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Recent work suggests that using blends of dairy and plant proteins could be a promising way to mitigate sustainability and functionality concerns. Many proteins form viscoelastic layers at fluid interfaces and provide
physical stabilization to emulsion droplets; yet, the interfacial behavior of animal-plant protein blends is greatly
underexplored. In the present work, we considered pea protein isolate (PPI) as a model legume protein, which
was blended with well-studied dairy proteins (whey protein isolate (WPI) or sodium caseinate (SC)). We performed dilatational rheology at the air-water and oil-water interface using an automated drop tensiometer to
chart the behavior and structure of the interfacial films, and to highlight differences between films made with
either blends, or their constituting components only.
The rheological response of the blend-stabilized interfaces deviated from what could be expected from
averaging those of the individual proteins and depended on the proteins used; e.g. at the air-water interface, the
response of the caseinate-pea protein blend was similar to that of PPI only. At the oil-water interface, the PPI and
WPI-PPI interfaces gave comparable responses upon deformation and formed less elastic layers compared to the
WPI-stabilized interface. Blending SC with PPI gave stronger interfacial layers compared to SC alone, but the
layers were less stiff compared to the layers formed with WPI, PPI and WPI-PPI. In general, higher elastic moduli
and more rigid interfacial layers were formed at the air-water interface, compared to the oil-water interface,
except for PPI.

1. Introduction
Many food products are multiphase systems, such as foams and
emulsions. These products often contain proteins, which are amphiphilic molecules that adsorb at the air-water or oil-water interface, and
thereby play a crucial role in the formation and stability of the systems.
Protein adsorption reduces the surface free energy, which facilitates
small bubble and droplet formation during homogenization; and next,
proteins form an interfacial layer that protects bubbles and droplets
against physical destabilization, either by inducing steric/electrostatic
repulsion, or by forming viscoelastic layers that mechanically prevent
coalescence [1–3]. Foams and emulsions have a high specific surface
area (i.e., are interface-dominated systems) and therefore their stability
strongly depends on the protein’s interfacial properties [4,5].
Surface activity (i.e., ability to increase surface pressure, or decrease
interfacial tension) of the proteins is an important attribute in the
droplet formation process but does not explain bubble and droplet
stability over time. For this, dilatational rheological properties are relevant, as they directly affect the propensity of droplets to resist
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coalescence [2,6]. The interfacial properties of dairy proteins (i.e.,
caseins and whey proteins) have already been widely studied. The
flexible caseins tend to adsorb rapidly at the interface but the resulting
film elasticity is low due to the lack of intermolecular protein interactions [7–9]. In comparison, globular dairy proteins such as bovine
serum albumin (BSA), lysozyme and β-lactoglobulin (β-lg) adsorb
slower but form stronger viscoelastic films, which is attributed to their
ability to form densely packed monolayers with in-plane protein-protein interactions at both the air- and oil-water interface [10,11].
Proteins from legume plants such as soy and pea are gaining interest
as more sustainable protein sources, and the interfacial properties of
their main constituents have also been investigated. For soy, that is
glycinin and β-conglycinin [12–15]; and for pea, vicilin and legumin
[16,17]. Soy proteins have been shown to adsorb slowly at the air- and
oil-water interface due to their compact and large structure, as a result
of hydrophobic intermolecular interactions [18]. Recent work also
showed that the soluble fraction of soy or pea proteins forms interfacial
layers with an elasticity close to that of whey protein-based films, at a
stripped oil-water interface, but the layers were less interconnected and
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less stretchable [19]. Yet, when used in emulsions, soluble pea proteins
were outperformed by dairy proteins, i.e., the former lead to larger and
less physically stable droplets [20].
Using blends of plant and dairy proteins might be the solution to
strive for sustainability while not compromising technological functionality. In contrast to mixtures of proteins from the same biological
origin (e.g., casein and whey protein), the interfacial behavior of plantdairy proteins has been studied only scarcely. Blending soy or pea
proteins with whey proteins or sodium caseinate led to interfacial
elasticities at the stripped oil-water interface between those of the individual proteins, suggesting that both proteins contributed to the
elasticity of the interfacial film [21]. However, the underlying film
structure and protein interactions are not yet understood.
Interfacial behavior is often characterized with a Langmuir trough
or an automated drop tensiometer [22] that both allow for surface
pressure to be followed over time, as well as for interfacial dilatational
rheology to be studied. A Langmuir trough can also be combined with
ellipsometry to record film thickness [23,24], and to construct Langmuir-Blodgett (LB)-films of which the structural heterogeneity can be
assessed by atomic force microscopy (AFM) [25]. The advantage of LBfilms in combination with AFM is the length scale at which the interfaces are studied, typically the nanometer scale [10,26], which is relevant to the size of protein molecules and small supramolecular
structures.
The range of available techniques to study the oil-water interface is
more limited than for the air-water interface, and consequently,
emulsifying properties are often related to air-water interface measurements. Protein adsorption and interfacial rheology have already
been compared for air- and oil-water interfaces, leading to contradictory conclusions. Williams & Prins (1996) reported no difference in
the elastic moduli for β-casein and β-lg at the oil- or air-water interface.
Krägel et al. (2003) (for β-lg) and Santiago et al. (2008) (for soy proteins) found a faster increase of the surface pressure at the oil-water
interface compared to the air-water interface, which they linked to
facilitated protrusion of the hydrophobic parts of the protein into the oil
phase. As a result, thicker adsorbed layers were formed compared to the
air-water interface, onto which proteins spread more which led to
thinner layers showing smaller changes in surface pressure [27]. The
difference between data recorded at air- or oil-water interfaces is not
surprising, when considering the fact that protein adsorption at the oilwater interface already varies for different oil types, with more polar
oils inducing less protein unfolding, which results in lower surface
pressures and slower interfacial network formation [28].
Herein, we aim to understand the protein-protein interactions at the
interface, and the interactions of the proteins with the adjoining bulk
phases to design well-defined plant-dairy protein films. We considered
whey protein isolate (WPI) and sodium caseinate (SC) as dairy proteins,
and the soluble fraction of pea protein isolate (PPI) as plant protein
source. The individual proteins and their 1:1 (w/w) blends were extensively studied at the air-water interface (Langmuir trough, LBfilms + AFM, ellipsometry, automated drop tensiometer) and at the
stripped sunflower oil-water interface (automated drop tensiometer).

