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The mechanical properties of oil-water (O–W) and air-water (A-W) interfaces stabilized with mixtures of micellar
casein isolate and whey protein isolate at different ratios were investigated by large-amplitude oscillatory
dilatational rheology (LAOD). The composition of the layer of proteins adsorbed at the O–W interfaces was
investigated by multiphoton excitation microscopy. The structure of A-W interfaces was visualized by atomic
force microscopy. The results obtained for O–W interfaces showed that casein preferentially adsorbs and dom
inates the interface even when present in mixtures in a very low proportion. The LAOD results show that the
interfacial layer formed by casein is weaker and more brittle compared with the one formed by whey proteins. In
case of A-W interfaces, casein is more surface active and displays faster diffusion, and leads to a decrease of
surface tension to lower values compared with whey protein. Casein will co-adsorb with whey protein at the A-W
interface, and the dilatational response of the viscoelastic solid-like network normally formed by pure whey
proteins at the interface is significantly affected by casein, particularly at large deformation amplitudes. The
interfacial layer appears to become more brittle with an increasing proportion of caseins in the mixture.

1. Introduction
Dairy proteins are naturally amphiphilic and tend to adsorb at oilwater (O–W) and air-water (A-W) interfaces, providing electrostatic
and steric repulsions to stabilize oil droplets or air bubbles (Lam &
Nickerson, 2013). Because of this behavior, they are widely used in
many food products to stabilize multiphase systems, for example
recombined dairy cream, ice-cream, and foamy coffee beverages (Goff,
Kinsella, & Jordan, 1989; Scott, Duncan, Sumner, & Waterman, 2003;
Sharma, Jana, & Chavan, 2012; Tomas, Paquet, Courthaudon, & Lorient,
1994; Wu et al., 2016; Zhou et al., 2016). Dairy proteins are mainly
composed of casein and whey. Quite often, they are used to stabilize
emulsions or foams as a mixture, like milk protein concentrate or
skimmed milk powder. Previous studies showed that using a mixture of
casein and whey proteins can significantly change the heat sensitivity of
emulsions (Chevallier et al., 2016). Surel et al. (2014) used different
ratios of casein and whey protein to adjust the interfacial composition of
emulsions and change their textures. Foam overrun and stability can
also be changed by adjusting whey and casein ratios (Borcherding,
Chrlorenzen, & Hoffmann, 2009; Martínez-Padilla, García-Mena, Casa
s-Alencáster, & Sosa-Herrera, 2014).

