo-TEM images of aggregates formed at 1.5 wt% and
0.003 M, or 0.3 wt% and 0.1 M; and heated at 80, 100 or 120 °C.
Qualitatively, it can be seen that aggregates formed at 80 °C have
a rather irregular shape and appear, at least at low ionic strength,

Fig. 2 Cryo-TEM micrographs of WPI aggregates heated for 145 s, at
0.003 M and 15 g L' (left images) or at 0.1 M and 3 g L' (right images)
at 80, 100 °C or 120 °C (from top to bottom).

as an ensemble of individual and assembled thin curved strands.
All of the aggregates formed at higher temperature were
observed to be roughly spherical, individual at low ionic strength
whereas loosely bound at high ionic strength. The average and
standard deviation of the particle diameters on several images
(50 to 100 particles identified) were calculated, the polydispersity
determined as the ratio of the standard deviation and the average
particle size. The average diameter of aggregates formed at
low ionic strength was (2R) = 88 + 26 nm compared to a
(2R’ =109 nm at 100 °C, and (2R) = 134 + 43 nm compared to
a (2R,") = 162 nm at 120 °C. Aggregates formed at higher ion-
ic strength are larger, (2R) = 187 £ 46 nm compared to a
(2R’ =324 nm at 100 °C, and (2R) = 253 £ 66 nm compared to
a (2R,") =323 nm at 120 °C. Except for the aggregates formed at
100 °C and 100 mM, all particle sizes determined from micros-
copy are close to twice the hydrodynamic radius determined
with DLS.

SANS experiments have been performed to determine the WPI
form factor and the structure of WPI aggregates, strand-shaped
formed at 80 °C and spherical-like formed at 120 °C. The scat-
tering from native WPI at neutral pH (Fig. 3) is adequately
described by that of a sum of two attached spheres representing
a dimer of B-lactoglobulin with a radius of 1.55 nm, a single
sphere of 1.45 nm of radius representing o-lactalbumin, and
a prolate ellipsoid representing bovine serum albumin with
dimensions of semi-axes of 7 and 2 nm, using ratios given in
Materials and methods section above.**¢ At ¢ < 0.2 nm™', the
scattering shows an upturn due to the presence of small aggre-
gates that is accounted for using a mass fractal with a radius of
30 nm. Due to the coexistence of aggregates and native-like
proteins, the scattering intensity from heated solutions was fitted
using the two contributions. Indeed, scattering from solutions
heated at 80 °C was modelled using the form factor of poly-
disperse spheres (20%) of 1.4 nm to account for residual native-
like proteins, and a mass fractal structure factor of polydisperse
spheres (12%) of 1.55 nm (as elementary units or monomers) to
describe aggregates (Fig. 3). The fractal dimension and gyration
radius obtained are respectively 2.19 and 25.9 nm at 0.003 M and
2.15 and 43 nm at 0.1 M. The R, values are nevertheless smaller
than the values determined using SLS. The fractal dimension
values obtained agree well with typical values for reaction limited
cluster aggregation (RLCA).*” SANS scattering curves of
aggregates formed at 120 °C confirm their spherical morphology.
Indeed, the experimental data (Fig. 3) are well described by
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Fig. 3 SANS scattering curves from native WPI (O), WPI aggregates
heated for 145 s in a plate heat-exchanger at 80 °C ([J) or 120 °C (<) at
0.003 M and 15 g L7' (A) or 3 g L' and 0.1 M (B). Open symbols
correspond to experimental data; solid lines represent fits with a sum of
different models as explained in the text for native WPI, with poly-
disperse mass fractal aggregates for WPI at 80 °C, and with a poly-
disperse sphere for WPI heated at 120 °C. The curves are shifted vertically
for better visibility.

