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Hypothesis: Plant seeds store lipids in oleosomes, which are storage organelles with a triacylglycerol
(TAG) core surrounded by a phospholipid monolayer and proteins. Due to their membrane components,
oleosomes have an affinity for the air/oil–water interface. Therefore, it is expected that oleosomes can
stabilise interfaces, and also compete with proteins for the air–water interface. Experiments: We mixed
rapeseed oleosomes with whey protein isolate (WPI), and evaluated their air–water interfacial properties
by interfacial rheology and microstructure imaging. To understand the contribution of the oleosome com-
ponents to the interfacial properties, oleosome membrane components (phospholipids and membrane
proteins) or rapeseed lecithin (phospholipids) were also mixed with WPI. Findings: Oleosomes were
found to disrupt after adsorption, and formed TAG/phospholipid-rich regions with membrane fragments
at the interface, forming a weak and mobile interfacial layer. Mixing oleosomes with WPI resulted in an
interface with TAG/phospholipid-rich regions surrounded by whey protein clusters. Membrane compo-
nents or lecithin mixed with proteins also resulted in an interface where WPI molecules aggregated into
small WPI domains, surrounded by a continuous phase of membrane components or phospholipids. We
te; SDS-
ble wall
ndensed.
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Fig. 1. A schematic structure of the studied materials
the illustrations are not to scale.
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also observed an increase in stiffness of the interfacial layer, due to the presence of oleosome membrane
proteins at the interface.
� 2021 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Plant oilseeds, such as soybeans, rapeseeds, and sunflower
seeds, are cultivated worldwide for their oils. In plant oilseeds,
lipids are present in storage organelles, called oleosomes (OS, also
known as oil bodies or lipid droplets) [1]. OS are natural oil dro-
plets with a triacylglycerol (TAG) core that is surrounded by a
monomeric membrane layer, consisting of a phospholipid mono-
layer with anchored proteins [2–4] (Fig. 1). The diameter of OS
ranges from 0.2 to 10 mm, depending on the plant source and envi-
ronmental conditions during cultivation [2,5]. Currently, OS are
disrupted with mechanical treatments and organic solvents to
extract the TAG core for the production of plant oils for food pur-
poses. A side product from oil production are phospholipids, which
are commercially known as lecithin. Phospholipids are widely
applied as emulsifiers to stabilise oil droplets or other colloidal
structures in the food, cosmetical, and pharmaceutical industry
[6]. A new upcoming trend is the so-called minimal processing of
ingredients to decrease the environmental impact of the purifica-
tion process [7–9]. Pure phospholipids are obtained through exten-
sive refinery and thus is not environmentally friendly. In contrast,
the direct use of natural oil droplets, OS, would be much more
environmentally friendly compared to pure phospholipids.

OS has several other promising features, such as a high physical
and chemical stability against lipid oxidation and droplet coales-
cence [10–13] due to the protective protein-phospholipid mem-
brane, where surface proteins and phospholipids interact through
hydrophobic and electrostatic forces. The most abundant phospho-
lipids in plant OS membranes are phosphatidylcholine and phos-
phatidylserine [5]. Next to phospholipids, three types of
membrane proteins are found in the interface of OS, which are
oleosins, caleosins, and steroleosins, with oleosin being by far the
most abundant one [1,3]. The outer surface of the OS is hydrophilic,
due to the polar phospholipid headgroups and membrane protein
hydrophilic domains being directed outwards [4]. The overall
hydrophilicity of the OS’ surface allows an aqueous extraction from
plant material, which is often performed by soaking, and
lipid
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disruption of cell walls, followed by separation of solids from the
aqueous phase [14–16].

Many functionality studies have been performed on OS as a nat-
ural oil droplet with high chemical and physical stability
[10,11,17,18]. Another potential application could be the role of
emulsifier/surfactant, which was demonstrated by several studies
for OS from different sources. Ishii et al. showed the possibility
to stabilise emulsions by mixing soybean OS and free oil, and
showed the OS monolayer can expand, allowing the OS to take
up free oil [14]. The same was also demonstrated for sunflower
seed OS, which were disrupted upon homogenisation, and frag-
ments of membrane material formed an interfacial layer around
the oil droplets [18]. The unfolding of soybean OS at the air–water
interface was investigated byWaschatko et al.[19,20], and revealed
rupture of the OS after adsorption, which is presumably followed
by structural rearrangement of the interfacial components (phos-
pholipids, membrane proteins, and TAGs) over time. Furthermore,
Deleu et al. revealed that both phospholipids and OS proteins play
an important role in emulsion stabilisation, as phospholipids were
able to form small oil droplets and prevent flocculation due to a
high negative surface charge. Additionally, the presence of mem-
brane proteins provided oil droplet stability against coalescence
[21].

The interface stabilising properties of the OS and their mem-
brane components are not well understood yet. Therefore, we
aimed to perform an extensive characterisation of the interface
stabilising properties of OS from rapeseed, which are one of the
most cultivated oilseeds worldwide and contain about 40% (w/w)
oil [22]. To further investigate their interfacial stabilisation mech-
anisms, the OS were defatted to obtain OS membranes. Addition-
ally, we included a commercially available rapeseed phospholipid
extract (lecithin), which was derived from the OS membranes of
defatted seeds. As foods are complex multi-component systems,
other surface-active components will co-exist with OS, possibly
influencing the interfacial layer formation. An example is proteins,
a commonly used emulsifier, which could influence the interface
stabilising behaviour of OS, and vice versa [23]. As exogeneous
ed 
s (DOS)
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proteins and OS mixtures have not yet been studied, we specifi-
cally addressed this matter. The OS were mixed with a model whey
protein isolate (WPI) system, as the structural and functional (in-
terfacial) properties of these proteins are well characterized
[24,25].

In summary, we first studied the air–water interface stabilising
properties of the rapeseed phospholipids (RPL), followed by those
of a less refined system, the defatted oleosomes (DOS), and finally
of the OS. The components were mixed with WPI to assess the
interfacial properties of the mixtures. The interfacial properties
were evaluated using large amplitude oscillatory dilatational
(LAOD) and shear (LAOS) rheology. The topography of the interfa-
cial films was characterised by atomic force microscopy (AFM) on
Langmuir-Blodgett films. Our work provides valuable insights into
the interface stabilising mechanism of OS, and of OS in combina-
tion with exogenous proteins. The findings in this work allow the
further exploitation of oleosomes as a food ingredient and interface
stabiliser in multiphase food systems, such as foams and
emulsions.

1.1. Experimental section

1.1.1. Materials
Alizze rapeseeds were obtained from a European seed producer.

Rapeseed phospholipids (commercial lecithin) (Emulpur RS
Lecithin, Cargill, France), whey protein isolate (WPI) (BiPro,
Davisco Food international, France), and other chemicals (Sigma-
Aldrich, USA) were all used as received. Ultrapure water (MilliQ
Purelab Ultra, Germany) was used for all experiments.

1.2. Sample preparation

1.2.1. Oleosomes extraction
The oleosome extraction method was based on previous work

by Romero-Guzmán et al., with several adaptations [26]. Rapeseeds
were dispersed in ultrapure water at a 1:10 (w/v) ratio. The pH was
adjusted to 9.0 with 1 M NaOH and the dispersion was stirred for
4 h, while constantly adjusting the pH to 9.0. After soaking, the dis-
persion was blended for 1 min at maximum speed in a kitchen
blender (Waring Commercial, 400 W, USA). The slurry was passed
through a cheesecloth to remove the solids. The pH of the filtrate
was adjusted to 9.0 and the filtrate was centrifuged at 10,000xg
at 4 �C for 30 min. The cream layer was collected and re-
suspended in ultrapure water at a 1:5 (w/v) ratio. The dispersion
was stirred for 15 min and centrifuged at 10,000xg at 4 �C for
30 min. The washing step and centrifugation step were once more
repeated with buffer (sodium phosphate, 20 mM, pH 7.0) instead of
ultrapure water. The oleosome extract was diluted with buffer
based on dry matter content and used in experiments for a maxi-
mum of 5 days with the addition of sodium azide and storage at
4 �C.