Casein and whey are reported to have various interactions, for
example, competitive adsorption and displacement at the O–W and A-W
interfaces (Brun & Dalgleish, 1999; Zhang, Dalgleish, & Goff, 2004). A
widely accepted opinion is that casein is more surface active than whey
proteins and can preferentially adsorb at O–W interfaces (Chevallier
et al., 2016; Sourdet, Relkin, Fosseux, & Aubry, 2002), but this is
affected by the ratio of casein and whey proteins (Hunt & Dalgleish,
1994; Surel et al., 2014). At a higher temperature, casein can be
(partially) displaced by whey proteins (>40 ◦ C) (Dalgleish, Goff, Brun, &
Luan, 2002; Dalgleish, Goff, & Luan, 2002). Most of the research on this
topic focuses on mixtures of sodium caseinate and whey proteins. It has
been shown that casein micelles and caseinates exhibit different emul
sification and foaming properties (Courthaudon et al., 1999; Roman &
Sgarbieri, 2006). In a recent study on diffusion-based adsorption of
aqueous micellar casein dispersions, we showed that complete micelles
adsorb at neither O–W interfaces nor A-W interfaces, and that the
smaller fractions present in the dispersion adsorb preferentially at the
interface (β-casein for A-W interfaces, and small casein aggregates at
O–W interfaces) (Zhou, Yang, Sala, & Sagis, 2022). How this changes
when a significant amount of whey protein isolate is added to the
dispersion of micellar casein isolate is not yet completely known.
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Various methods have been used to study competitive adsorption/
displacement in casein whey mixtures In many studies on O/W in
terfaces, the so-called depletion method is used to identify proteins and
quantify the protein load at the interfaces indirectly. In this method, oil
droplets (cream layer) and continuous phase are separated using
centrifugation. The protein concentration in the continuous phase is
then determined, and the amount in the cream layer is calculated by
subtracting the protein amount in the continuous phase from the total
protein added. However, this method is sensitive to the density of oil
droplets and does not work well for very small droplets (Hunt et al.,
1994; Van der Meeren, El-Bakry, Neirynck, & Noppe, 2005).
Confocal laser scanning microscopy (CLSM) is another technique
used to study the interactions among surface active components at in
terfaces. Heertje et al. (1996) used CLSM to study the competitive
adsorption of sodium caseinate and various small molecular surfactants
(see also Heertje, Nederlof, Hendrickx, & Lucassen-Reynders, 1990).
The visible laser light normally used in CLSM to excite dye molecules
cannot penetrate samples deeply. For a horizontal O–W interface, the
upper oil phase or lower water phase can be a few millimeters thick,
which is beyond the scanning depth limit of CLSM. Multiphoton exci
tation microscopy (MPM) uses infrared light to excite samples, which
can penetrate more deeply into the samples. In this study we have used
this novel method to visualize whey protein and casein at the same time
at the O–W interface, which can identify the protein species at the in
terfaces directly, as opposed to the depletion method, and do so with
better resolution than CSLM.
Besides competitive adsorption of caseins and whey proteins at in
terfaces, dilatational (and surface shear) rheological properties of in
terfaces stabilized with mixtures of casein (fractions) and whey protein
were also widely studied. The interfacial layer formed by caseins was
generally found to be less stiff than those formed by whey proteins, both
at O–W and A-W interfaces (Dokouhaki et al., 2020; Lajnaf,
Picart-Palmade, Attia, Marchesseau, & Ayadi, 2017; Martin, Grolle, Bos,
Stuart, & van Vliet, 2002). When caseins and whey proteins were mixed,
caseins were mostly found to be dominant at the A-W interfaces, and
dominated the mechanical properties of the interfaces (Lajnaf et al.,
2017). The mechanical properties of interfaces highly depend on the
chosen frequency and amplitude of deformation (Kovalchuk et al.,
2018). While frequency seeps are commonly performed in dilatational
rheology, amplitude sweeps are still rarely performed (Sagis & Fischer,
2014), in spite of the high relevance of the nonlinear response regime for
food products. For example, some food products require different sta
bility under different physicochemical conditions, like whipping cream.
This product needs to be statically stable, which will guarantee a long
shelf life, but dynamically unstable, i.e. be prone to partial coalescence
upon shearing, which is necessary for whipping it into a stable foam
(Han et al., 2018). Correspondingly, the interfaces of the oil droplets
present in the cream need to display different properties under static and
dynamic conditions. The interface needs to be solid-like under static
conditions, which can prevent coalescence. But it needs to become
weaker and possibly even show yielding when vigorous shear is applied
to the emulsion, which can promote partial coalescence. After whipping,
the foam needs to be stable and have a long lifetime, so the interfacial
structure needs to be able to recover (at least partially) when the de
formations stop. Therefore, determining whether it is possible to use
different ratios of casein and whey proteins to tune the mechanical
properties of interfaces of emulsions or foams has much practical sig
nificance. All of these properties require an assessment of the interfacial
properties of protein layers in the nonlinear response regime.
In this study, we aimed to investigate the competitive adsorption in
mixtures of micellar casein isolate and whey protein isolate, at the O–W
and A-W interfaces and determine the relative contribution of casein and
whey present in the mixture to the rheological properties of O–W and AW interfaces in the nonlinear regime. Small and large amplitude dila
tational oscillations were applied to the interfaces to study their me
chanical properties. Caseins and whey proteins were visualized

