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ABSTRACT: Macroscopic properties of aqueous β-lactoglo-
bulin (BLG) foams and the molecular properties of BLG
modified air−water interfaces as their major structural element
were investigated with a unique combination of foam rheology
measurements and interfacial sensitive methods such as sum-
frequency generation and interfacial dilatational rheology. The
molecular structure and protein−protein interactions at the
air−water interface can be changed substantially with the
solution pH and result in major changes in interfacial dilational
and foam rheology. At a pH near the interfacial isoelectric
point BLG molecules carry zero net charge and disordered
multilayers with the highest interfacial dilatational elasticity are
formed at the air−water interface. Increasing or decreasing the pH with respect to the isoelectric point leads to the formation of a
BLG monolayer with repulsive electrostatic interactions among the adsorbed molecules which decrease the interfacial dilational
elasticity. The latter molecular information does explain the behavior of BLG foams in our rheological studies, where in fact the
highest apparent yield stresses and storage moduli are established with foams from electrolyte solutions with a pH close to the
isoelectric point of BLG. At this pH the gas bubbles of the foam are stabilized by BLG multilayers with attractive intermolecular
interactions at the ubiquitous air−water interfaces, while BLG layers with repulsive interactions decrease the apparent yield stress
and storage moduli as stabilization of gas bubbles with a monolayer of BLG is less effective.

1. INTRODUCTION

Foams as dispersions of gases in liquids show unique
rheological properties: Under the application of comparatively
small stresses they behave like a viscoelastic solid, while at
higher stresses they become shear thinning and flow like a
liquid. This mechanical behavior of foams in combination with
a remarkably high surface area and low density leads to a variety
of demanding applications.1,2 Among the latter, protein foams
that are present in dairy products3−5 are in particular interesting
since the physical and chemical properties of the inherent air−
water interfaces largely determine the macroscopic properties
of the foam.6 As air−water interfaces are a basic structure
element of aqueous foams, they can control foam rheology and
other macroscopic properties such as foam stability.7,8 For that
reason it is of great importance to increase our level of
understanding of protein adsorption and stabilization mecha-
nisms at the interface of a foam lamella. The latter information
would help to control and to tune foam properties such as
foamability, foam stability, or mechanical properties of the
macroscopic foam. In general, in situ molecular level studies of
protein adsorption are needed to address changes in the

composition and molecular structure of protein adsorption
layers at the air−water interface directly.
In the past, protein interfaces were studied with techniques

such as ellipsometry,9 neutron reflection,10,11 X-ray reflectiv-
ity,12 Brewster angle microscopy,13 and with surface tension
measurements.14,15 However, in recent years vibrational sum-
frequency generation (SFG) has become a powerful tool for
surface science studies of biointerfaces.6,16−23

In this article we report the use of a combination of
established analytical techniques such as bubble profile analysis
tensiometry, surface dilational rheology, ellipsometry, and foam
rheology measurements with vibrational SFG spectroscopy.
This unique approach allows us to address not only single
properties of foams or interfaces but also provides information
on several length scales. As we will demonstrate the latter
approach has enabled us to reveal composition, structure, and
mechanical properties of β-lactoglobulin (BLG) interfacial
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layers and foams and thus to bridge the gap between the
molecular level and the macroscopic aqueous foam.

2. EXPERIMENTAL DETAILS
2.1. Sample Preparation. BLG was isolated as described

previously24 and kindly provided by the group of Ulrich Kulozik
(Technische Universitaẗ München, Germany). BLG solutions were
prepared by dissolving the dry protein in ultrapure water
(18.2 MΩ·cm; total oxidizable carbon <5 ppb). The pH was adjusted
by adding either HCl or NaOH (Merck; Suprapur grade or Carl Roth
1 N standard solution K021) and, subsequently, measured with a pH
electrode. In order to remove possible organic contaminations, the
necessary glassware for spectroscopic studies was soaked in a mixture
of concentrated sulfuric acid (98%; analytical grade) and NOCHRO-
MIX for at least 24 h and was subsequently thoroughly rinsed with
ultrapure water. All measurements were performed at room temper-
ature. The foams were produced by purging nitrogen (60 mL/min)
through a porous glass filter (pore size 9−16 μm) that was fused to a
glass pipe of 60 mm diameter and 53 mm height, while the sample
solution was placed on top of this filter. The protein solutions were
previously heated to 50 °C in order to obtain foams that are stable
enough for reproducible rheological measurements. This temperature
treatment only increases the adsorption kinetics but also is still low
enough to exclude denaturation of BLG. In fact, BLG is being
denatured between 70 and 85 °C.25