Supelco, 100–200 mesh) to remove surface-active impurities, as described previously [29]. Ultrapure water was obtained from a Milli-Q
system (Millipore Corporation, Billerica, Massachusetts, US) and used
for all the experiments.
2.2. Preparation of aqueous phases
WPI and SC (1 wt.%) were dissolved in a 10 mM phosphate buffer
(pH = 7.0) and stirred overnight at 4 °C. PPI was dispersed in the same
buffer (6 wt.%) and stirred for at least 48 h at 4 °C. The insoluble part
was removed by centrifugation (16,000 × g, 30 min), and the supernatant was re-centrifuged in similar conditions, after which the second
supernatant was collected and used for the experiments. A BCA assay
(Smith et al., 1985) was used to determine the protein content of the
supernatant, as described previously [20]. The protein solutions were
diluted to 1 g/L for air-water measurements, or 0.1 g/L for oil-water
measurements.
2.3. Automated drop tensiometer measurements
The interfacial tension between air or stripped sunflower oil and the
protein solutions in 10 mM phosphate buffer was measured with an
automated drop tensiometer (Tracker, Teclis, Longessaigne, France). A
pendant drop was used for the air-water measurements, a rising drop
for the oil-water experiments (i.e., a drop of oil was immersed in a
cuvette filled with the protein solution) using 20-gauge needles. SC,
WPI, and PPI were tested individually as well as 1:1 (w/w) plant-dairy
protein blends. The interfacial tension was recorded for 3.5 h at 20 °C,
using a drop area of 15 mm2 for the air-water experiments, and 30 mm2
for the oil-water experiments. The interfacial tension was calculated
based on the shape of the droplet using the Laplace equation [30].
After 3.5 h, amplitude sweeps were performed with a constant frequency of 0.1 Hz. The droplet interface was compressed and expanded
in a sinusoidal way, ranging from 5 to 30 % deformation. In the frequency sweep experiments, the oscillation frequency was varied from
0.002 to 0.1 Hz, while the amplitude was kept constant (5 %). For both
the amplitude and frequency sweeps, 5 deformation cycles were done,
after which 5 rest cycles were applied before the next deformation
started. The oscillating surface tension signal was analyzed with a Fast
Fourier transform, and the intensity and phase of the first harmonic was
used to calculate the dilatational elastic modulus (Ed’) and the dilatational viscous modulus (Ed”) according to Eq.s 1 and 2.

E 'd =

A0
cos
A

(1)

E "d =

A0
sin
A

(2)

Here Δγ is the difference in interfacial tension, A0 the initial droplet/
bubble area, ΔA the amplitude of change in area, and δ the phase shift
of the oscillating interfacial tension signal, compared to the induced
area change. This first harmonic-based analysis is accurate in the linear
response regime. Outside this regime, higher harmonics are present that
can be analyzed by Lissajous plots in which the change in surface
pressure (π=γ-γ0) is plotted against the oscillating deformation signal
(30 %) [31].