1.2.2. Defatting of oleosomes
Oleosomes were diluted in ultrapure water in an 1:10 (w/v)

ratio, frozen using liquid nitrogen, and freeze-dried. The freeze-
dried oleosomes were defatted by adding hexane in a 1:10 (w/v)
ratio, followed by 2 h stirring at room temperature, and filtering
over filtration paper. The defatting steps were repeated three more
times. The final residue was dried overnight in a desiccator while
constantly being flushed with nitrogen gas.

1.2.3. Compositional analysis
1.2.3.1. Protein content. The protein content was determined by
measuring the nitrogen content using a Flash EA 1112 Series
Dumas (Interscience, The Netherlands). The nitrogen content was
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converted into a protein content with a conversion factor of 5.7
[27].

1.2.3.2. Lipid content. The lipid content of the oleosomes was deter-
mined by solvent (petroleum ether) extraction using a Soxhlet. The
oleosomes were dried overnight at 60 �C, followed by solvent
extraction for 6 h. The lipid content was determined by weighing
the initial sample and the lipids in the collection flasks. The mea-
surements were performed in duplicate.

1.2.4. Dissolving samples
Whey protein isolate (WPI) was dissolved at 2.5% (w/w) in buf-

fer (sodium phosphate, 20 mM, pH 7.0) for 4 h and centrifuged at
16,000xg for 30 min. The supernatant was passed through a
0.45 mm syringe filter and the filtrate was diluted based on the
dry matter content. Rapeseed phospholipids (commercial lecithin)
and defatted oleosomes were dispersed in the buffer by stirring the
sample for 2 h at room temperature, followed by high speed mix-
ing in an Ultra-Turrax (IKA, USA) at 8,000 rpm for 10 s, and
hydrated overnight at 4 �C.

1.2.5. Preparation of mixtures
For the majority of the experiments, a WPI solution with a fixed

concentration of 0.2% (w/w) was mixed with a 0.2% (w/w) oleo-
some, defatted oleosome, or rapeseed phospholipid suspension in
a 1:1 (v/v) ratio, which resulted in a final concentration of 0.1%
(w/w) of all components. The mixture was carefully stirred with
a magnetic rod on a stirrer plate for 5 min. When concentrations
deviated from this, it will be mentioned in the following sections.

1.3. Determination of droplet size distribution

The droplet size distribution of the oleosomes dispersions was
characterised by static laser light scattering using a Mastersizer
2000 equipment (Malvern Instruments, UK). The refractive indices
were 1.469 for the dispersed phase (oleosomes) and 1.330 for the
dispersant (water). Potential flocculation was assessed by diluting
the sample in a 1:1 (v/v) ratio with a 1% (w/w) sodium dodecyl sul-
phate (SDS) solution. Two independent oleosome batches were
produced, and each sample was measured three times.

1.4. Determination of adsorption behaviour and surface dilatational
properties

1.4.1. Adsorption behaviour, frequency sweeps, and step dilatation
The interfacial properties of the air–water interface, stabilised

by the various components, and their mixtures, were studied with
drop tensiometry. Time sweeps, frequency sweeps, and step-
dilatations were performed in a PAT-1 M drop tensiometer (Sinter-
face Technologies, Germany). The protein solution was injected
through a hollow needle to create a hanging droplet (area of
20 mm2) at the tip of a needle. The contour of the droplet was fitted
with the Young-Laplace equation to obtain the surface tension.
Before deformations, the droplet was equilibrated for 3 h while
monitoring the surface tension. Frequency sweeps were performed
by varying the oscillatory frequency from 0.002 to 0.1 Hz with an
amplitude of 3%. Each frequency cycle was performed with 5 sinu-
soidal oscillations followed by a rest step with the duration of a full
oscillation. Step dilatation experiments were performed by extend-
ing or compressing the area of the interface by 10% with a step
time of 2 s. All measurements were performed at least in triplicate
at 20 �C.

1.4.2. Amplitude sweeps
Amplitude sweeps of the interfacial layer were performed using

an ADT (Teclis, France), which was operated similarly to the PAT.
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Fig. 2. The volume-based size distribution of oleosomes (solid line) in buffer
(20 mM PO4, pH 7.0). SDS was added to break-up possible aggregates to obtain the
single droplet size of the oleosomes (dashed line).
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The main difference was the size of the hanging droplet (area of
15 mm2) and the type of needle (G18). After 3 h of waiting time,
the droplet was subjected to various amplitudes (3–50%) at a fre-
quency of 0.02 Hz. Each amplitude cycle was performed with 5
sinusoidal oscillations followed by a rest step of 50 s. All measure-
ments were performed at least in triplicate at 20 �C.

1.4.3. Analysis of large amplitude oscillatory dilatational experiments
The amplitude sweep data were visualised by plotting Lissajous

curves of the surface pressure (P(t) = c(t)-c0) versus deformation
((A(t)-A0)/A0). Here, c(t) and A(t) are the surface tension and area
of the deformed interface at time t, and c0 and A0 are the surface
tension and area of the non-deformed interface. Lissajous plots
were made from the middle three oscillations of each amplitude
cycle.

1.5. Determination of surface shear properties

The surface shear properties of the interfaces were determined
using a double-wall-ring (DWR) geometry coupled to an AR-G2
rheometer (TA Instruments, USA). The diamond-edged ring of the
DWR was positioned at the air–water interface of the sample in a
double-wall Teflon trough and covered with a vapour cap to limit
evaporation. The interface was pre-sheared for 5 min at a shear
rate of 10/s, and equilibrated for 3 h before a strain or frequency
sweep. The strain sweeps were performed with strains varying
from 0.01 to 100% at a frequency of 0.1 Hz, and the frequency
sweeps were performed with frequencies varying from 0.01 to
10 Hz at a strain of 1%. All experiments were performed in tripli-
cate at 20 �C. In all our studied systems, the contribution of the
subphase to the stress signal is negligible, as the Boussinesq num-
ber (ratio between surface and bulk stress) was greater than 1[28].

1.6. Preparation of Langmuir-Blodgett films

Protein/lipid-stabilised interfaces were deposited on solid sub-
strates to produce Langmuir-Blodgett (LB) films in a Langmuir
trough (KSV NIMA/Biolin Scientific Oy, Finland). Samples of pure
WPI, oleosome, rapeseed phospholipid, and defatted oleosome
contained 0.1% (w/w) material. The WPI-lipid mixtures contained
0.05% (w/w) protein (WPI), and 0.05% (w/w) lipids based on dry
matter.

The mixtures of protein with lipid had a protein content of
0.05% (w/w), and a lipid content of 0.05% (w/w). The Langmuir
trough was filled with buffer (sodium phosphate, 20 mN, pH 7.0)
and 200 mL of the sample were injected in the subphase using a syr-
inge. The samples were allowed to adsorb and equilibrate at the
interface for 3 h, while the surface pressure was monitored using
a Wilhelmy plate (platinum, perimeter 20 mm, height 10 mm).
After equilibration, the interfacial layer was compressed with bar-
riers moving at a speed of 5 mm/min to target surface pressures.
The interfacial layer was deposited on a freshly cleaved mica sheet
(Highest Grade V1 Mica, Ted Pella, USA) at a withdrawal speed of
1 mm/min. The LB films were dried in a desiccator at room temper-
ature, and all films were produced in duplicate.