2.2. Zeta Potential Measurements. Zeta potentials were
measured with a Zetasizer Nano ZS from Malvern Instruments.
With the Zetasizer Nano ZS reproducible zeta potentials of BLG could
only be recorded for concentrations >546 μM. Therefore, higher BLG
concentrations had to be chosen for measurements of the bulk zeta
potential compared to the measurements at the air−water interface.
Before the solution was transferred into the cuvettes for zeta potential
measurements, BLG dilutions are filtered with a 0.2 μm cellulose
acetate filter (VWR 514-0060) and a thoroughly acid cleaned glass
syringe. For each pH value at least five measurements with different
cuvettes were performed.
2.3. Bubble Shape Analysis. Surface tensions σ of protein

modified air−water interfaces were determined with drop/bubble
profile analysis26 using a PAT-1 tensiometer (SINTERFACE
Technologies, Germany). The variation of the Laplacian shape of an
emerging bubble with a constant volume of 12 μL in the protein
solution was measured as a function of adsorption time and was used
to determine the dynamic surface tension. The establishment of
equilibrium surface tension of protein solutions is a continuous
process, which has been analyzed by a quasi-equilibrium state
approach.27,28 In this study we chose a reference adsorption time of
30 min, during which a sufficiently high surface saturation was ensured
for the two BLG concentrations measured. In order to monitor the
surface dilational rheological properties of the adsorbed layer,
sinusoidal oscillations with 10% amplitude with respect to the bubble
area and a frequency of 0.1 Hz were applied, and the response in
surface tension was recorded. The experimental data were processed
for the surface dilational viscoelastic modulus E = E′ + E″, whereby E′
the storage and E″ the loss moduli account respectively for the
dilational elasticity and dilational viscosity of an adsorption layer.29

2.4. Ellipsometry. The thickness of adsorbed protein layers was
determined with a phase modulated ellipsometer (Beaglehole
Instruments, Picometer ellipsometer) that was operated with a
wavelength of 632.8 nm. For each experiment 15 μM BLG sample
solution was poured into a Petri dish with a diameter of 10 cm and was
allowed to equilibrate for about 30 min. Angle scans between 51° and
55° vs the surface normal were performed with a step width of 0.5°. In
order to ensure reproducibility, at least six measurements were
recorded and averaged for every pH value. Angle-resolved data from
ellipsometry were fitted using a three-layer model with refractive
indices of 1.33, 1.40, and 1.00 for the electrolyte subphase, the protein
layer, and air, respectively. In general two parameters are unknown in
this three-layer system: the layer thickness of the adsorbed protein
layer and the corresponding refractive index. Because of the fact that

these parameters cannot be determined independently, one of them
in our case the refractive indexhas to be chosen as a fixed input
parameter for all model calculations. The assumption of n = 1.40 for
the protein layer is in accordance with reported layer thicknesses of
around 3−4 nm for a BLG layer at pH 6−7,11,30 which is comparable
to the diameter of a BLG monomer of around 3.6 nm.31,32 Since the
refractive index of BLG at an interface is a priori unknown, the
assumption of a fixed value for the refractive index causes a systematic
error of the layer thickness that depends on the deviation of the
assumed refractive index from its actual value. However, since we
compare only relative changes of the layer thickness as a function of
the solution pH, our interpretations are not impaired in this respect.

2.5. Vibrational Sum-Frequency Generation (SFG). SFG is a
second-order nonlinear optical process33 and is inherently interfacial
specific for materials with inversion symmetry such as liquids and gases
in the time average. For SFG spectroscopy two laser beams, one with a
fixed wavelength (vis) and another with tunable infrared (IR)
wavelength, are combined at the interface of interest, where the sum
frequency of the two impinging laser fields is generated. The intensity
of sum-frequency output ISF depends on the intensities of the
impinging laser beams as well as on the nonresonant χNR

(2) and resonant
parts of the second-order nonlinear susceptibility χ(2):

∑ω χ
φ

ω ω
∝ +

− + Γ
I

A i

i
I I( )

exp( )

k

k k

k k
SF SF NR

2
2

VIS IR
(1)

The resonant contribution is a function of the oscillator strength
Ak = N⟨αkμk⟩, the relative phase φk, the resonance frequency ωk, and
of the bandwidth Γk of the vibrational mode k. Furthermore, Aκ

depends on the number density N of the molecular species which gives
rise to the vibrational mode k, and due to the coherent process of sum-
frequency generation, Aκ is an orientational average of the Raman
polarizability αk and the dynamic dipole moment μk. This orientational
average can have a dramatic effect on the SFG intensity because only a
perfectly ordered adsorption layer results in the highest possible SFG
intensity, while a layer with identical coverage, but randomly oriented
interfacial molecules, has a negligible SFG intensity. Consequently,
SFG is sensitive not only to changes in the adsorbate composition and
coverage at the interface but also to the inherent molecular order of
the adsorbate layer.