a model for polydisperse sphere, with an internal fractal struc-
ture. The scattering curve from spherical aggregates formed at
low ionic strength was modelled using a polydisperse sphere
(39% polydispersity) of 96 nm radius and an internal structure
with fractal dimension of 1.3. For a homogeneous scattering
sphere, the radius of gyration is calculated as R, = 0.775 R, and
equals 74.4 nm which is very close from the value determined by
Guinier approximation of SLS data (78.3 nm). The scattering
curve showed no visible peak or shoulder at high g-values,
contrary to the scattering curve from spherical aggregates
formed at high ionic strength. Indeed, the experimental scat-
tering data from spherical aggregates formed at high ionic
strength were described fairly well using a polydisperse sphere
(26% polydispersity) of 124 nm of radius with a mass fractal
internal structure of D = 2.48 and 6.5 nm of radius. The radius of

gyration calculated equals to 96.1 nm, smaller than the value
found by Guinier approximation of SLS data (119 nm). The
polydispersity of the spherical aggregates determined from
SANS is very similar to the polydispersity measured from cryo-
TEM, 39% versus 32.2% at low ionic strength and 26 versus
26.1% at high ionic strength.

Adsorption and dilatational rheological properties

In Fig. 4A and 5A, we report the increase of surface pressure at
the air-water interface for native and aggregated WPI at 0.5 g
L~"and pH 7, 0.003 M and 0.1 M respectively. Almost all curves
show three regimes: the surface pressure first increases steeply at
short times (first decade), then it almost flattens but keeps
increasing very weakly (over almost two decades), and finally it
resumes increasing. These three regimes of surface pressure
increase are usually and respectively attributed to adsorption of
proteins to the surface of the air bubble, to saturation and
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Fig. 4 Effect of protein heating temperature on kinetic of surface
pressure increase at air/water interface (0.5 g L~' at pH 7 and 0.003 M)
(A), and on the dilatational frequency sweep after 24 h of adsorption, &’
(filled symbols) and ¢” (open symbols) (B).
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Fig. 5 Effect of protein heating temperature on kinetic of surface
pressure increase at air/water interface (0.5 g L=' at pH 7 and 0.1 M) (A),
and on the dilatational frequency sweep after 24 h of adsorption, ¢ (filled
symbols) and ¢’ (open symbols) (B).

conformational changes, and to continuous conformational
rearrangements within the film and/or to multilayer forma-
tion.*5° The induction regime usually observed for globular
proteins was not observed because of the high protein concen-
tration investigated.®® At both ionic strengths, all of the heated
WPI were observed to have faster adsorption kinetics compared
to native WPI. Additionally, the adsorption kinetic becomes
faster with increasing heating temperature. Nevertheless, when
comparing native or heated proteins in different ionic strengths,
proteins at high ionic strength increase more rapidly the surface
pressure compared to low ionic strength’s systems. This faster
behaviour is the consequence of reducing the electrostatic
repulsions that lowers the energy barrier generally formed by the
first protein molecules anchored at the interface and then accel-
erates the adsorption.

The second set of experiments on drop tensiometer was aimed
at determining the dilatational rheological properties of protein
films. Fig. 4B and 5B show frequency sweeps after 24 h of

adsorption, assuming that the layer is almost in equilibrium since
the pressure increase was substantially lowered. For systems at
low ionic strength, the dilatational storage modulus of native and
aggregated proteins is approximately an order of magnitude
larger than the loss modulus, suggesting that the interface is
a weakly dissipative viscoelastic system. Additionally, the loss
modulus decreases monotonically for the 100 and 120 °C systems
while it increases monotonically for the native and the 80 °C
systems. This implies that the native WPI and the 80 °C’s mixture
of 74% residual proteins and fractal aggregates formed fluidlike
layers that continue to relax even at very short time-scale (20 s),
while the 100 and 120 °C’s mixtures of lower fractions of residual
proteins and larger aggregates formed solidlike layers in which
relaxations take place at longer times (400 s). For systems at high
ionic strength, the dilatational storage modulus is at least five
times higher than the loss modulus, implying that the protein
layer behaves as also as a weakly dissipative viscoelastic system
in this frequency range. The 100 and 120 °C’s aggregate films are
more elastic than the native WPI and the 80 °C’s aggregate films.
In addition, more relaxations take place in the films of WPI
heated at 80 °C and native WPI than in the films of WPI heated
at 100 and 120 °C.

