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Oleosins are low molecular mass proteins that are distinguished from other proteins for their extended
central hydrophobic domain which covers almost half of its entity. For this work, they were extracted
from isolated maize germ oil bodies. The puriﬁcation steps included washing with diethylether and a
chloroform–methanol–water mixture. Their amphipathic terminal domains positioned at the organelle
surface, where they strongly interact with the surface polar phospholipids, made the application of a
third washing step with acetone essential. Although oleosins are well known for their insolubility in
water, we were able to prepare aqueous buﬀer solutions of 0.008 wt% at pH 8.0. The interfacial
behaviour of oleosins was studied, in order to predict their ability to stabilize foams. Even at low
concentrations they were capable of decreasing the interfacial tension of air–water interfaces to
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values similar to those obtained from milk protein or egg yolk apolipoproteins adsorption. Pendant
drop proﬁle analysis showed that the dilatational elastic modulus was frequency-dependent, but at
the same time the elastic to viscous modulus ratio was frequency-independent and below 0.1. The
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results indicate that oleosins might have a high potential as foam stabilizers, a fast developing and
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challenging ﬁeld.

Introduction
Plant seeds subjected to desiccation store lipids, mainly
triglycerides, in the form of distinct intracellular organelles
called oil bodies1 that serve as an energy storage place to
support periods of active metabolism such as seedling growth
during germination. One common feature of all oil bodies,
irrespective of their origin, is the presence of a mixed phospholipid–protein membrane at their surface, responsible for
maintaining oil body integrity.
Their mean diameter is between 0.1 and 3.0 mm and their
size is probably aﬀected by environmental factors and nutritional status.2 Electron microscopy analysis suggests that the
organelles consist of a central core of triglycerides surrounded
by a single layer of phospholipids having the hydrophobic
domain directed towards the oil body core and the hydrophilic
head group exposed to the cytosol.3 Depending on the plant
origin, the phospholipid content may range between approximately 0.6 and 2%. In maize germ oil bodies the phospholipid
content is about 0.9%.4 The protein concentration of an oil body
also diﬀers between diﬀerent sources and has been found to be
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in between 0.6 and 4.0%,5 with oleosin, a unique protein, being
the most abundant.
Oleosins are hydrophobic proteins with a molecular mass of
about 15 to 26 kDa,6 which completely cover the surface of the
subcellular oil bodies, together with some minor proteins,
called caleosins and steroleosins.3,7–10 The ratio between the
amount of oil and oleosin determines the size and sometimes
the shape of the oil bodies. This can be best observed in maize
germ, where due to the high oleosin-to-oil ratio the organelles
are very small and irregularly shaped.6 Oleosins adopt a unique
conformation at the oil body surface, creating a membrane in
which a large hydrophobic domain is anked by hydrophilic
domains facing the cytosol.11 The hydrophobic domain is
unique in the size of its uninterrupted hydrophobicity (72
residues) and is predicted to reside completely within the
phospholipid layer and the oil triacylglycerols.
The hydrophobic domain was originally predicted to be an
antiparallel strand with a turn mediated by the central “proline
knot” motif.2 However, recent studies on oleosins in the native
oil body environment by Fourier transform infrared spectroscopy have indicated a predominance of an a-helical structure.12
The hydrophobic domain is anked by variable lengths and
sequence N-terminal (N) and C-terminal (C) domains possess a
signicant amphipathic structure, which is expected to facilitate
association with phospholipid surfaces.13 Caleosins and steroleosins are larger in size, with a similar but smaller hydrophobic sequence and a less conserved proline knot sequence.
Oleosins, which up to now have found a number of
biotechnological applications,14,15 are predicted to behave in a
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similar manner to animal serum apolipoproteins16 and can
irreversible bind to the lipid–water interface.17 Due to their wellknown emulsication properties and the fact that they are
natural products, their use could be of great interest to the food,
cosmetic and pharmaceutical industry. Therefore, there are
already some interesting studies about the interfacial properties
of oleosin from rapeseed18 or caleosin from Arabidopsis thaliana19 combined with phospholipids.
Proteins play a very important role in emulsion stabilization,
and recently, protein-stabilized foams have attracted considerable research interest due to their unique properties and
potential technological applications.20–23 To dene whether a
protein has a potential to act as a stabilizer for foams and
emulsions, the adsorption dynamics and dilatational rheology
of the formed interfacial layers are important. There are three
major destabilizing mechanisms in foams: drainage of liquid
from Plateau borders and nods between bubbles, bubbles coalescence and bubbles disproportionation (also known as coarsening). For food foams where the liquid volume fraction is
relatively high (above 0.1), in order to yield taste and texture in
the mouth, drainage is usually the dominant destabilization
mechanism right aer the production of foams. Initial liquid
drainage in wet foams has small relevance with the bubble size
distribution in the foam.24,25 However, the long lasting performance of such wet foams is also dictated by coalescence and
disproportionation since the latter aﬀects the bubble size
distribution and, therefore, the number and size of Plateau
borders and nods in the foam.
Dynamic surface tension measurements illustrate the
adsorption kinetics of molecules to interfaces under strain, e.g.
value of diﬀusion coeﬃcients, existence of steric or electrostatic
barriers, etc. Yet, dynamic surface tension cannot provide
information on the relaxation processes occurring within the
adsorpted layer. This can be done by measurements of interfacial viscoelasticity. Interfacial dilatational and shear viscoelasticity, or quite oen the surface dilatational modulus, are found
to be associated with the macroscopic dynamics of multiphase
systems.26 During liquid drainage in foams, bubble interfaces
are primarily sheared whereas during bubble coalescence and
disproportionation interfaces are primarily dilated.
In the most general case, any disturbance of an interface
initiates both elastic and viscous eﬀects that can be described
by an interfacial dilatational modulus. In compression/expansion of an interface the interfacial dilatational modulus Ed is
dened as the change in surface tension g for a small relative
change in surface area A.27,28 In a system of two equally sized
bubbles of which one will grow and the other will dissolve due
to a Laplace pressure diﬀerence, when a bubble decreases in
size, the surface tension, g, decreases as a result of an increase
in surface load. Similarly, the bubble pressure, P, increases
when the size decreases.
Ed ¼ 