1.7. Determination of interfacial microstructure by AFM

The topography of the interfacial microstructure was analysed
using atomic force microscopy (AFM, MultiMode 8-HR, Bruker,
USA). The LB films were analysed in tapping mode using a
Scanasyst-air model non-conductive pyramidal silicon nitride
probe (Bruker, USA) with a normal spring constant of 0.40 N/m
and a lateral scan frequency of 0.977 Hz was applied on all images.
The scan area was 2 � 2 mm2 and 10 � 10 mm2 with a lateral reso-
lution of 512 � 512 pixels2. The films were scanned for at least two
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locations to ensure good representativeness and the images were
analysed using Nanoscope Analysis v1.5 software (Bruker, USA).
2. Results and discussion

2.1. Physico-chemical properties of oleosomes

The aqueous extraction method yielded rapeseed oleosomes
(OS) with 88.5 ± 3.8% (w/w) lipids, 7.2 ± 0.3% protein, and the
remaining 4.3% should mainly consist of phospholipids and miner-
als. We should also keep in mind that the phospholipids might also
be partially extracted with the lipid content determination
method. The OS suspension had a broad size distribution at pH
7.0, ranging from 2 to 300 mm with a d3,2 of 7.97 ± 0.20 mm
(Fig. 2). Sodium dodecyl sulphate (SDS) was added to break up
aggregated droplets and revealed smaller droplets ranging from
0.2 to 20 mm with a d3,2 of 0.81 ± 0.02 mm. Comparable OS compo-
sition and droplet sizes were also demonstrated by Romero-
Guzmán et al. for rapeseed oleosomes extracted at a pH value of
7.0 [26] using fluorescence microscopy and light scattering tech-
niques, where the formation of large flocculates was attributed to
the low surface charges and the presence of storage proteins
[15]. To investigate the efficiency of the OS purification step and
the possible presence of rapeseed storage proteins, defatted oleo-
somes (DOS) were analysed using SDS-PAGE (Fig. 3). The thickest
band in the scan is around 16 kDa, which corresponds to the oleo-
some membrane protein oleosin [5]. The rapeseed storage protein
napin and cruciferin were previously found to form bands between
6 and 10 and 18–28 kDa, respectively [29]. As only light bands are
shown in these molecular weight regions, we do not expect the
storage proteins to play a major role in the interfacial composition
and properties.

2.2. Whey protein – rapeseed phospholipid mixtures

2.2.1. Adsorption behaviour of whey protein – rapeseed phospholipid
mixtures

First, we studied the interfacial properties of rapeseed phospho-
lipids (RPL) from a commercial lecithin, which were extracted from
the oleosome membrane as a side product of plant oil extraction.
During oil extraction, the triacylglycerol (TAG) core was extracted
using organic solvents, and the remaining membrane is often
refined by the removal of the proteins to obtain a pure phospho-
lipid extract (lecithin). The removal of protein is also reflected in
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the low protein content of 6.9 ± 1.1% (w/w). We should keep in
mind that the main phospholipid in the OS membrane, phos-
phatidylcholine, possesses a choline group, which can contribute
to the nitrogen-based protein content. Nonetheless, the protein
content gives us a rough estimation of the difference in protein
content between the RPL, DOS, and OS.

The surface activity of RPL, whey protein isolate (WPI) and a
WPI-RPL mixture at 1:1 (w/w) ratio is shown in Fig. 4. RPL had a
lag time of 2 s before the material started to increase the surface
pressure. An explanation could be the low solubility of RPL, as evi-
denced by the fact that the suspension was turbid and material
sedimented over time. Additionally, phospholipids are known to
form vesicles in water, which might diffuse slowly towards the
interface [6]. The surface pressure of RPL increased to a final sur-
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Fig. 4. Surface pressure as a function of time of interfacial films stabilised by WPI
(black square), RPL (dark red circle), and WPI-RPL mixtures (light red triangle) in
buffer (20 mM PO4, pH 7.0). The surface pressure isotherms represent an average
from at least three replicates. The standard deviation was below 5%. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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face pressure of 25 mN/m after 3 h of adsorption. Whey protein
isolate (WPI) showed an immediate surface pressure increase to
8 mN/m, followed by a constant increase to a final value of 20
mN/m. The adsorption of WPI was faster than RPL in the first
70 s, probably due to the low solubility of RPL and slow diffusion
of the vesicles. On the other hand, RPL reached higher surface pres-
sures after 70 s, as smaller phospholipids can form a more densely
packed interface [30,31]. The interfacial packing efficiency of lipid-
like structures is also determined by the chemical structure of the
aliphatic tails, as unsaturation in cis configuration decrease the
packing density [32]. The WPI-RPL mixture led to a similar surface
pressure as pure WPI in the first two s, which is similar to the lag
phase of pure RPL. Afterwards, the surface pressure increased to
slightly higher values compared to pure WPI, but ended again at
the same value as WPI after 10,800 s. This could suggest initial
adsorption of WPI at the interface, followed by RPL. As less free
interfacial area is available for RPL to adsorb on, the surface pres-
sure did not reach the value of 25 mN/m of pure RPL. To further
assess the interface stabilising mechanisms of the WPI-OS mix-
tures, we performed shear and dilatational rheology on the
interface.

2.2.2. Interfacial rheology on whey protein – rapeseed phospholipid
stabilised interfaces

The surface shear moduli of interfacial films stabilised by WPI,
RPL and WPI-RPL mixtures were measured in a strain sweep using
a double wall ring geometry coupled to a rheometer Fig. 5A. The
WPI-stabilised interface showed a linear viscoelastic (LVE) regime
up to 1% strain, where the storage (Gi’) and loss modulus (Gi”)
remained constant. The Gi’ was found to be higher than the Gi” in
the LVE, resulting in a tand of around 0.24, thus suggesting solid-
like behaviour. At larger deformations, the response entered the
non-linear viscoelastic (NLVE) regime, as the moduli started to
decline, revealing that the applied deformation affected the inter-
facial microstructure, thus resulting in softening behaviour. The
Gi” had a weak strain overshoot between 3 and 10% strain, which
is presumably related to the simultaneous breakdown and forma-
tion of new network junctions, due to the collision of clusters. This
behaviour is specified as type III nonlinear behaviour, and is com-
monly found for soft solids [33]. To summarise, the WPI-stabilised
air–water interface clearly showed the rheological behaviour of a
viscoelastic solid, as was also more elaborately demonstrated in
our previous work [24]. Surface shear experiments were also per-
formed on RPL- and WPI-RPL-stabilised interfaces but resulted in
torque values that were lower than the minimum torque limits
of the rheometer. This suggests the formation of a very weak inter-
face with limited in-plane interactions between the molecules at
the surface.