Spreading behaviour and film elasticity

Aggregates formed in electrostatic-repulsion conditions. The
surface pressure isotherms displayed good reproducibility, and
the irreversible loss of film material upon repeated compression/
expansion cycling was very limited, even for the very large
aggregates. We have chosen here to show the compression
isotherms only. Spread whey protein monolayers were charac-
terized by recording the surface pressure (I1)-surface area (A)
isotherms, then converted into IT-T (interfacial protein concen-
tration) curves assuming no protein loss in the subphase on
spreading. The results of native and heated WPI are shown in
Fig. 6A. At the very early stages of compression corresponding
to low surface concentrations, the surface pressure is very low
defining the dilute regime.>* As the surface area is reduced, the
pressure increases, resulting from the proteins and/or the
aggregates at the surface coming into contact with each other.
This first increase defines the semi-dilute regime.>* The surface
pressure continues to increase as a consequence of increasing the
surface concentration of the native WPI molecules and/or the
heat-induced aggregates, and converges to the same concentrated
regime. The isotherms of the three heated solutions are shifted to
higher concentrations compared to the unheated protein
isotherm. This shift is temperature dependent and we can
suppose that it is residual fraction dependent. However, by
plotting the pressure versus the surface “non-aggregated protein
concentration” (Fig. 6B), the curves do not superimpose and are
rather shifted to lower concentrations compared to the native
WPI isotherm. This suggests that it is not only the residual non-
aggregated proteins but also the aggregates that contribute to the
formation of the interfacial layer.

The increase of pressure for all the films scales as a power law
of the surface concentration, IT « I, in the semi-dilute regime.*?
The scaling exponent is 6.2, 6 and 4.2 respectively for the 80, 100
and 120 °C’s mixtures of residual and aggregated proteins,
compared to 5.5 for the native WPI. In addition, for the 100 and
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Fig. 6 Effect of heating temperature on II-I" isotherms (A), on II-I’
isotherms corresponding to the residual fraction (B) and on dilatational
modulus as a function of pressure (C), corresponding to the WPI
aggregates (pH 7, 0.003) spread on 0.003 M subphase.

120 °C systems, a second power law region can be seen at low
pressure (IT < 0.5 mN m™"). This sort of lag-phase, which cannot
be considered as the dilute regime, has also been observed for

large aggregates prepared in static conditions.** In Fig. 6C are
presented the elasticity curves calculated from the isotherms.
They all show two peaks at 8—9 mN m~' and 17—19 mN m™".
The maximum elasticity peak values decrease with the heat-
treatment and the residual fraction of proteins, suggesting that
the aggregates contribute a little to the formation and the elas-
ticity of the layers at 0.003 M.

By spreading the solutions on a 0.1 M subphase and then
screening the lateral electrostatic repulsions between the residual
and aggregated proteins, all the isotherms shift to lower surface
concentrations (Fig. 7A). While the 80 and 100 °C systems’
isotherms shift close to the native WPI isotherm, the 120 °C
system’s isotherm remains at relatively high surface concentra-
tions. This suggests that the aggregates become rigid with
increasing temperature which makes them less susceptible to
rearrangements at the interface. In addition, the lag-phase
already observed in the presence of electrostatic repulsions
remains in conditions of screening charges. The behaviour of the
120 °C’s aggregates at low surface pressure is different from that

II (mN/m)

o 1 1 1 1 1

0 5 10 15 20 25 30
IT (mN/m)

Fig. 7 Effect of heating temperature on II-I" isotherms (A), and on
compression modulus as a function of pressure (B) of the WPI aggregates
(pH 7, 0.003 M) spread on 0.1 M subphase.
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of the native WPI, 80 and 100 °C’s aggregates. The surface
pressure increases very sharply at these early stages of
compression which makes the semi-dilute regime short. The
power-law scaling exponents of surface pressure vs. surface
concentration in the semi-dilute regime are found to be larger in
charge screening conditions. Indeed, they decrease from 8.3 at 80
°C, to 7 at 100 °C, and to 4.7 at 120 °C, compared to 7.5 for
native WPI. Comparing these exponents to those found on a salt-
free subphase underlines the compact structure of the aggregates
especially at 80 and 100 °C and suggests that screening the lateral
charge repulsions between molecules decreases the swelling effect
of the double ionic layer.5® The particular behaviour of the layer
formed by the 120 °C’s mixture is confirmed in the elasticity
curves on which two distinct peaks at 7 and 17 mN m™' are
shown (Fig. 7B). Distinctly from this system, solutions heated at
80 and 100 °C show a single peak at IT around 10-11 mN m™!
with elasticity values larger than the 120 °C’s first peak value
and slightly lower than the maximum elasticity of the native
WPI film.