2. Experimental
2.1. Materials
WPI, purity 97.0–98.4 % (BiPro®, Davisco, Switzerland), SC, purity
97 % (Excellion™, Sodium Caseinate S, FrieslandCampina, the
Netherlands), and PPI, 80–90 % purity (NUTRALYS s85 F, Roquette,
France) were used as received. Sodium phosphate dibasic (Na2HPO4),
sodium phosphate monobasic (NaH2PO4) were purchased from Sigma
Aldric (Saint Louis, USA). The soluble protein concentration was determined using a bicinchoninic acid (BCA) kit (BCA1−1 KT, SigmaAldrich, Saint Louis, USA). Sunflower oil was purchased from a local
supermarket and stripped with Florisil (Sigma-Aldrich, 20,281,

2.4. Structural organization of interfacial films
Langmuir isotherms and Langmuir Blodgett films were made at the
air-water interface using a KSV NIMA Langmuir trough (medium size,
364 × 76 mm, Biolin Scientific, Espoo, Finland). Buffer was used as
substrate and 34 μL of 1 g/L protein solution were spread on the surface. The interfacial layer was equilibrated for 30 min before barriers
were closed at a speed of 5 mm/min. Langmuir-Blodgett (LB) films were
deposited on a freshly cleaved mica plate that was immersed into the
2
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sub phase before the proteins were spread. The films were loaded at a
surface pressure of 20 mN/m, with an upward speed of 1 mm/min.
They were next dried in a desiccator at least overnight prior to analysis
with an atomic force microscope (AFM; MultiMode 8-HRTM, Bruker,
Billerica, US). Images were recorded in the tapping mode using nonconductive pyramidal silicon nitride probes with a nominal spring
constant of 0.40 N/m (Bruker, Billerica, US). A lateral scan frequency of
0.977 Hz was used, and the resolution was set at 512 × 512 pixels in a
scan area of 2 × 2 μm2. The AFM images were analyzed with
NanoScope Analysis 1.5 software.
Film thickness at the air-water interface was measured using an
imaging ellipsometer nanofilm EP4 (Accurion GmbH, Goettingen,
Germany) in combination with a KSV NIMA Langmuir trough (size,
580 × 145 mm, Biolin Scientific, Espoo, Finland). The trough was filled
with phosphate buffer (10 mM) and 200 μL of 1 g/L protein solution
were spread on the surface. The interfacial layer was equilibrated for
30 min before barriers were closed at a speed of 5 mm/min until the
desired surface pressure was reached. The ellipsometric angles Ψ and Δ
were measured at different wavelengths using a filter wheel from 499.8
to 739.8 nm, and an exposure time of 1.5·105 ms. Buffer without proteins was measured five times and used to determine the refractive
index, n and extinction coefficient, k, and a Cauchy distribution was
used to calculate the film thickness.

pressure the fastest (Appendix, Fig. A1), followed by PPI and WPI. WPI
consists of the globular proteins α-lactalbumin (α-La) and β-lactoglobulin (β-lg), whereas caseins have no secondary or tertiary structure
and therefore adsorb and spread fast at the interface because less rearrangements occur [33]. Pea proteins adsorbed rapidly and increased
the surface pressure the most over the measured time scale, which is
probably related to their greater hydrophobicity compared to dairy
proteins, imparting them with a higher driving force for adsorption
[34]. The WPI-PPI blend-stabilized interface followed the surface
pressure curve of the PPI-stabilized interface until a surface pressure of
29.0 ± 1.3, which could be indicative of a preferential adsorption of
pea proteins. For the SC-PPI blend-stabilized interface, the surface
pressure increased faster compared to PPI and SC alone, and
(30.1 ± 0.8 mN/m) than SC only, indicating that protein adsorption
seems to be accelerated and enhanced in the blend.
In the Langmuir trough, proteins were spread at the interface and
subsequently compressed, which opposes the previously described experiments where film formation was driven by protein diffusion. The
surface pressure isotherms differed for the individual proteins (Fig. 1B).
Upon compression of the whey protein monolayer, the surface pressure
first increased linearly (looking from right to left, i.e., while decreasing
surface area), after which the increase levelled off, indicating that the
adsorbed proteins interacted and changed conformation. In contrast,
the pea protein film gave a linear response upon compression, indicating no specific interaction between proteins. For SC, the lowest
surface pressure values were obtained; the surface pressure levelled off
at 20 mN/m and only further increased to 21.7 ± 0.1 mN/m, which is
close to the equilibrium spreading pressure of 22 mN/m for β-casein
[35].
The isotherm for the WPI-PPI blend showed a lower increase in
surface pressure compared to the one for WPI, but both were similar in
shape, which suggests that whey proteins dominate the film behavior.
The isotherm for SC-PPI first showed a linear increase in surface pressure, after which a plateau was reached at a surface pressure around
21 mN/m, followed by a second linear increase when compressing
further, which makes this isotherm rather different from those of the
individual constituent proteins. The plateau value was comparable to
that of SC, which makes us believe that the surface pressure response of
this blend was initially dominated by SC up to a value of 21 mN/m,
after which the contribution of pea proteins became more prominent.
At this stage, SC may be pushed out of the interface into the subphase,
as was the case for the SC-stabilized interface, leading to surface
domination by pea proteins.