individually at O–W interfaces with a novel method using multiphoton
excitation microscopy. The structure of the A-W interfaces stabilized
with caseins and whey protein mixtures was also visualized by atomic
force microscopy.
A more fundamental understanding of how the structure and
composition of interfacial layers affects the nonlinear mechanical
properties of the interfacial layers stabilized with casein and whey
protein mixtures can contribute to a more efficient design of formula
tions or improve the physiochemical properties of related food products
(Dickinson, 1999).
2. Material and methods
2.1. Material
Anhydrous milk fat, micellar casein isolate (Refit™, MCI88, 84.15%
protein, lactose 3.0%, ash 7.3%, moisture 3.3%, fat 1.1%) was kindly
donated by FrieslandCampina (Netherlands). Whey protein isolate
(WPI, Bipro, 88.8% protein content) was purchased from Agropur
(Canada). Florisil (60–100 mesh), syringe filters (PVDF, 5.0 μm, d 25
mm; PVDF, 0.45 μm, d 33 mm; PVDF, 0.1 μm, d 33 mm), membrane
filters (PVDF, 0.45 μm, d 47 mm) and dimethyl sulfoxide (DMSO) were
purchased from Merck (Netherlands). Medium chain triglyceride (MCT)
was purchased from IMCD (France). Cyanine 5 NHS ester (Cy5 NHS) and
Cyanine 3 NHS ester (Cy3 NHS) were purchased from Lumiprobe
(Germany). UV glue, nylon rings (M10) and metal washers (diameter 7
mm) were purchased online (Amazon). Glass slides (#1.5) were pur
chased from Thermo (Netherlands). Dialysis membranes (3.5kD, #3)
were purchased from Spectrum Labs (Greece).
2.2. Methods
2.2.1. Sample preparation
Whey protein (W) solutions and micellar casein (CA) dispersions
were made by stirring whey protein isolate and micellar casein isolate in
Milli-Q water overnight at room temperature (20 ◦ C). An amount of
0.02 wt% sodium azide was added to prevent spoilage. The obtained
whey protein solution had a protein concentration of 2.0 wt%, and the
casein dispersion had a protein concentration of 2.6 wt%. Whey protein
solutions were filtered through a syringe filter with a pore size 0.45 μm.
Casein dispersions were filtered through syringe filters with a pore size
5 μm and 0.45 μm, successively. The protein content of both the whey
protein solution and casein dispersion after filtration was 2.0 wt%,
tested by DUMAS (with a N coefficient of 6.38). The casein dispersion
and whey protein solution were subsequently mixed to have different
ratios of the two proteins. The mixtures for O–W tests had casein and
whey protein ratios of 0:2, 0.05:1.95, 0.1:1.9, 0.2:1.8 and 2:0 (wt%:wt
%). The samples for A-W interfaces had ratios of 0:2, 1:1, 1.5:0.5 and 2:0
(wt%:wt%).
2.2.2. Oil purification
Anhydrous milk fat (AFM) and medium chain triglyceride (MCT) oil
used in this research were first purified. Florisil was desiccated over
night at 105 ◦ C in an oven, then cooled down to room temperature. AMF
was melted at 60 ◦ C and mixed with 10 wt% Florisil. The mixture was
stirred at 60 ◦ C for at least 2 h. Subsequently, 10 mL of the mixture was
sampled and filtered with a syringe filter to remove Florisil particles.
The surface tension of the interface between the filtered AMF and MilliQ water was tested for at least 1 h. If the tension decreased over time,
AMF needed to be purified further by repeating the steps described
above. Once the surface tension stayed constant, the AMF and Florisil
mixture were filtered using vacuum filtration with a filter membrane
(PVDF, 0.45 μm, d 47 mm). The filtered AMF was sealed in blue cap
bottles and kept in the dark at room temperature. MCT was purified
according to the same protocol, but at room temperature.
2

X. Zhou et al.

Food Hydrocolloids 133 (2022) 107946

2.2.3. Adsorption kinetics
The surface tension of protein samples against purified anhydrous
milk fat or air was monitored over time at 40 ◦ C using a Tracker Auto
mated Droplet Tensiometer (Teclis, France). For O–W interfaces, puri
fied milk fat was transferred to a cuvette and kept at 40 ◦ C. A pendent
droplet of the protein samples with an area of 20 mm2 was formed at the
tip of a needle that was immersed in the milk fat phase. The density of
the bulk phase and droplet at 40 ◦ C were 0.90411 and 0.9922 g/mL,
respectively. For A-W interfaces, the liquid droplet at the tip of the
needle was hanging in an empty cuvette at 20 ◦ C. In order to prevent
evaporation of water at the surface of the droplet, a little bit of water was
added at the bottom of the cuvette, and the open cuvette was sealed by
parafilm. The area of the droplet was set as 15 mm2. Densities of bulk
phase and droplet at 20 ◦ C were 0.0012 and 0.9982 g/mL, respectively.
The dynamic interfacial tension over time was monitored for 3 h.

conductivity of the surrounding water was constant. The cutoff size of
dialysis was 3.5 kDa for both samples. The dialyzed whey protein so
lution and casein supernatant were mixed to have different casein and
whey protein ratios of 0:0.2, 0.002:0.198, 0.01:0.19, 0.02:0.18,
0.04:0.16, and 0.2:0 (wt%:wt%).
2.2.5.2. Object slides for MPM. A picture and a schematic of the slides
used for MPM are shown in Fig. 1. A metal washer and a nylon ring were
attached on a glass slide using liquid UV glue. The whole setup was
incubated with UV light overnight to solidify the glue.
2.2.5.3. Visualization of the O–W interface. The protein samples made in
section 2.2.5.1 were slowly pipetted into cell 1 until a meniscus was
formed. MCT oil was slowly pipetted into cell 2 until the water droplet in
cell 1 was completely immersed. The created interface was equilibrated
for 1 h and then visualized by a Leica SP8Dive multiphoton excitation
microscope (Leica, Germany), using a HC FLUOTAR L 25 × /0.95 W
VISIR objective. A three-dimensional region (240 × 240 × 100 μm) was
scanned by two channels, individually. One channel was set for Cy3
NHS, with an excitation wavelength of 780 nm and emission wavelength
range of 550–600 nm; another one was set for Cy5 NHS, with an exci
tation wavelength of 840 nm and emission wavelength of 650–700 nm.
The Cy3 NHS labelled casein was visualized as green, and Cy5 NHS
labelled whey was visualized as red.