40

€ (mN/m)

o 1 l 1 1 1

0 5 10 15 20 25 30
I1 (mN/m)

Fig. 8 Effect of heating temperature on interfacial behaviour of WPI
aggregates (pH 7, 0.1 M) spread on 0.1 M subphase: (A) II-I" isotherms
and (B) elasticity dependence on the pressure.

Aggregates formed in charge-screening conditions. Fig. 8A
shows the results of the native WPI and aggregates prepared and
spread on a 0.1 M solution at neutral pH. All isotherms of
mixtures of residual and aggregated proteins superimpose over
the whole surface concentration range and are only slightly
shifted to higher concentrations compared to the native WPI
isotherm. This similar behaviour of the native WPI and mixtures
of various residual non-aggregated and aggregated fractions
suggests that the aggregates disassemble and rearrange at the air—
water interface and form layers rather similar to the native whey
protein layer. As already observed for the native WPI, 80 and 100
°C’s aggregates prepared in 0.003 M and spread on a 0.1 M
subphase, the surface pressure of all the aggregates prepared and
spread in the presence 0.1 M increases very sharply at the very
early stages of compression though the first pressure values are
very low (IT < 0.1 mN m™"). This stage corresponds to the dilute
regime where the pressure increases linearly with the surface
concentration if the system is in equilibrium. This steep increase
suggests that the aggregates do not reach equilibrium 30 min
after they are deposited. For all these heated systems, a limited
power-law scaling is found in the semi-dilute regime. The scaling
exponent found was 8.5, higher than the value of native WPI
y = 7.1. This difference can be attributed to a more compact
structure in the interfacial films of the heated solutions.®® The
elasticity curves of films formed by the 0.1 M NaCl native and
aggregated WPI show all a maximum of 30 mN m~' at 8-9 mN
m~! followed by a shoulder at 15 mN m~' (Fig. 8B). The
maximum has been associated with the onset of a conformational
change in the monolayer of proteins.?

When deposited on a 0.003 M subphase, the native and
aggregated proteins spread less due to strong lateral electrostatic
repulsion that shifts the onset of pressure increase to higher
concentrations and prevents protein molecules from forming
close-packing layer at lower concentration (Fig. 9A). Further-
more, solutions at 80 and 120 °C behave very similarly to native
WPI whereas the isotherm of solution at 100 °C shifted to larger
concentration. In the semi-dilute regime, all the systems show
a power low scaling, with very similar exponents (5.7, 6.3, 5.8 and
5.6 for native WPI, 80, 100 and 120 °C, respectively).

The corresponding equilibrium moduli derived from II-T
isotherms are presented in Fig. 9B. They all show two peaks at IT
=~ 9and Il = 15mN m™". The first peak value decreases from 37
mN m~' for native WPI to 30 mN m ' for WPI at 100 and 120 °C,
whereas the second peak is constant at 28 mN m™".

Film structure

Fig. 10 shows topographical images of spread native WPI
monolayer transferred at a surface pressure of 15 mN m ' and
aggregated WPI layers transferred at 12 mN m~'. The native
WPI monolayer shows a grainy structure with a relatively
homogeneous background of average roughness of 0.6 nm and
containing few aggregates of 3—5 nm height and 30-50 nm large.
These aggregates have already been identified in SANS experi-
ments on native WPI. The topographical images of layers of
whey protein aggregates prepared and spread on a 0.003 M
subphase, at 12 mN m™!, show interfacial structures composed of
close-packed small assemblies of whey proteins. The mean size of
these assemblies increases with the heating temperature of the
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Fig. 9 Effect of heating temperature on interfacial behaviour of WPI
aggregates (pH 7, 0.1 M) spread on 0.003 M subphase: (A) II-I’
isotherms and (B) elasticity dependence on the pressure.

aggregates. For the system heated at 80 °C, the film mainly
composed of native-like proteins shows assemblies of a mean
diameter of 15 nm, while at 100 and 120 °C the mean diameter is
respectively 21 and 30 nm. A measured mean height of some
5 nm is about the same for all the aggregates and is higher than
the thickness of the native WPI’s film.