Our SFG measurements were performed with a home build
broadband SFG spectrometer that is described elsewhere.34 The
spectrometer is equipped with a tunable femtosecond IR laser (fwhm
bandwidth >200 cm−1) and an etalon filtered pulse at 800 nm
wavelength (fwhm bandwidth <6 cm−1). All spectra were recorded
with s-polarized sum frequency, s-polarized visible, and p-polarized IR
beams (ssp). The presented spectra were normalized to a reference
spectrum of an oxygen plasma cleaned polycrystalline Au sample. SFG
spectra were collected from 15 μM BLG solution in a Petri dish. Each
spectrum was measured by scanning the broadband IR beam with a
step width of 130 cm−1 and a total acquisition time of 8 min for the
frequency range 2800−3800 cm−1.

2.6. Properties of the Protein Solutions and Foams Used for
Foam Rheological Measurements. The continuous phase viscosity
of foams is supposed to have an influence on their rheology.35

Therefore, the viscosities of the BLG solutions were measured with the
Ares rheometer from TA Instruments using concentric cylinder
geometry with double gap (32/34 mm). Shear rates between 10 and
250 s−1 were imposed, and the solutions showed Newtonian behavior
as expected. The variation of the viscosities was negligibly low with
η = 0.93−1.1 mPa·s.

The equilibrium values of the surface tension σ for the
normalization of apparent foam yield stress τy and storage modulus
G0 were measured at 21 °C after 20 min adsorption time using the
pendant drop method (Dataphysics SCA 20) (Table 1). The surface
tension shows a temperature dependence that is attributable to the
change of the surface tension of pure water.36 It also shows a time
dependence rising from the time-dependent adsorption of the
proteins. Since the foams possess different temperatures and ages,
an error arises in our calculations by using the equilibrium surface
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tension at 21 °C. This error can be estimated to be less than 5% which
does not impair the interpretation of our results.
The gas volume fraction was determined as a function of foam age

with a conductivity electrode (WTW, Cond 340i) including a
temperature sensor.
The gas volume fraction ϕ can be calculated from the ratio of foam

and solution conductivity κ according to the method described by
Feitosa et al.:37

ϕ κ κ
κ κ

= − +
+ +

1
3 (1 11 )

1 25 10 2

with κ = κfoam/κliquid. The foam cools down during aging which leads to
a change in the liquid conductivity κliquid with decreasing temperature.
This temperature dependence was determined separately and taken
into account when calculating ϕ.
Another important parameter for the rheology of disperse systems is

the size distribution of the gas bubbles. Therefore, images of the
bubbles were taken with the help of an endoscopic CCD camera
(Lumenera LU 160; resolution 1392 × 1040 pixels) that was placed
inside the foam. The image analysis was carried out with the software
iPS (Visiometrics, Germany), and the Sauter mean radius r32the
ratio between the third and the second moment of the size
distributionwas extracted (Table 1).
Foam Rheology: A Rheoscope 1 (Thermofisher, Germany) equipped

with a plate−plate system with a diameter of 60 mm was used for the
rheological measurements of BLG foams. The surfaces of the plates
were covered with sandpaper, and the gap between the plates was set
to 6 mm. Preliminary experiments confirmed that wall slip effects can
be neglected with this setup. The acquisition time for all foam
rheological measurements was set to 60 s in order to limit the effect of
aging processes during the measurements.
Apparent foam yield stress τy was determined by steady shear

experiments. The foams were exposed to increasing shear stresses from
initial values τi = 0.1−1 Pa to final stresses τf = 30−150 Pa depending
on foam composition. Furthermore, we have confirmed that on the
time scale of our measurements the apparent yield stress is
independent of the initial and final stress values as well as on the
number of data points selected for a stress ramp experiment.
Amplitude sweep experiments allow for the measurement of the

storage and loss modulus (G′ and G″) of the foam and were
performed by varying the stress amplitude at a fixed frequency
f = 1 Hz. In the frequency range of 0.01−10 Hz the plateau value of G′
at low stresses was shown to be virtually frequency independent and is
henceforth named G0.

3. RESULTS AND DISCUSSION
The surface charge of proteins and the resulting electric double
layer is determined in bulk solutions by the solution pH. At
mild pH (3 < pH < 9) stable suspensions composed of proteins
in their inherent folded structure can be formed,38 whereas at
extreme pH protein unfolding and denaturation has to be
considered.39,40 As a positive or negative net charge on the
protein surface gives rise to strong repulsive intermolecular
interactions, protein aggregation can be prevented. At pH
values around the bulk isoelectric point (IEP) where proteins
carry no net charge, they tend to aggregate and are less
soluble.39 These examples demonstrate that charge has a
tremendous effect on the physicochemical behavior of proteins.

In order to understand the more complex behavior of proteins
at aqueous interfaces, we have first determined the charging of
BLG proteins with zeta potential measurements, and as we will
show later, these results are extremely helpful for the
understanding of molecular level properties of protein layers
and macroscopic properties of protein foams.