2.2.4. Interfacial rheology
After monitoring the tension for 3 h, 5 cycles of oscillation with an
amplitude of 5% and a frequency of 0.02 Hz were applied to the droplet
interface, followed by 900 s rest to allow for recovery. After recovery,
another 5 cycles with an amplitude of 25% and a frequency of 0.02 Hz
were applied to the droplet interface. For every round of oscillations,
only the middle three cycles were used for constructing Lissajous plots.
The construction of Lissajous plots is discussed by Sagis et al. (2014),
and these are cyclic plots of surface pressure versus strain. The surface
pressure (Π) and surface strain amplitude (γ) were defined as:
At − A0
γ=
A0

(1)

Π = σt − σ0

(2)

2.2.6. Interfacial pressure isotherms
Interfacial pressure isotherms (area vs. surface pressure) were made
using a Langmuir trough (KSV NIMA/Biolin Scientific Oy, Finland). The
trough was first filled with Milli-Q water. Casein dispersion and whey
protein solution were diluted to 0.2 wt%. Two hundred microliter of the
samples were injected at the bottom of the Langmuir trough using a gastight syringe. Afterwards, the system was equilibrated for 3 h, while
monitoring the surface pressure using a platinum Wilhelmy plate
(perimeter 20 mm, height 10 mm). Subsequently, the interfacial area
was reduced by compressing the film with Teflon barriers, moving with
a speed of 5 mm/min. The tension was recorded over time.

where At and σ t are interfacial area and interfacial tension at time t; A0
and σ 0 are the initial interfacial area and interfacial tension of the nondeformed interface.
Apart from the Lissajous plots, we also determined the tangent
modulus (EdEM) at zero strain in expansion, as described by van Kempen,
Schols, van der Linden, and Sagis (2013).

2.2.7. Preparation of Langmuir-Blodgett (LB) films
LB films were also made using a Langmuir trough. The trough was
first filled with Milli-Q water. A freshly cleaved mica sheet was fixed
vertically with respect to the interface and then immersed in the water
phase. Two hundred microliter protein samples were injected at the
bottom of the trough, while monitoring the surface pressure using a
platinum Wilhelmy plate. After equilibrating for 3 h, the interfacial layer
was compressed to a target surface pressure of 13 or 23 mN/m. The
interfacial films were deposited on a freshly cleaved mica sheet (Highest
Grade V1 Mica, Ted Pella, USA) by pulling the mica sheet upwards at a
withdrawal speed of 1 mm/min. During the withdrawing of the mica
sheet, the surface pressure was maintained constant by automatic
movement of the Teflon barriers. All films were produced in duplicate
and dried for two days in a desiccator at room temperature.

2.2.5. Visualization of the interfaces with multiphoton excitation
microscopy (MPM)
In a recent study on the interfacial behavior of aqueous casein
micelle dispersions, we showed that in diffusion-based adsorption,
complete micelles do not adsorb at either the A-W or O–W interface. We
therefore centrifuged the casein micelle dispersions and performed the
visualization of the interfaces with the supernatant only. The latter
contains only serum proteins and small micellar aggregates (small
fractions of micelles). The method to obtain the supernatant is described
below.
2.2.5.1. Protein labeling and dialysis. Proteins in the casein supernatant
and whey protein solution were labelled individually with fluorescent
dyes for visualization. The casein supernatant was made from a casein
dispersion, using an ultracentrifuge (Beckman Coulter, US) at 15,000 g
for 1 h. The supernatant was collected and filtered with a syringe filter
with a pore size of 0.1 μm. The protein content of the supernatant was
tested by DUMAS (with a coefficient 6.38) and turned out to be 0.25 ±
0.01 wt%. Both the casein supernatant and whey protein solution were
further diluted to a concentration of 0.2 wt% protein. Cy5 NHS and Cy3
NHS were separately dissolved in dimethyl sulfoxide (DMSO) at a con
centration of 1 mg/mL. Twenty microliter Cy5 NHS and Cy3 NHS so
lution were added to 1 mL diluted whey protein solution and casein
supernatant, respectively. The resulting protein dispersions were
quickly vortexed for a few seconds and incubated in the dark for 5 min.
The labelled whey protein solution and casein supernatant were subse
quently dialyzed separately at room temperature in the dark, until the

2.2.8. Atomic force microscopy (AFM)
The topography of the LB-films was studied using AFM (MultiMode
8-HR, Bruker, USA). The films were analyzed in tapping mode with a
Scanayst-air model non-conductive pyramidal silicon nitride probe
(Bruker, USA). A normal spring constant of 0.40 N/m and a lateral scan
frequency of 0.977 Hz were applied for the analysis. The films were
scanned for a 2.0 × 2.0 μm2 area with a lateral resolution of 512 × 512
pixels2. To ensure good representativeness, at least two locations of each
replicate were scanned. The images were analyzed with Nanoscope
Analysis v1.5 software (Bruker, USA).
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Fig. 1. Picture and schematic of the slide used for MPM. (A) top view of the slide; (B) side view of the slide for the O–W interface; ‘W’ represents the water phase with
proteins; ‘O’ represents oil phase.