2.5. Experimental design
All measurements were performed in at least independent duplicates. The LB-films were imaged at least at two locations per film.
3. Results and discussion
3.1. Air-water interface
3.1.1. Adsorption kinetics and surface activity
The change in air-water surface pressure for the individual proteins
and protein blends was monitored in time using an automated drop
tensiometer (Fig. 1A). The surface pressure first rapidly increased, followed by a phase of slower increase, and subsequently even slower
increase, which has be linked to binding, unfolding and reorganization
of proteins at the interface, respectively [32]. Clear differences were
found between the individual proteins; at the end of the experiment,
PPI-stabilized interfaces showed the highest surface pressure of
28.8 ± 0.8 mN/m, SC was at 25.9 ± 0.8 mN/m, and WPI was the
lowest at 23.3 ± 1.3 mN/m. However, initially SC increased the surface

Fig. 1. A) Surface pressure using a pendant drop in an automated drop tensiometer at protein concentration 1 g/L at the air-water interface over time measured for
WPI ( ), SC ( ), PPI ( ) 1:1 SC-PPI ( ) and 1:1 WPI-PPI ( ), the table reports the ‘equilibrium’ interfacial tension and B) Surface pressure isotherm of the individual
proteins and their blends at the air-water interface measured by Langmuir trough for WPI (orange), SC (blue), PPI (green), 1:1 WPI-PPI (purple) and 1:1 SC-PPI (red).
For clarity, one representative curve is shown per sample, but similar results were obtained on multiple independent replicates. (For interpretation of the references
to colour in the Figure, the reader is referred to the web version of this article).
3
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3.1.2. Interface structural organization
To further characterize the physical properties of the protein films
involved in the surface pressure isotherm experiments, film thickness as
a function of surface pressure was determined using an ellipsometer in
combination with a Langmuir trough. At a surface pressure of 20 mN/
m, SC formed the thickest layer (3.7 ± 0.15 nm), followed by SC-PPI
(3.4 ± 0.28 nm), PPI (3.1 ± 0.14 nm), WPI-PPI (2.9 ± 0.07 nm) and
WPI (2.1 ± 0.07). Compression of the interfacial layer led to an increase in film thickness, along with the previously described increase in
surface pressure, for all systems tested. For SC, even though the surface
pressure levelled off from a certain compression level, the film thickness
may have increased due to molecules stacking below the primary
monolayer [35], albeit rather loosely due to the disordered structure of
the caseins. Interestingly, the SC-PPI-stabilized interface was able to
reach a surface pressure of 26 mN/m and was thicker (5.5 ± 0.71 nm)
compared to the PPI-based layer (4.8 ± 0.64 nm). This suggests that
when present in this blend, SC remains at the interface together with
the pea proteins, which is also confirmed by the high surface pressures
reported in Fig. 1A, and linked to faster increase of the surface pressure,
which has been related to thicker interfacial layers [27,36].
It should be pointed out that ellipsometer data reflect an average
film thickness; when looking at the LB films constructed at 20 mN/m
(Figs. 2 and 3) it is clear that all films are structurally heterogenous. In
these LB films, a noticeable difference occurs between WPI, PPI or WPIPPI (both globular proteins) and SC or SC-PPI (containing disordered
SC); films containing SC show some large clusters, whereas in all other
films the clusters are smaller. At low surface pressures, caseins spread at
the interface (< 20 mN/m) but upon compression loops are formed in
the aqueous phase [37]. The large clusters in the SC-containing LB films
may thus correspond to protein material protruding into the aqueous
phase as induced by the compression process. Structural heterogeneity
is common in protein films, as found for e.g., β-lg [38], β-casein [39]
and WPI [40] and oxidative modified PPI [41].