3.1. The Zeta Potential of β-Lactoglobulin. In Figure 1
the zeta potential of BLG dilutions is presented as a function of

the solution pH. At pH ∼ 5.1 we observe a zeta potential of
0 mV which is indicative for zero net charge and consequently
for the IEP of BLG. Solution pH higher or lower compared to
the IEP leads to a substantial increase in zeta potential to a
maximum absolute value of 32 mV, respectively. In order to
reveal the effects of protein charging on the physicochemical
properties of BLG modified air−water interfaces, it is
particularly interesting to compare the observed changes in
zeta potential with the structure, composition, and rheological
properties of the latter. Such a comparison is of great
importance for the molecular level understanding of protein
interfaces because interfacial properties can be significantly
different from the properties of proteins in the bulk
electrolyte.41 The latter is caused by local ion concentrations
and pH conditions that can differ significantly from the bulk at
the interface.42

3.2. Surface Tension and Interfacial Dilatational
Rheology of β-Lactoglobulin Layers. In a first step we
have measured the surface tension and its dependence on the
solution pH. In Figure 2 we compare the results for 10 and
50 μM protein concentrations. For both concentrations a
pronounced minimum in surface tension is observed at a pH of
∼5. The minimum in surface tension at 47−50 mN/m can be
attributed to an excess of BLG because the presence of proteins
decreases the surface tension of the air−water interface
compared to the unperturbed interface.43 For both concen-
trations the pH at which the minimum in surface tension occurs
is close to the pH of the IEP in bulk solutions. Obviously, the
tendency for protein adsorption increases for pH values which
are close to the IEP. Furthermore, the rate of adsorption is
highest at the IEP leading to the lowest final surface tension
values.44 Consequently, the overall changes in surface tension
with pH can be directly related to protein net charge effects.
The highest surface activity is due to the lack of protein net
charge at the IEP (Figure 1) which leads to much weaker

Table 1. Equilibrium Surface Tension and Mean Bubble
Radius at Initial and Final ϕ Used for Normalization of τy
and G0

pH σ/mN m−1 r32/μm (initial ϕ) r32/μm (final ϕ)

3 47.6 ± 0.2 208 ± 12 219 ± 4
5 45.5 ± 0.4 187 ± 6 289 ± 1
6.8 51.5 ± 0.1 219 ± 3 307 ± 2

Figure 1. Zeta potential of BLG as a function of solution pH. The red
line is a guide to the eye.
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repulsive interactions between the protein molecules and
presumably to an increase of protein hydrophobicity.
Further insights into the intermolecular interactions of the

interfacial layer can be gained by measurements of the
interfacial dilational rheology of BLG adsorption layers. In
Figure 3 we present the interfacial dilational elasticity E′ and

the interfacial dilational viscosity E″ as a function of the bulk
pH at the same BLG concentrations as in Figure 2. A strong pH
dependence of E′ is observed whereby E′ reaches a maximum
at a pH near the bulk IEP (pH ∼5), while E″ is an order of
magnitude smaller than E′ and shows virtually no pH
dependence. The absence of a strong E″ = |E| sin δ, |E| being
the complex viscoelastic modulus,29 indicates that the phase lag
δ between the stress applied to the surface adsorbed protein
layer and strain yield is negligible. Thus, dynamic deformations
of BLG adsorption layers at the air−water interface are
predominantly elastic rather than viscous.28,29

The presented results in Figures 2 and 3 show that the
interfacial dilational elasticity changes in accordance with the
variation of the surface tension, as discussed in ref 28, exhibiting
a maximum which corresponds to a minimum in the surface
tension, both extremes being localized around pH 5. This

behavior is attributed to negligible electrostatic repulsive
interaction which favors stronger attractive intermolecular
interactions, e.g., hydrophobic interactions at the IEP. As the
surface concentration is pH dependent, the formation of
multilayer structures was further analyzed by ellipsometry
measurements of the layer thickness and the composition and
molecular order of adsorbed BLG layers with sum-frequency
generation.

3.3. Composition and Structure of Surface-Adsorbed
β-Lactoglobulin Layers. In Figure 4 the thickness of BLG

layers is shown as a function of solution pH for 15 and 54 μM
bulk concentrations. Similar behavior is observed for both
concentrations: at acidic conditions layers with a thickness of
∼3 nm are established, while the thickness increases with
increasing pH, reaches a pronounced maximum around the
bulk IEP, and decreases subsequently for higher pH values. In
particular, pH values >7 result into layers with thicknesses
comparable to those at acidic electrolytes with pH < 4. Here,
variations of the pH had little effect on the layer thickness.
Therefore, we attribute the minimum thickness which has been
observed with ellipsometry to the formation of a monolayer
with BLG molecules at the air−water interface. This hypothesis
is corroborated by previous X-ray and neutron reflectometry
studies11,45 of BLG at the air−water interface which have
observed a thickness of ∼3.6 nm for BLG layers. This value is
close to the shortest axis of the monomer.31,45 On the other
hand, the hydrodynamic radius of BLG molecules in solution
was reported to be 2.75 ± 0.2 nm,46 which is in a good
agreement with our measured monolayer thickness of ∼3 nm.
Two possible explanations can be given for the increase in layer
thickness at the bulk IEP. As we have previously discussed, the
protein net charge is dramatically decreased near the IEP
(Figure 1), which can lead to an accumulation of additional
proteins in the adsorbed layer (Figure 2) and, consequently, to
a more densely packed layer. At pH around the IEP the
formation of oligomer (octamer) structures was re-
ported.40,47,48 Additional multilayers could form on top of the
already existing first layer, which results into a more compact
protein film compared to pH conditions where only a highly
charged monolayer exists at the interface. In fact, the formation
of multilayers is confirmed by the thickness of proteins films at