3. Results and discussion

within the range of 10–100 s. In a previous study we showed that casein
micelles do not adsorb at the interface and that small casein aggregates
are dominant at O–W interfaces (Zhou et al., 2022). We would expect
the free soluble casein proteins present in the dispersion to diffuse faster
towards and hence adsorb faster at the interface than small aggregates.
A possible explanation of the upswing in surface tension could then be
the displacement of serum monomers by aggregates, or the
self-assembling of monomers into aggregates at the interface. The
mutual displacement between β-casein and αs1-casein at the O–W
interface was reported before (Dickinson, Rolfe, & Dalgleish, 1988). In
this research it was not possible to distinguish which of the mentioned
mechanisms played a role in the observed increase in tension. For casein
and whey protein mixtures, with increasing proportion of casein, the
tension decreased to a greater extent during the first 10 s. At a very low
ratio CA:W = 0.1:1.9, the dynamic tension beyond 100 s almost
completely overlapped with that of the ratio 0.2:1.8 and even with that
of pure casein. This may imply that in these mixtures, casein, even at a
low proportion, was dominating the interfacial properties. Further evi
dence is needed to confirm this, which will be shown in later sections
(interfacial rheology, section 3.2.1, and interface visualization, section
3.2.3).
Concerning A-W interfaces, casein showed a higher surface activity.

3.1. Adsorption kinetics
The dynamic surface tension of O–W interfaces stabilized with
mixtures of casein (CA) and whey protein (W) at different ratios is
shown in Fig. 2. At a total protein concentration of 2.0 wt%, the surface
tension of all the mixtures decreased to a similar extent after 3 h. The
main differences between casein and whey protein were visible during
the first 10 s and following 10–100 s. For the pure whey protein sample,
the tension decreased quickly to 14.4 mN/m during the first 10 s. The
decrease generally slowed down thereafter. β-lactoglobulin, the main
surface active component in whey protein, is a globular protein, and was
reported to have a smaller surface tension decrease rate than casein
(Dickinson, 1997; Shimizu, 1995). Compared with whey protein, casein
decreased the tension to a greater extent to 12 mN/m during the first 10
s, which implies a faster adsorption at the initial stage of the adsorption
process. β-casein is one of the most abundant species among the casein
fractions in milk (Walstra, 1990). Because of its flexible structure,
β-casein can reorient rapidly and adsorb fast at the interfaces (Ho,
Bhandari, & Bansal, 2021). Therefore, the fast decrease in tension for
casein within the first 10 s may be ascribed to the adsorption of β-casein.
The surface tension of the pure casein sample showed a small increase

Fig. 2. Surface tension as a function of time for mixtures of casein (CA) and
whey protein (W) at different ratios at O–W interfaces. The total protein content
of each mixture was 2.0 wt%.

Fig. 3. Surface tension as a function of time for casein (CA) and whey protein
(W) at different ratios at A-W interfaces. The total protein content of each
mixture was 2.0 wt%.
4
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A higher proportion of casein in the mix led to a lower tension after 3 h
adsorption (Fig. 3). Based on the surface tension results, no significant
synergy between caseins and whey proteins was found. For the pure
casein, the upswing in surface tension we observed for O–W interfaces
after the first 10 s was also not found. In previous work we showed that
at A-W interfaces stabilized with casein dispersions, soluble casein
monomers (particularly β-casein) dominated the response (Zhou et al.,
2022). Other studies showed that β-casein preferentially adsorbs at A-W
interfaces over other caseins (Mackie, Gunning, Ridout, Wilde, & Morris,
2001; Zhang et al., 2004) and is finally dominant at the interfaces
(Anand & Damodaran, 1996). Therefore, the displacement among
different casein species may happen only to a very limited extent. For
mixed casein and whey protein samples, with increasing proportion of
casein in the mixture, the dynamic tension curve generally shifted
downwards. For A-W interfaces, the dominance of casein even at a low
proportion was also not found. At this type of interface, casein and whey
are most-likely co-adsorbing.
3.2. Interfacial rheology

Fig. 5. Elastic (E′ ) and viscous modulus (E′′ ) of O–W interfaces stabilized with
mixtures of casein (CA) and whey protein at different ratios at an oscillation
amplitude of 5%. The horizontal axis represents the concentration of CA in the
mixture. The total protein concentration was 2.0 wt%.