decreased from 56 mN/m at 5% deformation to 21 mN/m at 30 % deformation (Fig. 4A). This strain dependence of the elastic modulus indicates that the interfacial network weakened upon deformation, which
can be attributed to the ability of β-lactoglobulin to form disulphide
linkages in a highly interconnected network, that weakens upon deformation [42]. The strain dependence was less for WPI-PPI- (Ed’ only
varied from 25 to 20 mN/m) and not present in PPI-, SC-, and SC-PPIstabilized interfaces. The elastic moduli of the SC-stabilized interface
were below 10 mN/m, which made them the weakest among all proteins tested. This can be explained by the fact that casein monolayers
are loosely packed with weak protein-protein interactions [7]. However, when SC was combined with PPI, the values for Ed’ were similar to
those recorded for interfaces with PPI only, which implies that either
PPI dominates the SC-PPI-stabilized interface, or interactions occur
between the PPI and SC, leading to a response similar to that of PPI. For
WPI-PPI-stabilized interfaces, the elastic moduli are in between those of
WPI- and PPI-based layers, suggesting the presence of both proteins at
the interface.
Oscillatory dilatational frequency sweeps (0.002−0.05 Hz) were
performed at fixed amplitude of 5%. Again, elastic moduli were higher
than viscous moduli, and only the elastic moduli are reported as function of frequency, on a double logarithmic scale (Fig. 4B). WPI formed
the most elastic layer (highest Ed’) followed by WPI-PPI, SC-PPI and
PPI, whereas SC formed the layer with the lowest Ed’, which is in line
with the amplitude sweep results. The slope of the double logarithmic
plot of elastic moduli as function of frequency was around 0.1, which is
typical for soft glassy interfaces, and implies that the contribution of
diffusional exchange of protein between the bulk and the interface to
the response is negligible [43].
To understand these effects in a more detailed way, Lissajous plots
were used, that show the surface pressure as a function of the deformation during oscillatory dilatational experiments, and thus provide
information about the interfacial network behavior in extension and
compression. The advantage of Lissajous plots is that nonlinear effects
are not neglected, and they thus give a richer impression of surface
behavior, as compared to simply calculating moduli. In brief, a linear
shape of the Lissajous plot indicates a purely elastic behavior, and a
spherical shape a viscous behavior of the interface. Linear viscoelastic
responses result in an ellipse-shaped plot, and non-linear behavior leads
to asymmetric shapes [31], as shown in Fig. 5 top left. All systems
tested gave predominantly elastic responses upon 30 % deformation
i.e., ΔA/A0 = 0.3 (Fig. 5) but also showed asymmetries that are indicative of a nonlinear response, even when the apparent modulus
appeared to be strain independent. This clearly indicates the benefit of
Lissajous plots over the first harmonics approach.
SC, PPI, and SC-PPI-stabilized interfaces gave a nonlinear viscoelastic response, dominated by elasticity (narrow ellipse). At the start of
extension (the lower left corner of the plot, at ΔA/A0= -0.3) the surface
pressure first increased, after which it levelled off towards maximum
extension (ΔA/A0= +0.3). This is a signature of interfacial strain
softening in extension, due to disruption of the interfacial microstructure. Upon compression the reverse phenomenon happened, which
indicates strain stiffening due to increased surface density of clustered
protein regions, approaching a jammed state [22]. This strain softening
in extension and strain hardening upon compression is typical for
protein-stabilized interfaces. For the SC-stabilized interface, lower
surface pressures compared to PPI- and SC-PPI-stabilized interfaces
were found at maximum extension, but similar surface pressures at
maximum compression. We reported earlier a thicker interfacial layer
(Fig. 2), and higher surface pressure (Fig. 1A) for the SC-PPI blend
compared to its individual counterparts. Combining this with the Lissajous plot results allows us to conclude that enhanced protein adsorption in this specific blend has led to the improved dilatational
elasticity compared to SC only, that does however not surpass that of
PPI only.
WPI-stabilized interfaces are more viscous than the others (also seen

3.1.3. Interface rheological properties
Oscillatory dilatational amplitude sweeps (sinusoidal deformation
5–30 %) at a frequency of 0.01 Hz were performed after an adsorption
and equilibration time of 3.5 h. Elastic (Ed’) and viscous (Ed”) moduli
were calculated from the oscillatory data and plotted as function of the
applied deformation amplitude. For all proteins tested, elastic moduli
(Fig. 4A) were substantially higher than viscous moduli (Appendix, Fig.
A2).
The elastic moduli of the WPI-stabilized air-water interface

Fig. 2. Film thickness for WPI ( ), SC ( ), PPI ( ) 1:1 SC-PPI ( ) and 1:1 WPIPPI ( ) at the air-water interface as function of the surface pressure. Error bars
represent the standard deviation of multiple measurements on at least two independent replicates.
4

Colloids and Surfaces B: Biointerfaces 192 (2020) 111015

E.B.A. Hinderink, et al.