A comparable effect is present in the amplitude sweep in dilata-
tional deformations (Fig. 5B). The WPI-stabilised interface had a
surface dilatational elastic modulus (Ed’) that decreased from 84
to 20 mN/m with increasing amplitude, and this amplitude depen-
dency implies the breakdown of the interfacial microstructure
upon applied deformation. Different behaviour can be observed
for the RPL-stabilised interfaces, which had a constant Ed’ up to
20% amplitude, implying a prolonged linear viscoelastic (LVE)
regime. At higher deformations, the interfacial microstructure
was disrupted, which was reflected in a decrease in elastic modu-
lus. The WPI-RPL mixtures resulted in moduli between 18 and 25
mN/m over the whole range of deformations, which is lower than
pure WPI or RPL. The interactions at the interface were further
studied by performing frequency sweeps to evaluate the frequency
dependence and was quantified using a power-law scaling with
frequency, Ed’~xn. A value of n = 0.5 would suggest that the elastic-
ity of the interface is predominantly affected by the exchange of
stabiliser between the bulk and interface [34]. The n-values of
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WPI, RPL and WPI-RPL mixtures were found to be 0.12 ± 0.03,
0.24 ± 0.01, and 0.23 ± 0.03, respectively (Table 1). RPL had an
increased frequency dependency, which revealed a more mobile
interface compared to WPI. This would also suggest increased
transfer between bulk and interface for RPL-stabilised interfaces,
where the interfacial stabiliser is pushed into the bulk upon com-
pression of the interface, and stabiliser adsorbs upon creation of
new surface area in extension. The higher n-value for WPI-RPL
compared to WPI also indicate that RPL dominated the rheological
properties of the mixtures. The composition of the interface was
further examined using Lissajous plots and microstructure
imaging.
2.2.3. Lissajous plots and interfacial microstructure imaging
To further assess the mechanical and structural properties of

the interfacial films, we generated Lissajous plots using the interfa-
cial stress and deformation from the dilatational deformations, and
also studied the interfacial microstructure by performing atomic
force microscopy (AFM) on Langmuir-Blodgett (LB) films (Fig. 6).
Lissajous plots are proven to be a useful tool in rheology, as they
allow for a detailed study of the non-linearities in the stress
response [35,36]. The shear and dilatation moduli in Fig. 5 are
obtained from the first harmonic of the Fourier transformation of
the stress signal, which is a suitable method for measurements in
the LVE regime. When the response enters the NLVE regime, higher
harmonics are present in the stress response (only odd ones in
shear, and even and odd ones in dilatation). Higher harmonics
are completely neglected in the first harmonic moduli, but their
Table 1
An overview of the value of the power-law exponent n,
obtained from the dilatational frequency sweeps, for
pure WPI, OS, DOS, and mixture-stabilised interfaces.
The averages and standard deviations are the result of at
least three replicates.

n-value

WPI 0.12 ± 0.03
OS 0.30 ± 0.01
WPI-OS 0.18 ± 0.03
DOS 0.30 ± 0.03
WPI-DOS 0.27 ± 0.02
RPL 0.24 ± 0.01
WPI-RPL 0.23 ± 0.05
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contribution can be analysed in Lissajous plots by plotting the
interfacial stress directly versus the deformation. In earlier work,
we demonstrated that microstructure imaging of LB films con-
tributes to a better understanding of the behaviour of interfacial
layers [8,24,37].

The samples were infused in the subphase of a Langmuir trough
filled with buffer. After 3 h of waiting time (similar to the waiting
time in rheology), the diffusion-based film was compressed and
transferred to a substrate, creating an LB Blodgett film. In our pre-
vious work, a phase transition was found to occur around 21mN/m
in the (Langmuir) surface pressure isotherms of WPI [24]. Surface
pressure isotherms have been widely studied for Langmuir films
stabilised by small molecular weight surfactants [38]. For inter-
faces stabilised by the latter, the compression state of the interface
before the phase transition is called the liquid expanded (LE) state,
where molecules start increasingly interacting and reorienting to a
more densely packed layer upon increasing the degree of compres-
sion. The region after the phase transition is referred to as a liquid
condensed (LC) state [38], where the interfacial stabilisers are com-
pressed into a densely packed interfacial layer. Surface pressure
isotherms of the lipids can be observed in Figure S1 in the SI. We
produced LB films in the LE and LC state of a WPI-stabilised inter-
facial layer at surface pressures of 15 and 25 mN/m, respectively
[38].

The Lissajous plot obtained from the WPI-stabilised interfacial
film had a symmetric and narrow shape at 5% deformation
(Fig. 6A), which reveals a linear viscoelastic behaviour, where the
elastic component dominates the stress response. At higher defor-
mations, such as 50%, the interfacial structure was disrupted,
which caused the Lissajous plots to become asymmetric. The
asymmetry helps us to further understand the interfacial network
structure. If we start at the maximum compression, so at a defor-
mation of �0.50, we can observe a rapid increase in surface pres-
sure, which indicates a predominantly elastic response. Around a
deformation of �0.40, the rapid increase becomes more gradual.
This point depicts intra-cycle yielding, where the viscous contribu-
tion starts dominating, and the interfacial layer starts flowing. The
gradual decrease of the slope of the plot afterwards is called intra-
cycle strain softening (in extension). The opposite can be observed
in compression, as the surface pressure changed steeply to a higher
maximum surface pressure (-20 mN/m) compared to the one in
extension (7 mN/m). This behaviour is called intra-cycle strain
hardening, which can be attributed to concentrating the proteins
(as individual molecules, or supramolecular structures) on the



Fig. 6. (A) Lissajous plots of surface pressure as a function of the applied
deformation, obtained from amplitude sweeps of air–water interfacial films
stabilised by WPI, RPL, and WPI-RPL mixtures. For clarity, one representative plot
is shown for each sample, but comparable plots were obtained on at least three
replicates. (B) AFM images of Langmuir-Blodgett films made from RPL and WPI-RPL
mixtures. The surface pressure indicates the conditions during film sampling.
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interface upon compression. As a result, more densely clustered
regions will be formed that start jamming at such large
deformations.

The jamming of these clusters was nicely depicted in the AFM
images in Fig. 6B, as can be observed as white structures on the
WPI film at 15 mN/m (which corresponds to an expanded state).
The whey protein clusters were formed due to the segregation of
proteins at the interface, driven by attractive interactions. Segrega-
tion of proteins occurs continuously on the interface and is
reflected in the constant increase of surface pressure after the ini-
tial adsorption phase of the proteins. Such long-term processes
were found to continue even after more than 12 h of ageing of
the interface [24,39]. The long time-tail in the adsorption kinetics
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is often attributed to protein denaturation/unfolding and intra-
protein rearrangements [23,40], which seems to be unlikely, as
these long-term processes were also obtained for heat-denatured
whey proteins [24]. Therefore, other processes such as protein ori-
entational rearrangements and the earlier described segregation of
proteins at the interface are more likely to cause the long-term
processes that result in the time-tail [37]. At a higher compression
to a surface pressure of 25 mN/m (which corresponds to a higher
degree of compression), the WPI interfacial film was densely com-
pressed into a more condensed state, where more clusters can be
seen on the AFM film. Here, the clusters seemed to start interacting
and jamming, which coincides with the strain hardening in com-
pression in the Lissajous plots at 50% deformation amplitude. From
these observations, we conclude that the WPI-stabilised interfaces
behave as heterogeneous viscoelastic solids.

The Lissajous plots of the RPL-stabilised interface showed nota-
ble differences compared to WPI (Fig. 6A). The plot at 5% deforma-
tion had a symmetric and very narrow loop, which suggests an
almost fully elastic response. The plot for RPL started to display
major asymmetries at higher deformations. The plot at 50% defor-
mation had a steep elastic response in extension from �0.50 to
�0.20 deformation, followed by intra-cycle yielding around
�0.20 deformation. After yielding, a nearly constant surface pres-
sure was observed, which indicates intra-cycle strain softening in
extension. A minor degree of strain hardening in compression
can be observed, followed by strain softening between �0.20 to
�0.50 deformation. Phospholipids are known to possess a complex
phase diagram, where phase transitions can occur depending on,
for instance, the degree of compression of the interfacial layer [38].