3.2.1. O–W interface
Dilatational oscillations were applied to the interfaces stabilized
with mixtures of casein and whey protein at different ratios to test their
mechanical properties. The Lissajous plots showing surface pressure
versus deformation for O–W interfaces are shown in Fig. 4. At a small
amplitude of 5%, all the mixture samples showed comparably shaped
Lissajous plots which were quite narrow, with limited asymmetry be
tween extension and compression. This shape of the plots indicated a
nearly linear response with a dominant elastic component. The elastic
and viscous moduli of all the samples were around 25 mN/m and 5 mN/
m, respectively (Fig. 5). The results here are different from the findings
that whey protein layers are significantly stiffer than casein layers (Erni,
2011), at small amplitude. Our rheological tests at the O–W interface
were conducted at 40 ◦ C, which may be responsible for the observed
difference. When the amplitude increased to 25%, the response of the
interfaces was clearly in the nonlinear regime, as all the Lissajous plots
were asymmetrical. For pure whey proteins, clear expansion softening
and compression hardening were found. Softening was evidenced by the
decrease of the slope of the surface pressure curve in the expansion part
of the Lissajous plots (upper part, from left to right), and hardening was
evidenced by the increase of the slope of the compression part (lower

part, from right to left). Cyclic softening and hardening are normally
associated with the (partial) disruption and recovery of interconnected
network structures formed by the proteins at the interface (Sagis et al.,
2014; Zhou, Sala, & Sagis, 2020). β-lactoglobulin is a relatively small
and highly ordered globular protein and was previously reported to
construct cohesive networks at interfaces (Rippner Blomqvist et al.,
2004; Torcello-Gómez et al., 2011), due to strong interactions among
molecules by a combination of ionic, hydrophobic and hydrogen bonds
(Dickinson, 1998). In the nonlinear regime, the Fourier transform of the
stress contains higher harmonics, and the first harmonic alone cannot
properly describe the behavior of the interface (Sagis et al., 2014). As an
alternative, to compare the elasticity of the interfaces quantitatively we
used here the tangent modulus at minimum expansion (EdEM). As shown
in Fig. 6, the interface stabilized with whey proteins had the largest
EdEM, which is in line with the formation of a strong viscoelastic network
for whey proteins, because of strong molecular interactions at the
interface. When a small amount of casein was present in the mixture

Fig. 4. Lissajous plots showing surface pressure versus deformation for O–W interfaces stabilized with mixtures of casein (CA) and whey protein (W) at different
ratios. The total protein concentration was 2.0 wt%. The frequency of the oscillation was 0.02 Hz.
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in line with what we observed in the dynamic surface tension test
(section 3.1), where we saw that casein was dominant at the O–W
interface even at a low ratio.
3.2.2. A-W interface
A-W interfaces stabilized with mixtures of casein and whey protein at
different ratios already showed differences at 5% amplitude of oscilla
tion (Fig. 7). With an increasing proportion of casein, the plots became
narrower and the slope of Lissajous plots with respect to the horizontal
axis became smaller. E′ and E′′ generally decreased with increasing
proportion of casein in the mixture (Fig. 8), which implies that at the AW interface, the interactions among casein molecules were weaker than
those among whey protein molecules. At 25% amplitude, pure whey
protein showed a very wide Lissajous plot with yielding behavior in
expansion, and pure casein showed a more gradual softening behavior.
Whey protein showed a steep increase of the stress at the beginning of
the expansion, which indicates a stiff structure formed at the interface as
Fig. 6. EdEM of O–W interfaces stabilized with mixtures of casein (CA) and
whey protein at different ratios at an oscillation amplitude of 25%. The hori
zontal axis represents the concentration of CA in the mixture. The total protein
concentration was 2.0 wt%.

(CA:W = 0.05:1.95), the expansion softening tended to be more abrupt,
and appeared to turn into expansion yielding, as the slope of the
expansion part in Lissajous plots leveled off to almost horizontal. After
yielding, the surface pressure was nearly constant, which could be
ascribed to mass transfer (diffusion) of β-caseins between the bulk and
interface, as observed for some low molecular weight surfactants
(Lucassen & Van Den Tempel, 1972; van Kempen et al., 2013).
Compared with the interface stabilized with pure whey protein, the
interface stabilized with a mixture of casein and whey at a ratio
0.05:1.95 had a lower EdEM at the interface. So, the interfacial layer
became weaker because of the presence of casein. The network formed
by β-lactoglobulin was apparently gradually disrupted by β-casein or
small aggregates as their concentration increased, which made the
structure more brittle during expansion. At ratios higher than 0.05:1.95,
the shape of Lissajous plots and elastic modulus (EdEM) at an amplitude
of 25% were quite comparable with those of pure casein. This result was

Fig. 8. Elastic (E′ ) and viscous modulus (E′′ ) of A-W interfaces stabilized with
mixtures of casein (CA) and whey protein at different ratios at an oscillation
amplitude of 5%. The total protein concentration was 2.0 wt%.