The images of films of solutions heated at high ionic strength
(Fig. 11) show heterogeneous structures with a relatively uniform
background of close-packed objects of 12 nm of diameter and
0.5 nm of roughness, and a few larger objects with 50 nm of
diameter and protruding of 2-3 nm. Similar AFM images were
recorded for spread B-lactoglobulin monolayers at a surface
pressure of 12.6 mN m~', with lower roughness of the films
compared to the values mentioned above suggesting a thickening
effect of the aggregates on the films.*

Discussion

Protein aggregates were shown to shift from fractal structures at
low temperature to spherical particles at higher temperature.

Native (0.5x0.5 pm) 80 °C (0.6x0.6 um)

100 °C (0.6x0.6 um) 120 °C (0.6x0.6 pm)

Fig. 10 AFM topographical images of Langmuir—Blodgett films of
spread 0.003 M native WPI at 15 mN m~' and aggregated WPI at 12 mN
m~' (0.003 M subphase).

80 °C (2x2 um) 100 °C (0.6x0.6 pim)

120 °C (0.6x0.6 pum)

Fig. 11 AFM topographical images of Langmuir-Blodgett films of 0.1
M NaCl WPI aggregates at 12 mN m~' (0.003 M subphase).

This transition in structure has been proposed to be thermody-
namically driven by a decrease in the activation energy of the
denaturation of B-lactoglobulin with increasing temperature.
Both fractal and spherical aggregations were driven by medium
to short-range repulsion and hydrophobic non-covalent
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attraction. Details on mechanisms of structure formation and
interactions stabilising these aggregates are discussed else-
where.*® In this section, we discuss the adsorption and spreading
behaviour of heated whey protein solutions, the viscoelasticity
and structure of films they form at air-water interface.

Adsorption behaviour

For all the systems studied, increasing the ionic strength resulted
in an increase in the rate of adsorption and the “equilibrium”
surface pressure, which resulted from the screening of the elec-
trostatic charges of proteins concentrating at the interface by the
sodium and chloride ions and then effectively reducing the
contribution of electrostatic repulsions to the surface
phenomena. These results confirm the strong effect of the elec-
trostatic interaction on the surface activity of globular whey
proteins, 181923

At the air-water interface, the heated solutions adsorb more
rapidly than the native WPI. Since these heated solutions are all
mixtures of aggregates and residual non-aggregated proteins, the
residual proteins are assumed to be the first molecules to reach
the interface because of their higher diffusion coefficient
compared to the aggregates which diffuse more slowly to the
interface because of their larger size. Additionally, the use of
a non-limiting concentration in this study (0.5 g L") provides
enough residual non-aggregated proteins to saturate the interface
since the lowest residual fraction was 5% within the aggregates at
120 °C and 0.1 M, which implies a residual concentration of
0.025 g L', Tt is well known that B-lactoglobulin, which asso-
ciates mainly as dimer at neutral pH, dissociates into monomers
when heated above 60 °C.5¢ The dissociation of B-lactoglobulin
into monomers is confirmed by SANS data at 80 °C, where the
residual native-like proteins were best accounted for using a form
factor of spheres of 1.4 nm which corresponds to the value
determined for B-lactoglobulin monomer, 1.39 nm.’” So,
assuming that all residual B-lactoglobulin molecules are in the
monomeric state, they diffuse more quickly to the interface than
the dimers of the native WPI and then adsorb and saturate more
efficiently. The adsorption rate (determined from the steep
increase of surface pressure at short times) increases with raising
the heating temperature of protein solutions. The short-time
adsorption can be essentially related to the denatured state of the
residual proteins since for the 80 °C mixture, we have determined
by micro-Differential Scanning Calorimetry (results not shown)
that a large fraction of the residual proteins is not denatured
while for the 100 and 120 °C systems, all the residual proteins are
denatured. Jung and co-workers demonstrated that B-lacto-
globulin monomers heated at pH 2 for 5 h at 90 °C are more
surface active than native monomers.”® At very long times,
further conformational rearrangements take place and a visco-
elastic network is formed.***" The formation of such network is
confirmed by the dilatational frequency sweep after the 24 hours
of adsorption. By analogy to the rheological behaviour of 3D-
systems,* the interfacial protein films could behave as a visco-
elastic liquid in the plateau regime or as a viscoelastic solid in the
low frequency regime corresponding to the equilibrium modulus.
Furthermore, this viscoelastic behaviour is observed at long
time-scale suggesting a network structure which can be perma-
nent or transitional. Whether the films behave as viscoelastic