Figure 2. Surface tension for 10 (●) and 50 μM (red triangle) BLG
aqueous solutions as a function of pH. Each data point corresponds to
a measured value after 30 min. The dashed lines guide the eye.

Figure 3. Interfacial dilational elasticity E′ (squares) and viscosity E″
(circles) of BLG. Filled symbols correspond to a BLG concentration of
10 μM while open symbols correspond to 50 μM. The dashed lines
guide the eye.

Figure 4. Thickness of BLG layers adsorbed to the air−water interface
as a function of the solution pH which was determined from
ellipsometry. The concentrations of BLG solutions were 15 (■) and
54 μM (red circle). The dashed lines are a guide to the eye.
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the IEP (Figure 4) that indicates the presence of 2−3 layers of
BLG at a pH of ∼5. Further support comes from the observed
increase in storage modulus E′ (Figure 3) and the decreased
surface tension (Figure 2) near the IEP.
Vibrational SFG spectra of BLG proteins adsorbed to the

air−water interface were recorded at different pH and provide
information on the interfacial molecular structure (Figure 5a).

In the frequency region of 2800−3100 cm−1 SFG spectra show
strong vibrational bands centered at 2877 and 2936 cm−1 and a
much weaker band at 3050 cm−1. These bands are attributable
to symmetric CH3 stretching vibrations, the CH3 Fermi
resonance, and aromatic CH stretching vibrations of BLG
proteins at the air−water interface.6,18,49−51 Broad vibrational
bands are observed at 3200 and 3450 cm−1 and are due to
symmetric OH stretching vibrations of tetrahedrally coordi-
nated interfacial water molecules and molecules with lower
coordination, respectively.52,53 The intensity of both CH and
OH vibrational bands shows substantial changes when the
solution pH is changed. In particular, near the bulk IEP (pH
∼5) the intensity of OH stretching bands is close to zero while
they dominate the SFG spectra at alkaline and acidic pH.
It is now interesting to discuss the origin of the observed

changes in SFG intensities with variation in solution pH. We
recall that the SFG amplitude Ak ∝ N⟨αkμk⟩ is a function of
both the number density and the orientational average of
dynamic dipole moment and Raman polarizabilities. As we have
shown before, the thickness of protein layers does increase at a
pH where we observe only weak SFG contributions of all
interfacial molecules. However, the number density of proteins
as far as it can be deduced from the layer thickness (Figure 4)
does not decrease at this point but actually increases, while the
number density of interfacial water necessarily has to be similar
for all pH values. For that reason the net orientation of

interfacial proteins and H2O does dominate the SFG signals. As
interfacial layers of charged proteins can create a strong
unidirectional electric field Edc perpendicular to the interface,
interfacial dipoles such as H2O or to some extend BLG are
ordered in the electric field Edc (Figure 6). This electric field
induced polar ordering provides a direct dependence of the
oscillator strength Ak ∝ ⟨αkμk⟩ on the local field Edc.

6,52,53

In order to analyze changes of the OH bands in more detail,
we have fitted our spectra according to eq 1 where we have

Figure 5. (a) Vibrational SFG spectra in the region of CH (2800−
3100 cm−1) and OH stretching vibrations (3000−3800 cm−1) for BLG
adsorbed to the air−water interface. Spectra were recorded at different
pH as indicated in the figure. (b) Magnification of the spectra in (a)
showing changes in the polarity of aromatic CH stretching band at
3050 cm−1 in more detail. Solid lines are fits to the experimental data
according to eq 1. Figure 6. Simplified schematic representation of the adsorbed protein

layer and the water subphase for (a) negatively charged proteins at pH
below the point of zero charge and (b) positively charged proteins for
a pH above the point of zero charge.