Fig. 3. AFM images of LB films prepared with the individual proteins (WPI, SC, PPI) and their blends. LB films are constructed at the air-water interface at a surface
pressure of 20 mN/m, and imaged after drying at room temperature. The overall layer height is up to 5.3 nm, with black representing the lowest areas and white the
highest ones. For clarity, one representative image is shown per sample, but similar results were obtained on multiple independent replicates.

in the loss moduli in Appendix, Fig. A2), and the plot is relatively wide
at the lower left part as a result of yielding of the surface microstructure
upon the start of the extension. It is clear from the apparent moduli
reported in Fig. 4A that the WPI-stabilized interfaces are the stiffest
(due to stronger in-plane protein-protein interactions). When a certain
surface stress is exceeded the microstructure yields, and starts to flow
towards maximum extension when the slope approaches almost zero,
indicating a predominantly viscous response. The shape of the Lissajous
plot is typical for WPI-stabilized air-water interfaces as recently reported by [40]. The interface based on the WPI-PPI blend showed a
more elastic response compared to PPI alone, with strain softening in
extension and strain stiffening in compression, and a less viscous behavior compared to WPI. The plot suggests that both proteins were
present at the interface, which could not be that clearly concluded from
Fig. 1A.
To conclude, blending PPI with SC gave a synergistic behavior at the
air-water interface, in the sense that PPI helped retaining SC at the
interface upon compression, and increased the interfacial elasticity
compared to SC alone. In contrast blending PPI with WPI hindered the
formation of an interconnected network, typical for WPI-stabilized interfaces.

was initially between those of the WPI- and PPI-stabilized interfaces,
and towards the end of the measurement, closer to that of pure WPI.
The curve corresponding to the SC-PPI-stabilized interface was in between those of the SC and PPI-stabilized interfaces, but eventually a
similar pseudo-equilibrium surface pressure was reached for PPI, SC
and SC-PPI-stabilized interfaces. For all protein systems tested, the
surface pressure increased less at the oil-water interface than at the airwater interface (Fig. 1A). Please keep in mind that oil-water interface
experiments were performed at 0.1 g/L protein solution whereas for the
air-water it was 1 g/L, which implies that the local protein concentration in the immediate vicinity of the interface differed by one order of
magnitude.
3.2.2. Interface rheological properties
At the oil-water interface, the apparent elastic moduli of the WPI-,
PPI- and WPI-PPI-stabilized layers decreased upon deformation (Fig. 7).
This strain dependence was the strongest for the WPI-based layer,
which showed a decrease from 32 to 18 mN/m, and the lowest for PPI
and WPI-PPI (i.e., decrease from 20 to 16 mN/m for both). The SC-PPIand SC-stabilized interfaces were the weakest with elastic moduli of 8.5
and 4.5 mN/m, respectively, and no strain dependence, indicating
weaker in-plane protein interactions for these systems. The elastic
moduli of all interfaces were lower at the oil-water interface compared
to the air-water interface (Fig. 4) except for the PPI-stabilized interface,
which had an elastic modulus of 15 mN/m and no strain-dependence at
the air-water interface. Remarkably, the WPI-PPI-stabilized layers exhibited the same moduli as the PPI-stabilized ones, which was not the
case at the air-water interface, and indicates that either only pea proteins adsorbed, or the structure and interactions within the film are

3.2. Oil-water interface
3.2.1. Adsorption kinetics and interfacial activity
At the oil-water interface, layers made of pure PPI or SC led to the
highest surface pressure (∼18 mN/m), and WPI to the lowest
(∼17 mN/m) (Fig. 6), with SC increasing surface pressure the fastest
(Fig. 6A). The curve corresponding to the WPI-PPI-stabilized interface