The strain softening in compression could be attributed to three
different interfacial phenomena: 1. interfacial domains that start to
slide over each other; 2. buckling of the interface; or 3. exchange of
molecules between bulk and interface. Buckling seems improbable
to occur, as this phenomenon requires strong intramolecular inter-
actions between stabiliser molecules at the interface, which, for
instance, were earlier observed for saponin-stabilised interfaces
[41,42]. Such strong interactions were not observed for RPL in both
shear and dilatational rheology. In the surface pressure isotherms
from the Langmuir trough (Figure S1 in SI), RPL showed a phase
transition at 36 mN/m, where the slope of the surface pressure iso-
therm decreases. This point reflected the transition from a liquid
expanded (LE) to a liquid condensed (LC) phase, where the phos-
pholipid layer was densely compressed [38], and is also known
as a state where the LE and LC phase co-exist. At such high com-
pressions, some expanded regions started to form more condensed
and solid-like structures and resulted in the lower slope in the sur-
face pressure isotherm. This phase transition could explain the
strain softening behaviour in the Lissajous plots at 50% deforma-
tion, and the formed condensed/solid-like interfacial domains
could also start to slide over each other at such high compressions.
Another explanation could be the exchange of RPL between the
interface and the bulk upon compression and extension of the
interfacial area, as the RPL displayed weak in-plane interactions
at the interface. AFM images of LB films of RPL showed a flat sur-
face with larger structures (Fig. 6B) and could correspond to insol-
uble material or proteinaceous material. The AFM image remained
similar at higher compression (to a surface pressure of 25 mN/m),
which could imply that material in the flat areas are either pushed
into the bulk upon higher compressions (or pushed below the sur-
face, as AFM only analyses the topography), or started to form a
more densely compressed layer that might not be visible within
the resolution of the AFM.

Mixing WPI and RPL resulted in a Lissajous plot at 5% deforma-
tion, which is more tilted towards the horizontal axis compared to
pureWPI (Fig. 6). This is also reflected in a lower Ed’ of the WPI-RPL
mixture than pure WPI or RPL-stabilised interfaces. In the AFM
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image of the LB film at 15 mN/m, more and higher structures are
present compared to pure RPL. The structures are assumed to be
segregated domains of WPI, which could be surrounded by phos-
pholipids. The latter formed the continuous phase and dominated
the interfacial properties, and this would explain the weak inter-
faces observed in dilatational and shear rheology. Whey proteins
also seem to prevent the phospholipids from forming an interface
similar to pure RPL, as the moduli of the mixture were substan-
tially lower compared to either pure WPI or RPL. The partial dis-
placement of proteins from a surface by low molecular weight
surfactants was previously demonstrated for milk proteins and
Tween 20, a non-ionic surfactant [43,44]. In these studies, AFM
images on the interfacial microstructure also demonstrated large
surfactant-rich regions that surround domains of milk proteins,
and resulted in a decrease of surface moduli compared to pure pro-
teins. At higher compressions, the AFM image corresponding to the
film at 25 mN/m displayed disordered domains of whey proteins
that seemed to start interacting mutually. The interactions involv-
ing whey proteins at WPI at a WPI-RPL-stabilised interface can be
observed in the Lissajous plot at 50% deformation, which overlaps
with the Lissajous plot of pure WPI. At such high deformations, the
RPL is likely to be pushed out of the interface, which would allow
the whey proteins inWPI-RPL films to start jamming, thus showing
a rheological response similar to that of the film with pure WPI. A
schematic overview of a whey protein-phospholipid interface is
shown in Fig. 7. In summary, the combination of rheology and
microstructure imaging on a WPI-RPL mixed interface suggests
the formation of whey protein domains, surrounded by a continu-
ous RPL-rich phase. Here, we confirmed the ability of phospho-
lipids to impair the in-plane interactions of proteins.
2.3. Whey protein – defatted oleosome mixtures

2.3.1. Adsorption behaviour and interfacial rheology of whey protein –
defatted oleosome mixtures

The complexity of the system was increased by studying defat-
ted oleosomes (DOS), where the TAGs were removed from the OS.
The RPL is a refined extract from the DOS, and the major composi-
tional difference is the presence of membrane proteins in the DOS,
as reflected in protein content of 69.5 ± 0.3% (w/w). We also expect
a structural difference between RPL and DOS, as was previously
demonstrated for sunflower DOS, which was found to exist as
empty membrane shells of OS using scanning electron microscopy
[18]. RPL is more likely to be disrupted in the phospholipid refinery
process. However, we should be cautious with the assumptions on
the DOS structure, as the sunflower DOS were analysed in a dry
state, and these empty OS membrane shells could be disrupted
upon dissolution in a polar environment. The presence of free
segregated
whey protein
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Fig. 7. Schematic representation (top view) of interfacial layer stabilised by WPI-
RPL mixtures. Illustrations are not on-scale.
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phospholipids and membrane protein would be thermodynami-
cally unfavourable due to their amphiphilicity. Therefore, it would
be likely that these components form micelles, vesicles or protein
aggregates upon disruption. The remaining 30.5% was expected to
mainly consist of phospholipids. DOS were previously found to be
surface-active, as emulsions could be stabilised by sunflower DOS
[18]. As expected, the rapeseed DOS were also surface-active at
the air–water interface (Fig. 8A). The surface pressure induced by
DOS was lower compared to that observed with WPI in the first
3 s, and showed a steeper increase afterwards. DOS led to a surface
pressure around 31 mN/m after 3 h, which was almost twice
higher than the final surface pressure reached with WPI. Mixing
of WPI and DOS resulted in higher surface pressures than with pure
WPI or DOS in the first 500 s of adsorption. Afterwards, the surface
pressure followed the curve of pure DOS. It seems that WPI and
DOS adsorbed at the interface in the initial phase, but DOS domi-
nated the behaviour after 500 s. The exact composition of the inter-
face was further examined by rheological experiments.

The DOS-stabilised interface had an Ed’ between 19 and 20 mN/
m over the whole range of amplitudes from 2 to 50%, with n = 0.30
for the power-law dependence of modulus on frequency (Table 1),
and indicated a weaker and more mobile interface compared to
WPI. The Ed’ of WPI-DOS mixtures coincided with that measured
for pure DOS, and also had a relative high n-value of 0.27. Shear
rheology revealed that DOS and WPI-DOS-stabilised interfaces
were too weak to be measured accurately, suggesting the forma-
tion of a very weak interface with little in-plane interactions
between the molecules at the interface, comparable to the RPL-
stabilised interface. The dominating behaviour of DOS in adsorp-
tion and rheological properties of the WPI-DOS mixture could be
related to the displacement of whey proteins by DOS. The combi-
nation of Lissajous plots and microstructure imaging could help
us further assess the stabilisation mechanism of both components
at the air–water interface.

2.3.2. Lissajous plots and interfacial microstructure imaging
The Lissajous plots of DOS-stabilised films showed large differ-

ences from those of RPL; an overview of all Lissajous plots can be
found in Figure S2 in the SI. The plots of RPL- and DOS-stabilised
interfaces at 5% deformation exhibited a narrow ellipsoidal loop
(Fig. 9A). At a higher deformation of 50%, the Lissajous plot of the
DOS-stabilised films was narrower compared to that obtained for
RPL, suggesting a more elastic-dominant behaviour. The Lissajous
plot also exhibited strain softening in extension and compression
to a lesser extent than the plot of an RPL-stabilised interface.
Therefore, we expect the DOS to form a more cohesive interface
compared to RPL. AFM images of LB films based on DOS at 15
mN/m showed a rather flat surface with higher structures that
could be proteins, as DOS had a protein content of almost 70%
(Fig. 9B). The presence of membrane proteins became more obvi-
ous at a higher compression to a surface pressure of 25 mN/m,
where the microstructure became more dense and heterogeneous,
as also observed in our previous work for a more diluted WPI sys-
tem [24]. At such high compression, phospholipids could be
pushed out of the surface, which would explain the strain softening
between deformations of �0.35 and �0.50 in the Lissajous plot at
50% deformation amplitude.