Figure 7. pH dependence of the amplitudes of the OH stretching
vibration at 3200 (■) and 3450 cm−1 (red circle). The dotted lines
guide the eye.
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considered additional inhomogeneous broadening of the OH
line shapes by convoluting the homogeneous (Lorentzian) lines
by Gaussians. Figure 7 presents the oscillator strength Ak of OH
bands as a function of pH. A pronounced decrease in the
amplitude for pH ∼5 with a subsequent increase is observed.
As the OH amplitudes are highly sensitive to the electric field

induced by the charge of BLG, a minimum in the amplitudes
around the IEP can be attributed to a minimum in protein
charge and, consequently, to the interfacial point of zero net
charge. For more acidic and alkaline pH, BLG carries a positive
and negative net charge, respectively, which leads to a high
orientation of the water dipoles. Crossing the point of zero net
charge at the interface causes a change in the sign of Edc and,
hence, a change in net orientation of interfacial H2O by 180°
(Figure 6). The latter can be confirmed by the changes in
polarity of the vibrational band around 3050 cm−1 which
appears as positive going feature for pH <5 and as a negative
going feature for pH >5 (Figure 5b). However, the origin of
this apparent phase reversal lies not within net orientation of
the BLG layer and its CH groups, but in the orientation of the
interfacial H2O, which can be easily orientated and polarized. In
fact, changes in net orientation of interfacial H2O lead pH <5 to
constructive interference conditions of the 3050 cm−1 band
with the broad OH stretching band, while destructive
interference at pH >5 is observed. Obviously the net
orientation of CH groups from the BLG layers does not
change when the interfacial isoelectric point is crossed at pH 5;
otherwise, the relative phase would not change and as
consequence the appearance of the 3050 cm−1 band would
be unchanged.
Obviously, the bulk isoelectric point at pH ∼5.1 (Figure 1),

the minimum in surface tension (Figure 2), the maximum in

storage modulus E′ (Figure 3), and layer thickness (Figure 4)
correspond to a minimum in the SFG amplitudes of the
interfacial water molecules (Figure 7) that is indicative for zero
net charge at the interface.

3.4. Rheology of Foams from β-Lactoglobulin
Solutions. As the interfacial properties of the BLG layers
can influence foam properties substantially,54 measurements of
the rheology of BLG foams were performed. The apparent yield
stresses and the elastic moduli of the foams are presented in
Figure 8. In Figure 8a, the flow curves of the BLG foams at
similar gas volume fractions are shown. All curves exhibit the
same characteristic features. At low stresses a very high constant
apparent viscosity is measured before a sharp decrease appears
that is coupled with the onset of foam flow. The point of
yielding can be obtained by plotting the strain γ against the
applied shear stress τ. The strain curve γ(τ) can be divided in
two regions with different slopes: in the first region the slope is
close to 1, and consequently, only very small deformations of
the foam occur. In the second region the slope increases
drastically, indicating flowing of the foam. Hence, the point of
change in slope is determined as apparent yield stress. As can
be seen in Figure 8b, the apparent yield stress is maximal for
pH 5 followed by pH 6.8 and pH 3. The storage modulus G′
(Figure 8c) stays constant at low stress amplitudes which is
indicative for the linear viscoelastic regime. Videos show that in
this range the bubble network can withstand the applied stress
and the bubbles stay at their original positions. The end of the
linear viscoelastic regime, where G′ starts to decrease, is
coupled with the yielding of the foam (see Figure 8a). Here, the
gas bubbles of the foam start to move past each other. The pH
dependence of the storage modulus is similar as for the yield

Figure 8. Steady and oscillatory shear ( f = 1 Hz) measurements for BLG foams at different pH: ■, pH 3; red circle, pH 5; blue triangle, pH 6.8. (a)
The viscosity η and (c) the moduli G′and G″ plotted as a function of applied stress τ at similar gas volume fractions (ϕ ≈ 0.85).The vertical dashed
line in (a) shows the position of the yield stress that is derived from the strain versus stress graph γ(τ) as plotted exemplary for pH 5 (open red
square). (c) Apparent yield stress τy and (d) plateau value of the storage modulus G0 in dependence of the gas volume fraction. Both quantities τy
and G0 are normalized by Laplace pressure (σ/r32).
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stress, giving the highest values at pH 5, followed by pH 6.8 and
the lowest values for pH 3.
Figures 8b and 8d show that the described behavior of the

foam is consistent over the whole range of measured gas
volume fractions. In these graphs the yield stress and storage
modulus are normalized by the Laplace pressure to account for
the bubble sizes. Foams at pH 3 with ϕ > 88% could not be
generated due to a very high coalescence rate. For pH 6.8 and
5, τy/(σ/r32) increases linearly with the gas volume fraction. For
G0/(σ/r32) there is no obvious ϕ dependence identifiable. In
both cases this behavior of the BLG foams is different
compared to the behavior of surfactant and casein foams
where several studies55,56 report a quadratic increase of τy/(σ/
r32) and G0 with gas volume fraction.
To summarize the results of our foam rheology studies, the

highest apparent yield stress and storage moduli can be found
in foams from solutions with a pH close to the IEP of BLG.
Obviously, the rheology of macrocopic foams is closely related
to the properties of BLG modified air−water interfaces, e.g., the
already discussed pH-dependent behavior of E′ (Figure 3).
Higher surface dilational moduli E′ lead to higher foam
stabilities, yield stresses, and storage moduli, which is in
accordance with reported results.57