Fig. 4. Apparent dilatational elastic moduli (Ed’) at the air-water interfaces stabilized by WPI ( ), SC ( ), PPI ( ) 1:1 SC-PPI ( ), and 1:1 WPI-PPI ( ) blend A) as a
function the applied deformation (frequency, 0.01 Hz) and B) as a function of the applied frequency (amplitude, 5%). Error bars represent the standard deviation of
multiple measurements on at least two independent replicates.
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Fig. 5. Example of Lissajous plots depicting viscous, elastic, viscoelastic and non-linear viscoelastic interfaces in top left; and Lissajous plots at 30 % dilatational
deformation and oscillation frequency at 0.01 Hz at the air-water interface for WPI (orange), SC (blue), PPI (green), 1:1 WPI-PPI (purple) and 1:1 SC-PPI (red). For
clarity only one replicate is shown, but similar results were obtained for at least independent duplicates. (For interpretation of the references to colour in the Figure,
the reader is referred to the web version of this article).

interfaces, the slope was 0.25, indicating that diffusion-controlled
processes may have contributed to the response to deformations, which
is different from the findings at the air-water interface. It was reported
that β-casein increased the surface pressure faster at the oil-water interface compared to the air-water interface, which was related to the
possibility of the protein to penetrate into the oil phase with its longer
hydrophobic chain, leaving only a short hydrophilic tail interacting
with the water phase [44].
The surface pressure as a function of the deformation (amplitude
equal to 30 %) was plotted in Lissajous plots for all systems tested
(Fig. 8), and showed strain softening in extension and strain hardening
upon compression, with clear differences between the interfaces. The
WPI-stabilized interface was predominantly elastic, as seen from the
narrow shape of the plot, and the Lissajous plot was similar to previous
ones reported in literature [45,46]. For the PPI-stabilized interface, the
lower left part of the graph has a pointy shape, which means that upon
compression and subsequent extension a similar response in surface
pressure was measured, indicative of weak in-plane attractive interactions. When such interactions are strong, the densification induced by
the compression can lead to a significant increase in the stiffness of the
structure, which then results in a steep slope of the Lissajous plot upon
extension of the interface (compare to WPI at the air-water interface,
which shows strong protein-protein interaction, in Fig. 5). The Lissajous
plot of the WPI-PPI-stabilized interface showed the same response upon
deformation, which may be interpreted as PPI dominating the interface,
although that is not that likely since the surface pressure of WPI-PPI is
very close to that of WPI (Fig. 6B). Most likely, both proteins are at the
interface, with pea proteins hindering whey protein network formation,
resulting in a less interconnected and less elastic interface compared to
whey protein-based layer with dilatational properties similar to those
found for PPI only.
The SC-stabilized oil-water interface gave an almost linear viscoelastic response with almost no strain softening nor hardening in extension and compression. This, together with the relatively high exponent found in the frequency dependence, indicates that the in-plane
interactions are too weak to induce network formation, and that the
response is dominated by exchange of SC between bulk and interface.

Fig. 6. Surface pressure over 3.5 h (the insert table gives pseudo-equilibrium
interfacial tension, i.e., the average of the last 20 points) for whey protein
(WPI, ), sodium caseinate (SC, ), pea protein (PPI, ), 1:1 whey protein-pea
protein blend (WPI-PPI, ) and 1:1 sodium caseinate-pea protein blend (SCPPI, ) at the stripped sunflower oil-water interface. For clarity, one representative curve is shown per sample, but similar results were obtained on
multiple independent replicates.

similar with the blend or PPI alone.
Oscillatory dilatational frequency sweeps (0.002−0.05 Hz) were
performed at a fixed amplitude of 5 %, and the elastic moduli were
plotted as function of applied frequency on a double logarithmic scale
(Fig. 7B). Whey proteins formed the most elastic layer (highest Ed’),
followed by WPI-PPI and PPI, SC-PPI, and SC as the lowest, which is in
line with the amplitude sweep results. For WPI-, PPI- and WPI-PPIstabilized interfaces a slope close to 0.1 was found, which implies that
the contribution of diffusion from the bulk to the interface was negligible, as explained earlier [43]. For the SC- and SC-PPI-stabilized
6
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Fig. 7. Apparent dilatational elastic moduli (Ed’) at the oil-water interfaces stabilized by WPI ( ), SC ( ), PPI ( ) 1:1 SC-PPI ( ) and 1:1 WPI-PPI ( ) blend A) as a
function the applied deformation (frequency, 0.01 Hz) and B) as a function of the applied frequency (amplitude, 5%). Error bars represent the standard deviation of
multiple measurements on at least two independent replicates.

Fig. 8. Lissajous plots at 30 % dilatational deformation and oscillation frequency at 0.01 Hz at the oil-water interface for WPI (orange), SC (blue), PPI (green), 1:1
WPI-PPI (purple) and 1:1 SC-PPI (red). For clarity only one replicate is shown, but similar results were obtained for at least independent duplicates. (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article).