A WPI-DOS-stabilised interface showed a Lissajous plot at 50%
deformation that is even more tilted towards the horizontal axis
compared to pure DOS, which indicates an even weaker interface.
On the other hand, the strain softening in compression was not
observed for WPI-DOS. The AFM image of the LB film at 15 mN/
m (Fig. 9B) showed similar segregated WPI domains as on the
WPI-RPL films (Fig. 6B). The WPI domains could be surrounded
by DOS material, such as membrane proteins and phospholipids
that dominated the interfacial properties, and this would explain



Fig. 8. (A) Surface pressure as a function of time of interfacial films stabilised by WPI (black square), DOS (dark green circle), and WPI-DOS mixtures (light green triangle) in
buffer (20 mM PO4, pH 7.0). The surface pressure isotherms represent an average from at least three replicates. The standard deviation was below 5%. (B) The surface
dilatational storage (Ed’) and loss (Ed”) moduli as a function of amplitude of the interfaces mentioned in Fig. A. Closed symbols show the storage modulus (Gi’ or Ed’) and open
symbols show the loss modulus (Gi” or Ed”). The averages and standard deviations are the result of at least three replicates. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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the weak interfaces observed in dilatational and shear rheology. A
schematic representation of a WPI-DOS mixed interface is shown
in Fig. 10. At a higher surface pressure of 25 mN/m, the AFM image
showed a similar microstructure with segregated whey protein
domains. A slight change can be observed in the continuous phase
between the domains, as more structures could be observed. The
emerging structures could suggest the presence of membrane pro-
teins in this phase, which started to segregate at higher compres-
sions, as demonstrated in the AFM images of pure DOS films at a
surface pressure of 25 mN/m. Increased segregation of membrane
proteins might be reflected in the absence of the strain softening in
compression in the Lissajous plot at 50% deformation amplitude,
while the strain softening was present in the (50% deformation)
plots of pure DOS-stabilised interfaces. Additionally, whey proteins
might contribute to the overall interaction on the WPI-DOS-
stabilised interface.

The WPI-DOS and WPI-RPL mixed interface showed the forma-
tion of segregated whey protein domains, surrounded by a contin-
uous phase of either DOS (phospholipids and membrane proteins)
or RPL (phospholipids). A major difference was the resistance
against high compression/deformation, as RPL seemed to be
pushed out of the interface, allowing whey proteins to interact,
which did not occur for DOS. The higher protein content in DOS
could have played a major role in this behaviour. The OS mem-
brane proteins are known to be strongly anchored into the mem-
brane, as membrane proteins form strong hydrophobic and
electrostatic interactions with the phospholipids in the interfacial
layer [21]. Membrane proteins could thus prevent the phospho-
lipids in a DOS-stabilised interface from being expelled into the
bulk upon (high) compression, while the expulsion of phospho-
lipids did occur in an RPL-stabilised interface, where substantially
fewer membrane proteins were present. A difference in in-plane
molecular interactions is reflected in the surface pressure iso-
therms (Figure S1 in SI): for the DOS-based films, a change from
an LE phase into an LC state without an LE-LC co-existence phase
(slope increased after transition point at 29 mN/m), was observed,
whereas the co-existence phase was present for the RPL-based film
(slope decreased after transition point at 36 mN/m). The strong
interactions between membrane proteins and phospholipids in
the DOS is likely to contribute to the transition to a more con-
densed state upon compression. RPLs also adsorbed more slowly
to the interface than whey proteins in the first 70 s. A slow adsorp-
tion behaviour would result in the presence of less RPL on the
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WPI-RPL interface, whereas more DOS might be present on the
WPI-DOS interface. The membrane proteins seem to play a major
role in the oleosome membrane by strongly interacting with phos-
pholipids and, thereby, anchoring the phospholipids onto the inter-
face. This would prevent the expulsion of phospholipids upon
deformation of the interface.
2.4. Whey protein – oleosome mixtures

2.4.1. Adsorption behaviour and interfacial rheology of whey protein –
oleosomes mixtures

Finally, we increased the complexity of the lipid components by
using non-defatted oleosomes (OS), and the surface activity of OS,
WPI and WPI-OS is shown in Fig. 11. The OS had an immediate
increase of surface pressure, starting at 12 mN/m, and remained
constant for about 10 s. Subsequently, the surface pressure
increased rapidly for 200 s, followed by a more gradual increase
to 25 mN/m after 3 h of adsorption time. Several studies already
reported a high surface activity and the ability to stabilise inter-
faces for OS [14,18,19]. Waschatko et al. used Brewster angle
microscopy to study the structure of an air–water interface sta-
bilised by soybean OS in a Langmuir trough [19,20]. In this work,
a slow initial adsorption phase of OS was observed, similar to our
findings in Langmuir trough experiments (data not shown). The
slow initial adsorption phase would explain the constant surface
pressure in the first 10 s for OS in Fig. 11, and was followed by a
rapid increase that could be related to the rupture of OS at the
air–water interface. After the oleosome rupture, phospholipids,
proteins and TAG are rearranging and forming phospholipid- and
triacylglycerol (TAG)-rich regimes. The interfacial rearrangement
phase could explain the slower increase of surface pressure after
200 s in Fig. 11. For sunflower OS, the rupture of OS was found
to depend on the size, as OS larger than 1 mm ruptured at the
oil–water interface, while oleosomes with a smaller diameter (<1
mm) remained intact [18]. The rupture of natural oil storage reser-
voir structures positioned at an air–water interface has also been
demonstrated for low-density lipoproteins (LDL) from egg yolk,
which consist of a lipid core surrounded by a phospholipid mono-
layer and membrane proteins [45,46]. The rupture of LDL and
spreading of their phospholipids and membrane proteins was
referred to as the main contributor to the emulsifying properties
of egg yolk [47], thus suggesting a similarly prominent role of oleo-
some membrane components upon rupture. Mixing WPI and OS



Fig. 9. (A) Lissajous plots of surface pressure as a function of the applied deformation, obtained from amplitude sweeps of air–water interfacial films stabilised by WPI, DOS,
and WPI-DOS mixtures. For clarity, one representative plot is shown for each sample, but comparable plots were obtained on at least three replicates. (B) AFM images of
Langmuir-Blodgett films made from DOS and WPI-DOS mixtures. The surface pressure indicates the conditions during film sampling.
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resulted in a higher surface pressure increase in the first 3,000 s
compared to pure WPI or OS, and had a final surface pressure of
24 mN/m. A higher surface pressure increase of the mixture sug-
gests the co-adsorption of whey proteins and OS at the air–water
interface. The interface stabilising mechanisms of WPI-OS mix-
tures were further assessed by performing surface rheology.

In surface shear rheology, the OS-stabilised interfaces were too
weak to be measured accurately, which suggests the formation of a
weak interface with limited in-plane interactions at the interface,
as observed for RPL and DOS. We were able to obtain reliable val-
ues for the WPI-OS-stabilised interface (see Figure S3 in SI). The
interface stabilised by theWPI-OS mixture had a modulus decrease
of almost one order of magnitude, and a higher tand in the LVE
regime (0.50–0.60) compared to pure whey protein-stabilised
interfaces (tand = 0.24). The presence of OS caused whey proteins
216
to form weaker and less solid-like interfaces, probably due to the
disruption of the whey protein lateral network by the OS adsorbed
material.