Fig. 7. Lissajous plots showing surface pressure versus deformation for A-W interfaces stabilized with mixtures of casein (CA) and whey protein (W) at different
ratios. The total protein concentration was 2.0 wt%. The frequency of the oscillation was 0.02 Hz.
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a result of strong in-plane interactions between the whey proteins. With
an increasing proportion of casein, the structure formed at the interface
became weaker, as indicated by the decreasing slope of the initial
expansion part of Lissajous plots. This could be because when casein
coexisted with whey proteins at the interface, the network formed by
β-lactoglobulin was disrupted by casein. These results are similar to the
findings of the paper of Petkov, Gurkov, Campbell, and Borwankar
(2000), where the entangled protein network constructed by β-lacto
globulin was disrupted by a more surface active surfactant, Tween 20.

As shown in Fig. 9, a densely bright protein layer (indicated by an
arrow) could be observed at O–W interfaces stabilized solely with casein
or whey protein. When a small amount of casein was present in the
mixture (CAS:W = 0.002:0.198), the signal at the interface from whey
protein became much weaker but was still distinguishable. The signal
from caseins was not detectable. If the casein and whey protein ratio
increased to 0.01:0.19, a casein layer was clearly visible, and the whey
protein signal at the interface completely disappeared. When the con
centration of casein increased further, the interfacial layer became
denser and thicker, and more casein could also be observed in the bulk
phase. The results indicated that casein preferably adsorbed at the O–W
interface and would be dominant even at a very low concentration. The
results proved the hypothesis mentioned in section 3.1 and 3.2.1. These
results diverge from the findings of the research of Dalgleish, Goff, and
Luan (2002), where whey protein was reported to displace casein at the
O–W interface. The main reason could be because these authors per
formed the displacement tests at 80 ◦ C. Considerable amounts of casein
de-adsorb from the interface to the bulk phase at a higher temperature
(Brun et al., 1999), due to a higher desorption rate of protein from the
O–W interface (Fainerman et al., 2006) and a higher solubility of casein
in bulk phase at a higher temperature (Bajpai & Sachdeva, 2000). Our
tests were performed at room temperature. Temperature is another
important factor that affects the composition of interfaces. These effects
were out of the scope of this study, but are an important topic for future
research.

3.2.3. MPM of O–W interfaces
In this experiment, meant to study the competitive adsorption of
casein and whey protein at O–W interfaces, instead of a casein disper
sion, we used its supernatant obtained by ultracentrifugation. In a pre
vious research (Zhou et al., 2022) we already convincingly proved that
micellar caseins do not adsorb at the O–W interface in diffusion-based
adsorption, and the main surface-active components, casein fraction
monomers and small aggregates thereof, dominate at the interface. So,
we assumed that results obtained for casein supernatant can be repre
sentative for the entire casein dispersion.
The proteins in this study were labelled with fluorescent dyes, and
since such dyes often have hydrophobic groups, they may affect the
interfacial behavior of the proteins. To check for this we performed
adsorption tests and dilatational rheology experiments on the labelled
samples. The results of these are shown in the Supplementary Material.
For the caseins the effect of labelling was not significant. A similar result
was also found by Li, Auty, O’Mahony, Kelly, and Brodkorb (2016). For
whey proteins, labelling lowered the surface tension by 2–3 mN/m, but
the slope of the adsorption curve remained similar. We further
compared the interfacial properties of the interfaces stabilized with the
labelled protein mixtures and non-labelled protein mixtures. The Lis
sajous plots are shown in Fig. S2 and Fig. S3. The quantification of
Lissajous plots, EdEM, is shown in Fig. S4. We can observe some differ
ences in the absolute magnitudes of the dilatational parameters, espe
cially for the pure whey protein sample. However, we still see a strong
dominance of casein in the behavior, even at low fractions of casein, just
as in the non-labelled samples. So the results we discuss below are still
representative for the structures formed by the non-labelled proteins.

3.2.4. Interfacial pressure isotherm
The surface pressure isotherms of the studied samples are shown in
Fig. 10. The isotherm curve of casein was much lower than the one of
whey protein. This could be caused by the concentration difference of
surface active species in casein dispersion and whey solution. As
mentioned before, micellar caseins will not adsorb at the interfaces, only
some monomers or small aggregates are surface active and will do so.
The proportion of the surface active species in casein dispersions only
accounts for around 16% of the total protein content, based on the data
from a previous research (Zhou et al., 2022). Consequently, although the
total protein content of the two systems was the same, the real content of
surface active proteins in the casein dispersion was much lower than the