liquids or solids cannot be confirmed because of the reduced
frequency range. However, all films are supramolecular large-
scale networks that can be gels with strong bonds since the
junction zones have relaxation times larger than 100 s.5°

These kinetic and dilatational behaviours are different from
the results obtained on aggregates produced after 24 hours of
heat-treatment at 80 °C in a water bath.>* These differences are to
be related to the more rigid and cohesive long-heated aggregates
that are mainly linked via disulfide bonds unlike these short-
heated aggregates held mainly via hydrophobic bonds.** Davis
and Foegeding found that heating WPI at 80 °C for 30 min
resulted in a decrease in the adsorption rate and the dilatational
properties’> while Wang and Narsimhan found that the heat-
induced denaturation (80 °C per 30 min) of B-lactoglobulin
improves the adsorption rate at the air-water interface and
results in a higher interfacial dilatational viscosity and a lower
dilatational elasticity.®® These contradictory results can be
related to protein concentration (10% for WPI and 0.01 to 0.5%
for B-lactoglobulin) which results in various residual fractions
and especially various aggregate size and structure mainly held
by covalent bonds.>%¢!

The enhancement of the surface activity upon heat treatment is
then to be attributed to the dissociation of B-lactoglobulin dimers
into monomers that occurs within seconds of heating above 60
°C, and to the denaturation of residual proteins, which results in
an increased surface hydrophobicity and very likely in higher
flexibility compared to native whey globular proteins.?*3%% The
surface hydrophobicity controls the propensity of proteins to
adsorb to the interface and the flexibility controls the partial
unfolding upon adsorption increasing the residence time and the
interactions with other proteins in the adsorbed layer.*