A comparable effect is present in the amplitude sweep in dilata-
tional deformations (Fig. 11B). The moduli of OS-stabilised inter-
faces remained nearly constant over the entire range of
amplitudes, and implied the formation of a weak and more stretch-
able interfacial layer. The whey protein-OS mixture-stabilised
interface showed moduli close to those obtained with the pure
OS, with an LVE regime up to 20% amplitude, followed by softening
at higher deformations. The interactions at the interface were fur-
ther studied by performing frequency sweeps, which resulted in n-
values of 0.30 ± 0.01 and 0.18 ± 0.03 for OS and WPI-OS, respec-
tively (Table 1). The moduli of OS-stabilised interfaces showed an
increased frequency dependency, which revealed a more mobile
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Fig. 10. Schematic representation (top view) of interfacial layer stabilised by WPI-
DOS mixtures. Illustrations are not on-scale.

J. Yang, L.C. Waardenburg, C.C. Berton-Carabin et al. Journal of Colloid and Interface Science 602 (2021) 207–221
interface compared to films obtained with WPI and the WPI-OS
mixture. A more mobile interface suggests increased mass transfer
between interface and bulk, as observed for DOS and RPL inter-
faces. The exact interfacial composition was further analysed using
Lissajous plots and microstructure imaging.
2.4.2. Lissajous plots and interfacial microstructure imaging
The 5% deformation Lissajous plots of the OS-stabilised inter-

face had a symmetric and narrow loop, again suggesting a domi-
nating elastic response (Fig. 12A). At 50% deformation, the shape
of the plot was still narrow, but it exhibited a slight strain softening
in compression. The strain softening occurred in the last part of the
compression cycle between�0.30 and�0.50 deformation, which is
likely to occur due to the exchange of stabiliser between bulk and
interface, as the interface has a high frequency dependence and
weak in-plane interactions. The AFM image of the OS-stabilised
film at 15 mN/m was found to be highly complex (Fig. 12B, left).
A magnified image of the surface allows us to evaluate the films
in more detail (Fig. 12B, middle). In the images, a large flat and
higher area is present (labelled as ‘a’), which could be TAG-rich
regions that were formed after rupturing of the OS at the interface.
Rupture of the OS should yield fragments of the phospholipid/oleo-
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sin membrane, which could be the structures labelled as ‘b’. Addi-
tionally, many smaller spherical structures between 50 and
200 nm are present in the film. At this point, we can only speculate
about the nature of these structures that could be small OS or
phospholipid-protein clusters. The AFM images are in agreement
with the observations that larger oleosomes would rupture at an
interface [18]. At a higher surface pressure of 25 mN/m, we observe
a much flatter surface with fewer structures. Several spherical
structures around 1 mm were present, which could be the TAG or
phospholipid-rich regime. Overall, most of the structures observed
at a surface pressure of 15 mN/m disappeared from the surface.
From these images, it seems plausible that material is pushed
out of the interface, either into the bulk or into a sub-layer (AFM
only studies the topography of the interfacial microstructure, and
cannot distinguish between these two). The rheological response
of OS-stabilised interfaces confirms this scenario since the inter-
faces were found to be weak, stretchable and the response was sig-
nificantly frequency-dependent. Based on the rheological
properties and microstructure imaging, we drew a schematic rep-
resentation of the adsorption process and structural rearrange-
ments of OS at the air–water interface in Fig. 13.

The WPI-OS mixtures led to Lissajous plots similar to OS at a 5%
deformation (Fig. 12A). Interestingly, the plots started to overlap
more with those obtained with WPI at larger deformation, and at
50% deformation, the Lissajous plot obtained with WPI-OS coin-
cided with the plot for WPI. Based on the adsorption isotherms,
both whey proteins and OS are present at the interface (Fig. 11),
and can also be observed in the AFM image at 15 mN/m that
showed a different structure than for the films made with pure
WPI or OS (Fig. 12B left). These images showed flat regions (la-
belled as ‘c’) surrounded by structures that largely resemble the
protein clusters in WPI-based films (see magnified image). The flat
regions could be phospholipid- or TAG-rich regimes, formed after
rupturing of the oleosomes. Larger structures between 0.2 and
1 mmwere also present and were presumed to be intact oleosomes.
Submicron sunflower seed oleosomes were also found to be stable
upon homogenisation and were even found to adsorb at the oil–
water interface. Oleosomes between 1 and 5 mmwere found to dis-
rupt and participate in the interfacial layer, which is probably also
occurring in our work. The exact stabilisation mechanism of the
oleosomes related to droplet size has not been studied, but we
assume that the membrane density plays a role in the oleosome
stability against rupture. Larger oleosomes could possess a less
dense membrane compared to smaller ones. A less dense mem-
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Fig. 12. (A) Lissajous plots of surface pressure as a function of the applied deformation, obtained during amplitude sweeps of air–water interfacial films stabilised by WPI, OS,
and WPI-OS mixtures. For clarity, one representative plot is shown for each sample, but comparable plots were obtained on at least three replicates. (B) AFM images of
Langmuir-Blodgett films made form WPI, OS, and WPI-OS mixtures. The surface pressure indicates the conditions during film sampling. TAG-rich regions are labelled as ‘a’.
Fragments of OS-membrane are labelled with ‘b’. Phospholipid/TAG-rich regimes are labelled with ‘c’.
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brane could result in thinner areas, where oil could leak out. Upon
leakage, the oleosome might start rupturing. These thinner areas
on the membrane can also be formed upon deformation of the dro-
plet, which is more likely to occur for larger oil droplets.

At a high surface pressure of 25 mN/m, an overall dense struc-
ture can be observed. This confirms that the clusters observed at
low deformation were whey proteins, which started to jam and
interact at a larger compression. At the same time, the OS material
(TAG or phospholipids) might be pushed out of the interface or into
a lower sublayer. Such a behaviour is confirmed by the Lissajous
plots, where at low deformations, the OS seemed to dominate
the response, and the rheological response of the WPI-OS mixture
becameWPI-dominated at higher deformations. To summarise, the
WPI-OS mixture formed a mixed interface with domains of
phospholipid/TAG-rich regimes, surrounded by whey protein
218
clusters, as shown in the schematic representation in Fig. 14. As
a result, co-adsorption of both OS and WPI would largely impair
the interactions among adsorbed proteins at the air–water inter-
face, which is also shown for mixtures of WPI and RPL or DOS.

The interface stabilising behaviour of WPI-OS and WPI-RPL
mixed films showed similarities, as the lipids were pushed out
upon compression, and whey proteins started to interact, as shown
in the rheology, especially at large deformations of 50% deforma-
tion amplitude. It seemed that more lipids were pushed out of
the WPI-OS films compared to WPI-RPL, as substantially more
whey protein clusters were present on the WPI-OS film at higher
compression. We attribute such a behaviour to the presence of
TAG-rich regions at the WPI-OS mixtures, which could be easily
pushed into the bulk or below the surface upon compression, as lit-
tle lateral interaction is expected between the TAGs. If TAGs are
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pushed into the bulk, we would expect a transition in a colloidal
state, as free lipids in a polar phase would be thermodynamically
unfavourable. Droplets of TAGs could be stabilised by excess inter-
facial stabilisers (protein or phospholipids) in the bulk. We should
also keep in mind that the membrane material (phospholipids and
proteins) was lower in OS compared to DOS or RPL due to the pres-
ence of TAGs, as all lipid extracts were standardised on dry matter.
Table 2
The b and s1 values for interfaces prepared with WPI, OS, DOS, RPL, and mixtures of
WPI-OS, WPI-DOS, WPI-RPL at 10% extension. Other variables can be found in
Table S1 in the SI. The averages and standard deviations are the result of at least three
replicates.