4. GENERAL DISCUSSION

In order to understand the macroscopic behavior of foams from
a microscopic picture of the ubiquitous air−water interface, we
will now combine the above-discussed information on BLG
interfacial layers with the rheological properties of macroscopic
BLG foams.
Using interface analysis, we find that the solution pH can be

used to tune the interaction potential of proteins at the air−
water interface from a repulsive to an attractive regime. We
have identified three pH regions where BLG carries either
positive, negative, or zero net charge which results to
substantial changes in the molecular structure of BLG
adsorption layers.
At a pH near the IEP, the absence of net charge minimizes

the electrostatic repulsion of proteins to a point where the
protein−protein interaction becomes attractive. The latter
allows the formation of multilayers with a dense BLG network
with high interfacial dilational elasticity while protein charging
leads to a decrease of interfacial dilational elasticity of the BLG
layers as the elastic behavior of such layers is affected by the
protein−protein interactions. The change from repulsive
interaction for highly charged proteins to attractive interactions
and the increased number density of BLG at the IEP account
for the observed maximum in the interfacial dilational elasticity
E′. Higher E′ at the IEP hinder the foam from destabilization,
drainage, and disproportionation as the increased E′ decreases
the rate of these destabilization mechanisms.58 The network of
BLG multilayers formed around the gas bubbles of the foam at
the interfacial IEP increases therefore the foam stability. This
network is beneficial to prevent foam drainage and coarsening6

and increases the resistance of the foam toward mechanical
stress as was shown by our foam rheological measurements.
The electrostatic repulsions among charged BLG molecules
within the layers at pH <4 and pH >7 prevent the formation of
multiple layers, and only a monolayer of BLG can exist at the
interface. Consequently, the interfacial dilational elasticity
together with the resistance to shear is decreasing with
increasing repulsion between the BLG molecules.

Although the overall interfacial and macroscopic behaviors
are very similar for pH values below and above the interfacial
IEP, mechanical properties such as E′, G′, and τy are at pH 3
systematically smaller compared to pH 6.8 on the one hand.
However, surface tension (Figure 2) and ellipsometry (Figure
4) show no differences between very acidic and basic pH with
similar absolute values of the zeta potentials (Figure 1). It is
now interesting to analyze the pH dependence of the SFG
amplitude from OH stretching vibrations which is very sensitive
to the local electric field. At a pH more acidic than the
interfacial IEP, the 3200 cm−1 band is much more pronounced
compared to more alkaline pH, which becomes even more
obvious when the oscillator strength of the OH stretching
bands in Figure 7 is analyzed. At pH 3.6 the oscillator strength
of the band centered at 3200 cm−1 is ∼60 arbitrary units while
the amplitude of the 3450 cm−1 band is ∼18 arbitrary units
only. At pH of 7 the oscillator strengths of both bands are on a
similar level of ∼67 arbitrary units. Previously, the 3200 cm−1

band was attributed to a more ordered tetrahedrally
coordinated network of hydrogen-bonded water molecules,
while the 3450 cm−1 band was assigned to a more disordered
network.53 As the SFG intensity of OH stretching bands can be
related to the local electric field that is generated by the
adsorbed proteins at the interface, the observed intensity
differences in the discussed pH regions can be related to
different charging conditions. In fact, at pH 3 and 7 an overall
charge of +20 e and −8 e, respectively, was calculated from the
amino acid sequence and determined by titration, respec-
tively.57,59 Consequently, the significantly higher charging of
the interface at pH 3 compared to pH 7 leads to strong polar
ordering of interfacial water molecules and much weaker
contributions from disordered water molecules to the SFG
intensity. Therefore, the SFG intensity of the 3200 cm−1 band
due to tetrahedrally coordinated H2O is much higher than the
intensity of the 3450 cm−1 band due disordered interfacial
water molecules. The situation at pH 7 changes as the local
electric field is weaker and results in an increase of the SFG
contributions from less ordered water molecules. Regarding the
charge effects, it is interesting to note that our zeta potential
measurements of the bulk BLG do not resolve differences in
the protein net charge between pH 3 and pH 7, which
seemingly contradicts our conclusions from SFG spectra.
However, the zeta potential is determined from electrophoretic
mobility measurements where the electric potential at the
slipping plane is probed. Here, ions that migrate with the
protein are separated from ions not migrating with the protein
in the electric field. What seems to be more important is the
charge (distribution) directly at the protein surface. The
difference between SFG data and zeta potential at acidic pH
and the comparison with the estimated charge of BLG indicate
that SFG probes the field in the compact double layer close to
the protein surface and that the zeta potential is obviously
modified by charge screening within the compact double layer
(see also below).
For pH values where only a monolayer of BLG is established