Fig. 9. Multiphoton excitation microscopy pictures illustrating protein layers adsorbed at O–W interfaces stabilized with mixtures of casein supernatant (CAS) and
whey protein (W) at different ratios. The total protein concentration was 0.2 wt%. For each casein and whey protein mixture, the visualization of casein is shown in
the middle row, and the visualization of whey protein is shown in the bottom row.
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whey protein at A-W interfaces.
When the interfaces were further compressed to achieve a higher
pressure, 23 mN/m, the whey protein stabilized interface became much
denser, and the casein stabilized interface became more heterogenous.
Casein molecules were probably pushed together and formed some
clusters. A similar structure for casein at the A-W interface was also
observed in another study (Gunning et al., 1996). The heterogeneous
clustered structure formed after compression could explain the weaker
response of the interface stabilized with casein in the Lissajous plots
(Fig. 7). For interfaces stabilized with casein and whey protein mixtures,
no clustered structures were found. When the casein and whey protein
ratio was 1:1, the structure of the interfacial layer was comparable with
the one formed by pure whey protein, which implies that at this ratio,
although the intermolecular connections may be partially broken by
caseins, as described in section 3.2.2, whey proteins can still form
network structures at the interface. When the casein and whey protein
ratio increased to 1.5:0.5, the interface became flatter and smoother.
This could be caused by the fact that the interface was already domi
nated by caseins, and was thus more compressible.

Fig. 10. Interfacial pressure isotherms of mixtures of casein (CA) and whey
protein (W) at different ratios. The total protein content was 0.2 wt%.

4. Discussion
Our results show that in mixtures of micellar casein and whey protein
isolate, the caseins are dominantly present at the O–W and A-W inter
face, even at low casein-WPI ratios, and are dominant in the largeamplitude surface rheological behavior. Our adsorption studies were
diffusion-based, and therefore we must be careful when extrapolating
our results to foams and emulsions, where particularly in the latter,
convective transport can have a significant impact on adsorption. Our
finding that casein was dominant at the O–W interface even at a low
proportion, is however in line with the findings of some other studies
that focused specifically on emulsions rather than droplet studies like
ours (Chevallier et al., 2016; Sourdet et al., 2002). These studies did
however use casein fractions with different composition from ours. The
finding about the absence of whey proteins at the O–W interfaces could
suggest that in emulsions stabilized by mixtures of casein and whey
protein, whey proteins probably contribute little to emulsion stability.
However, adding whey protein may improve foam stability, because our
results show that at the A-W interface whey proteins can co-adsorb with
casein and form a stiffer interfacial layer with an increasing W:CA ratio.
The nonlinear rheology results obtained in our study may also pro
vide some guidance for developing formulations for emulsions, in which

ones in the whey protein solution. Upon compression, whey protein
showed the highest surface pressure, and two clear phase transitions
were observed. For the pure casein, phase transitions were much less
evident. This difference could be due to the fact that whey protein
mainly consists of globular proteins, which are more rigid than caseins.
The interfacial layer formed by casein was consequently more
compressible. For casein and whey mixtures, casein and whey proteins
may co-adsorb at the interfaces, as shown by the fact that the pressure
curves were between those of pure casein and whey protein. Also, phase
transitions could not be clearly observed in the isotherms of mixed
samples. These results support the co-adsorption statement in section
3.2.2.
3.2.5. AFM of A-W interface
The microstructure of the A-W interface stabilized with casein and
whey protein mixtures at a surface pressure of 13 mN/m and 23 mN/m
were visualized by AFM (Fig. 11). At 13 mN/m, the interface stabilized
with casein and whey mixtures with ratios 1:1 and 1.5:0.5 had a much
denser structure compared to the interface stabilized with pure whey
protein, which is again an indication of the co-adsorption of casein and

Fig. 11. AFM images of A-W interfaces stabilized with mixtures of casein (CA) and whey protein (W) at different ratios.
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vigorous stirring and aeration are applied during processing, for
example whipping cream or ice-cream. Casein and whey protein mix
tures could be advantageous in these formulations. Our results show that
at small amplitude, casein can provide similar mechanical strength to
O–W interfaces as whey protein. Therefore, under static conditions
cream made with casein is expected to be as stable against coalescence
as one made with whey protein. However, casein stabilized O–W in
terfaces yield more easily at large deformations, and the interfacial layer
becomes weaker afterwards. This is an advantage during whipping,
because a weaker interface is beneficial for partial coalescence. After
whipping, tiny and stable air bubbles are desired. Although casein can
quickly adsorb at the A-W interface, it cannot form a stiff interfacial
layer. The stability of the air bubbles can be improved by using whey
protein in the formulation. So, adding whey protein to the formulation
will not change the properties of O–W interfaces stabilized with casein,
but can improve stiffness of A-W interfaces, as whey protein can coadsorb with casein there. More emulsion and foam stability tests are
needed to confirm this.
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