b s1 (s)

WPI 0.51 ± 0.05 25.9 ± 2.6
OS 0.56 ± 0.04 11.3 ± 1.5
WPI-OS 0.61 ± 0.04 14.7 ± 4.9
DOS 0.54 ± 0.10 11.3 ± 2.8
WPI-DOS 0.64 ± 0.01 18.5 ± 1.9
RPL 0.58 ± 0.04 10.7 ± 2.1
WPI-RPL 0.60 ± 0.01 11.2 ± 3.6
2.5. Step-dilatation

The interfacial films stabilised by WPI and rapeseed lipids were
further analysed by performing step-dilatations in the drop ten-
siometer by suddenly expanding the interfacial area by 10%. The
sudden expanding step resulted in a relaxation response, which
depends on the stiffness and mobility of the formed interfacial
layer. The relaxation response was fitted using equation (1), which
is a combination of a Kohlraus-William-Watts stretch exponential
and a regular exponential term. The KWW model described the
relaxation behaviour of the interface, while the second term was
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included to decouple the ageing of the interface from the relax-
ation process.

c tð Þ ¼ ae�ðt=s1Þb þ be�t=s2 þ c ð1Þ
The stretch exponent b and relaxation time s1 are reported in

Table 2. Other values are the characteristic time of the second term
s1 and fitting parameters a, b, and c, and can be found in Table S1 in
the SI.

The stretch exponent b was between 0.51 and 0.64 for all inter-
faces. A b-value below 1 suggests dynamic heterogeneity in the
relaxation response, which could be the result of local variations
in the relaxation kinetics, thus leading to a wide distribution of
relaxation times. b-values between 0.52 and 0.68 have been
observed for a wide range of protein-stabilised interfaces
[24,37,48]. The occurrence of dynamic heterogeneity was closely
related to structural heterogeneity of the interfacial microstruc-
ture, as also observed for the interfaces studied in this work.

A significant difference was observed in the relaxation times s1:
RPL-, DOS- and OS-stabilised films showed relaxation times around
11 s, whereas films made of WPI-lipid mixtures showed relaxation
times between 11.2 and 18.5 s. The whey protein-stabilised inter-
face had the highest relaxation time of 25.9 s, which was expected
as whey proteins formed stiff and solid-like interfacial layers, also
with a low frequency-dependence (n = 0.12) in dilatational defor-
mations (Table 1). The pure lipid (RPL, DOS and OS) and WPI-lipid-
stabilised interface had lower relaxation times, showing a more
mobile interfacial layer, and was also confirmed by the n-values
(0.18–0.30). The more mobile interfaces were also in line with
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the rheological responses, as the lipid-stabilised interfaces exhib-
ited predominantly elastic responses with weak in-plane interac-
tions. At a step-dilatation of 10% area deformation, the lipids also
affected the interfaces stabilised by the WPI-lipid mixtures, as
the relaxation times were lower than pure WPI. TheWPI-RPL inter-
face had a similar relaxation time around 11 s, suggesting the ear-
lier mentioned dominating rheological behaviour of RPL in WPI-
RPL mixtures at low deformation. WPI-OS-stabilised interfaces
had a slightly higher relaxation time (15 s) compared to the pure
OS-stabilised interface. The slight increase of relaxation time could
be due to the whey protein domains on the WPI-OS-stabilised
interface that contributed to a slightly increased resistance in the
relaxation response. The whey protein clusters in WPI-OS
(Fig. 12) were also more widely distributed over the interface com-
pared to those in the WPI-RPL system (Fig. 6), which were segre-
gated into domains. This would cause the whey protein clusters
in the WPI-OS-stabilised films to interact at a lower compression
than for the WPI-RPL films, which was also shown in the AFM
images, as the WPI-OS films at a high compression (25 mN/m,
Fig. 12) showed a much denser structure with more whey protein
clusters compared to the WPI-RPL system (Fig. 6). Finally, the WPI-
DOS-stabilised interfaces had a higher relaxation time of 19 s. At a
higher compression at 25 mN/m, the AFM image of WPI-DOS films
(Fig. 9) showed more segregated structures compared to pure DOS-
based films, which was also reflected in the disappearance of strain
softening in compression in the 50% deformation Lissajous plot of
the WPI-DOS-based film. This might imply that whey proteins con-
tribute to the overall interaction on the WPI-DOS-stabilised inter-
face, thereby increasing the relaxation time. In general, we
demonstrated that rapeseed lipids largely dominate the interfacial
properties of WPI-lipid mixtures.
3. Conclusion

In this work, we characterised interfacial films stabilised by
whey proteins (WPI), rapeseed lipids, and WPI-lipid mixtures.
Whey proteins formed stiff interfacial layers that behaved as vis-
coelastic solids, while rapeseed oleosomes (OS) formed weak and
stretchable interfacial layers. The adsorption and proposed inter-
face stabilisation mechanisms are shown in Fig. 13. The OS mem-
brane was found to rupture at the air–water interface, followed
by the spreading of the membrane components (phospholipids
and proteins) and the triacylglycerol (TAG) core. As a result, TAG-
and phospholipid-rich regions were formed, as shown in AFM
images of Langmuir-Blodgett films. Additionally, the smaller intact
OS seemed to be present in the films. Whey proteins and lipids
were also used concomitantly. The AFM images of films made of
WPI-OS mixtures showed a mixed interface of WPI and OS, where
regions of phospholipid or TAG from OS were surrounded by clus-
ters of whey proteins. As a result, the OS dominated the rheological
response at low deformations. At higher deformations, the lipids
were pushed out, and the WPI started to dictate the mechanical
properties of the interface.

The influence of OS membrane components was also studied by
incorporating a defatted oleosome (DOS) extract and a rapeseed
phospholipid extract (RPL). Mixtures of WPI and DOS showed a
continuous phase of phospholipids or membrane fragments, and
domains of segregated whey proteins could be observed. The con-
tinuous phase dominated the rheological response over the entire
range of tested deformations. The last included sample was rape-
seed phospholipids (RPL). At low deformations, the RPL dominated
the rheological response in WPI-RPL mixtures, as the microstruc-
ture of the interface was found to coincide with that of the
WPI-DOS system. A distinct difference was observed at higher
deformations for WPI-RPL mixtures, where whey proteins started
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to dominate the rheological response, as the protein-rich regions
started jamming and interacting, just like with the WPI-OS mix-
ture. It appeared that the presence of OS membrane proteins influ-
ences the rheological properties induced by the lipids, probably by
interactions with the phospholipids, thus increasing the resistance
against deformation. From this, we conclude that whey proteins
and rapeseed lipids form mixed interfaces. Processing of the lipids
can largely influence the composition (protein/phenol/TAG) and
the state of the lipids, and these properties determine the interface
stabilising properties of the lipid extracts.

Our work provided new insights on the interface stabilising
properties of OS and their membrane constituents, and especially
in mixture with proteins. The OS seem to possess similar interface
stabilising properties as RPL, a widely used emulsifier, and the
properties of both lipid sources in a mixture with proteins were
found to be remarkably similar. Therefore, OS could play a role
as a more sustainable alternative for phospholipids (lecithin) as
emulsifiers. Another important finding is that the oleosomes hin-
der the network formation of whey proteins, which could lead to
weaker interfacial layers. Such behaviour could impair interface
stabilising properties of proteins in macroscopic systems, such as
foams and emulsions. The weakening effect of oleosomes should
receive more attention in macroscopic systems, and also be taken
into account when designing food systems with oleosomes. Our
findings are an important step to further explore the potential of
oleosomes as sustainable ingredients and interface stabilisers in
food systems.
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