at the air−water interface, changes in surface charging do not
lead to noticeable changes in the coverage of BLG at the air−
water interface but rather influence the intermolecular
interactions and thus the interfacial elasticity. As the higher
local electric field at pH 3 leads to stronger electrostatic
repulsions within BLG layers, systematically lower values in E′,
G′, and τy are not surprising but are consistent with the change
in interaction potential of interfacial proteins which determines
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these rheological properties. Our results from foam rheology
measurements show a clear difference in foam stability at pH 3
and pH 6.8, which might not only affected by the discussed
electrostatic effects directly at the protein surface: As already
mentioned, our measurements of the surface tension (Figure 2)
do not show a difference between acidic and basic pH at
comparatively low BLG concentrations. Since the pH is
adjusted by adding diluted HCl or NaOH to the BLG
solutions, the ionic strength of the resulting electrolyte is pH
dependent. At a pH of 3 the ionic strength is necessarily higher
compared to a pH near 7. As a consequence, the higher surface
charge at pH 3 and thus the electrostatic repulsion will be
partially screened by additional ions in the electric double layer,
which also shrinks in its size as the Debye length decreases with
increasing ionic strength. This charge screening is higher for pH
3 compared to pH 7 and presumably results into very similar
intermolecular interactions at these pH values outside the
compact double layer. In fact, this conclusion is corroborated
by our observation of an identical absolute value of the zeta
potential (Figure 1)the potential at the shear planeand
similar surface tensions (Figure 2) as well as layer thicknesses
(Figure 4).
By increasing the BLG concentration for our foam rheology

measurements, this effect is even intensified as more HCl needs
to be added in order to adjust the pH to a value of 3. As shown
in Table 1, the surface tension is then smaller at pH 3
compared to pH 6.8. The rheology of BLG layers at the air−
water interface and macroscopic BLG foams is, however, also
dependent on the composition of the entire interfacial layer
that includes BLG proteins, solvating water molecules, and ions
which stabilize the charged layer at interface. Crossing the
isoelectric point will necessarily lead to substantial changes in
the electric double layer around the proteins, which is also
influenced by the ionic strength (see above). For that reason,
differences in foam rheology and surface dilational rheology are
not surprising for pH values of 3 and 7.
In addition to the discussed pH-dependent properties of the

interfacial layer, it is interesting to discuss also possible
structural changes of the BLG molecule that might occur at
different pH. In fact, in their NMR study Molinari et al. report
that at acidic pH the conformation of BLG is likely to consist of
a stable core together with disordered regions.60 Furthermore, a
buried hydrophobic cluster was identified, and it was suggested
that this cluster leads to high structural stability of BLG at
acidic pH61 which is consistent with thermodynamic studies.62

In addition to these observations, Shimizu et al.63 found a clear
increase in hydrophobicity from pH 7 to 3 that is accompanied
by decreased foam stability.57 Taking the latter observations
into account, an increase in hydrophobicity might result into a
protein layer with the molecules protruding farther into the air
phase which then will lead necessarily to weaker screening of
the BLG surface charges as less water molecules and ions can
be involved into the stabilization of the charged layer. Hence,
repulsive interaction within the BLG layer increases.

5. SUMMARY AND CONCLUSION
In this study we have addressed macroscopic properties of
aqueous β-lactoglobulin (BLG) foams and the molecular
properties of BLG modified air−water interfaces which are
inherently connected to the macroscopic foam as they
constitute its major structural element. For that purpose we
have applied a unique combination of foam rheology
measurements and interfacial sensitive methods such as sum-

frequency generation, ellipsometry, bubble profile analysis
tensiometry, and surface dilational rheology.
We identify three regions of different pH, where both

macroscopic and microscopic properties change quite dramat-
ically and are interconnected. At pH conditions around 5
which we identify as the isoelectric point of the interface
interfacial layers of BLG carry no net charge and exhibit
attractive intermolecular interactions. The latter causes the
formation of disordered and presumably agglomerated BLG
multilayers, resulting in a maximum in the surface coverage of
BLG. For increasingly alkaline and acidic pH conditions the
protein−protein interactions change from attractive to a highly
repulsive regime that leads to a formation of BLG monolayers
and to highly polar ordered water molecules. Changes in layer
thickness and protein−protein interaction (attractive or
repulsive) are shown to dramatically change the interfacial
dilational elasticity E′ which exhibits a maximum around pH 5
where multilayers with zero net charge exists at the air−water
surface. This molecular information was correlated with the
behavior of the macroscopic BLG foam. Thick and disordered
adsorption layers lead to highest foam stability and maximum
yield stress as the gas bubbles are protected by the proteins
arranged around them. Thin and more ordered layers with
strong electrostatic repulsions show a significantly decreased
resistance to mechanical stress that is strongly influenced by the
actual net charge on the protein surface.
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