For the SC-PPI-stabilized interface, an extremely narrow plot was obtained, for which the slope levels off in extension, and increases in
compression. As observed for the air-water interface, in-plane network
formation did not occur, and the surface concentration of the proteins
merely increases upon compression and decreases upon extension. The
resulting changes in the surface tension led to a plot resembling a
curved line.

between the apolar side chains of the proteins [35]. This also implies
that globular proteins can unfold more at the oil-water compared to the
air-water interface [47–49]. In the present study, elastic moduli were
higher, except for PPI-stabilized interfaces, at the air-water interface,
which may be explained by hydrophobic intra-protein interactions that
are hindered by solvation in the oil phase [48]. Furthermore, it has
been suggested that the solvent quality affects interfacial viscoelastic
moduli. Benjamins et al. (2006) compared the interfacial elastic modulus of ovalbumin and β-lactoglobulin adsorbed at triacylglycerol-,
hydrocarbon- or air-water interfaces, and found that triacylglycerol was
the best solvent and air the worst. He found a strong correlation between the interfacial tension of the bare interface and interfacial elastic
moduli [50]. It has to be noted that in that respect, an oil phase is not
always a better solvent phase compared to air; higher elastic moduli of
β-lg were found at the n-tetradecane interface compared to the airwater interface [51], and we also found that PPI gave higher moduli at

3.3. Our results put in a wider perspective
In literature, various effects have been described regarding protein
adsorption and network formation at the oil- or air-water interfaces,
and here we summarize them and use them to put into perspective the
results that are reported herein. In general, it is assumed that globular
proteins unfold at the interface with the oil-phase acting as a solvent for
the hydrophobic segments, which reduces the van der Waals cohesion
7
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deformation, and formed weaker layers compared to WPI. Blending SC
with PPI gave stronger interfacial layers compared to SC alone, but the
layers were inferior in stiffness compared to the layers formed with
WPI, PPI and WPI-PPI.
Overall, lower elastic moduli were found at the oil-water interface
compared to the air-water interface, due to the ability of the oil phase to
interact with the hydrophobic parts of the proteins, therewith acting as
a solvent. This solvation hindered the inter-protein hydrophobic interactions and, as a result, interfacial layers with lower connectivity were
formed, which led to lower elastic moduli. We concluded that the interfacial properties of individual proteins are not additive and highly
depend on the interface used, which should be considered when attempting to explain the performance of food dispersions based on the
involved interfacial properties..

the oil-water interface.
It has been suggested that the polarity of the oil is a good indication
for the extent of protein unfolding, with more polar oils leading to less
protein unfolding and less surface pressure changes [28]. Next to the
decrease of hydrophobic interactions by solvation in the oil phase, there
are also differences in the in-plane electrostatic repulsion between
proteins for the two interfaces. The dielectric constant of air is approximately 1 [50], and that of sunflower oil about 3 [52]. That means
that the electrostatic repulsion between the proteins (which has the
nature of a dipole-dipole interaction because of the asymmetry in the
counter-ion distribution) is shorter-ranged for the oil-water interface.
This would result in increased attractive protein interactions, possibly
leading to a higher modulus if this effect is larger than the reduction of
attractive interactions due to improved solvent quality.
It is clear that in the tested blends, PPI hinders the formation of
elastic WPI-layers at both interfaces, whereas it improved the elasticity
of the SC-stabilized interface at both interfaces. When blending WPI
with soy protein isolate (SPI), that by itself produces interfaces with
lower moduli than WPI, this leads to interfaces that closely resemble
those of pure WPI [21]. This suggests that the interactions between SPI
and WPI are stronger compared to those between WPI and PPI reported
herein, and that such interactions are highly protein- and blend-specific.
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Appendix A
Fig. A3

Fig. A1. A) Surface pressure using a pendant drop in the automated drop tensiometer of 1 g/L protein B) surface pressure using a rising drop in the automated drop
tensiometer at 0.1 g/L protein in the first 100 s of protein adsorption.
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Fig. A2. Dilatational loss moduli (Ed’) of interfaces stabilized by WPI ( ), SC ( ), PPI ( ) 1:1 SC-PPI ( ) and 1:1 WPI-PPI ( ) blend as A-C) a function the applied
deformation (frequency, 0.01 Hz) and B-D) a function of the applied frequency (amplitude, 5%) at the air-water (A,B) or oil-water interface (C,D). Error bars
represent the standard deviation of at least two independent replicates.

Fig. A3. Lissajous plots at the air-water interface (grey) and oil-water interface (black) at 30 % deformation.
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