Spread monolayers

The conditions of concentration and ionic strength of protein
solutions used in this study resulted in the formation of mixtures
with very similar compositions at 80 °C: a large fraction (>65%)
of residual proteins in monomeric form and a lower fraction of
fractal aggregates. Whether they are spread in charge-screening
or in long-range repulsion subphase conditions, monolayers of
these mixtures show almost identical concentration regimes,
viscoelasticity and structure. Indeed, the surface pressure shows
a very clear power law dependence on the concentration. This
behaviour is typical of flexible polymers in 2D, which implies that
the proteins are at least partially unfolded at the interface.
Additionally, the scaling exponents describing the power law
dependence are larger than the values characteristic of native
WPI. This difference is to be attributed to the fact that native
WPI comprises mainly B-lactoglobulin dimers whereas heated
WPI contains mainly B-lactoglobulin monomers. Indeed when
heated above 60 °C, B-lactoglobulin dimers dissociate into
monomers that collapse and have a more compact structure.*®
The scaling exponents found at high ionic strength, 8.3-8.5 for
heated solutions and 7.1-7.5 for native WPI, are close from the
scaling value for polymers in #-solvent conditions, 8.%¢% The
values found at lower ionic strength, 6.2-6.3 for heated solutions
and 5.5-5.7 for native WPI, are intermediate between an ideal (6-
conditions) chain and a chain in good solvent, 3.5 A similar
scaling value was found for B-lactoglobulin monolayer, 5.5, at
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pH 7 and 0.02 M.** This change in scaling exponent corresponds
to a swelling of the proteins due to non-screened surface charges.
Apart from a more compact structure of protein film, heated
WPI shows very similar spread monolayers where fractal
aggregates, mainly linked together via hydrophobic interactions,
disassembled into monomers and formed together with native-
like monomers a homogeneous film. To confirm the importance
of non-covalent bonds that stabilise fractal aggregates on their
spreading behaviour, WPI solutions prepared at 80 °C in the
plate heat-exchanger were further heated in thermostatted water
bath at 80 °C for 15 to 120 min. Fig. 8 A compares IT-A isotherms
of WPI heated for 145 s at 80 °C in the plate heat-exchanger and
further heated at the same temperature for 15 min. The isotherm
shifted to higher concentrations and superimposes with
isotherms heated for longer heating times (results not shown).
This lower surface activity is to be mainly attributed to the
covalent stabilisation of aggregates by disulfide bonds and then
their increased cohesion (size of aggregates does not change).
In contrast to fractal aggregates, the spreading behaviour of
spherical aggregates formed above 100 °C depends strongly on
the ionic strength at which they are formed. Indeed, spherical
aggregates formed at high ionic strength spread almost identi-
cally to fractal aggregates and native WPI in both charge-
screening and long-range repulsion subphase conditions. This
very similar spreading behaviour cannot result from the sole
contribution of residual native-like proteins, but rather results
from the dissociation of particles mainly into monomers and
small aggregates as seen from AFM micrographs. These disso-
ciated building units present a more compact structure in the
monolayers than the native WPI when spread in charge-
screening subphase conditions, the scaling exponent of power-
law dependence of surface pressure on surface concentration in
the dilute regime exceeding 8 (polymer chain in #-conditions).
When spread in subphase conditions of lateral long-range
repulsion, they show the same scaling as native WPI, which
implies that they are swollen due to surface charges that are not
screened, and more unfolded than monomers that dissociated
from fractal aggregates because the unfolding is more important
above 100.*>** When formed at low ionic strength, spherical
aggregates spread less than fractal aggregates and much less than
native WPI, and the spreading weakens with increasing
temperature. Additionally, they show granular films of 21-30 nm
large objects (Fig. 11), which suggests that they dissociate into
smaller cohesive aggregates when spread at the air-water inter-
face. They become more surface active when spread in charge-
screening subphase conditions but remain less surface active than
native WPI especially at 120 °C. This weak surface spreading was
confirmed by film elasticity where two low peaks are observed for
the two subphase conditions. In some senses, this change in
spreading behaviour can be linked to the internal structure of
spherical aggregates, whose formation is determined by the
magnitude of electrostatic repulsions. In the presence of salt,
spherical aggregates have a fractal irregular internal structure
with fractal dimension of 2.48, whereas in the absence of salt they
have a more regular internal structure with fractal dimension of
1.3 (Fig. 3). Spherical aggregates with no-directional irregular
internal structure completely dissociate at the air—water interface
whereas spherical aggregates with essentially one-directional
ordered internal structure dissociate only partially and above all
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into smaller aggregates that are weakly surface active. It is then
the internal structure of aggregates that defines their dissociation
and then their spreading at the air—water interface.

For almost all the aggregates and native proteins investigated
in this study, the monolayer elasticity shows two close peaks
when spread in long-range repulsion subphase conditions and
a single peak followed by a shoulder when spread in charge-
screening subphase conditions. Very similar results were found
for long-heated fractal aggregates. While the first maximum is
generally associated with a conformational change in the protein
monolayer,?® the second peak could be related to charge
anisotropy that induces reorientation of molecules when
compressed and then promotes electrostatic attractions between
opposite charges.>*

Conclusions

The differences observed in the effect of heat treatment on
spreading and adsorption behaviours can be attributed to the
non-limiting concentration used in adsorption experiments. The
denatured non-aggregated monomers adsorb first at the air—
water interface and form films that are strengthened by the
rearrangements and the formation of strong interactions between
the adsorbed molecules. This is in contrast to spreading experi-
ments where the amount spread at the air-water interface
corresponds to the quantity classically used for whey proteins to
form a monolayer. This allowed understanding the behaviour of
aggregates at the air-water interface and their ability to form
elastic monolayers. Their behaviour is strongly dependent on
their internal structure and on the electrostatic interactions but
cannot be correlated to the heat-induced changes of secondary
structure.
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