dP
dg
¼
d ln A
d ln A

(1)

Stabilization occurs if the change in bubble pressure due to a
change in radius, dDP/dR, is larger than 0. The combination
with the denition for the Gibbs elastic dilatational modulus,
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Ed, leads to the conclusion that for a completely elastic interface, the driving force for bubble stability is maintained when
the elastic dilatational modulus is larger than half the surface
tension.
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From a practical point of view it is a challenging task to nd
surface active materials which rapidly adsorb to an interface,
providing good foamability and stability against early stage
bubble coalescence and disproportionation. This interest has
led to studies on the behaviour of novel natural emulsiers, like
hydrophobins,29 saponins30 and particles.31,32
A well-known protein that has been extensively studied both
as an emulsier and as a foaming agent is b-casein.33 Its high
surface activity is ascribed to its small size (24 kDa), hydrophobicity and high exibility. Oleosin molecules originating
from maize germ are also very hydrophobic34 while their size is
even smaller than caseins. Considering the protein structure, it
could be more exible than that of casein. Therefore, it may be
useful as an emulsier or foaming agent. In the present work,
we apply equilibrium surface tensiometry and drop prole
analysis to investigate the equilibrium and dynamic properties
of oleosin at the air–water interface. In the experiments,
proteins of highest purity were used, by optimizing the oleosin
extraction from maize germ. The isolation of oleosins is based
on a protocol of oil body extraction which we followed in a
previous research study.35

Experimental section
Materials
A milling industry by-product, rich in maize germ, was used for
the aqueous extraction of oil bodies. All other chemicals were
obtained from Sigma-Aldrich Co., LLC.
Oil body extraction
The oil bodies were isolated using an aqueous extraction
method (Fig. 1).35 The intact germs were rst collected by hand
and then subjected to comminution, using a Brown mill tted
with knives, to pass through a 0.8 mm mesh sieve. The germ
our was initially soaked in deionised water (20% w/v) and the
pH was adjusted and kept constant at 9.0, using a 0.1 M NaOH
solution, while continuously agitating for 24 h with the use of a
mechanical stirrer (Kika Labortechnik, Malaysia), at 1200 rpm.
The mixture was then subjected to intensive agitation (speed set
at position 2) for 40 s, by employing a Braun Blender (Type:
4249, Germany), and the resulting dispersion was ltered
through a lter made up of three layers of cheesecloth. The
germ residue was then again extracted with deionised water at
pH 9, the two oil body dispersions containing both oil bodies
and debris were combined into one and the pooled dispersion
was subjected to centrifugation (Firlabo SV11, France) at 3800g
for 20 min to remove insoluble solids. The recovered oil body
dispersion was then mixed with an equal volume of a sucrose
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remaining organic solvent under nitrogen and then analysed
with SDS-PAGE. The same procedure was followed for the upper
methanol–water and the lower chloroform layer.
The freeze-dried material was resuspended in acetone and
aer centrifugation (5000g, 15 min), the precipitate was collected
using small amounts of water. The last step was repeated twice
and, nally, the aqueous protein suspension was freeze-dried
and the remaining powder was analysed using SDS-PAGE.
Protein analysis
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The extracted and puried material was analysed by SDS-PAGE37
using 4.5 and 12.0% v/w acrylamide solutions for the stacking
and separating gels, respectively. The oil body samples were
treated with a 0.0625 M Tris buﬀer containing 2% w/v SDS, 10%
w/v glycerol, 0.1% w/v bromophenol blue and 5% b-mercaptoethanol. Aer boiling for 2 min and the application of two
freeze–thaw cycles, the subnatant containing the protein was
recovered by centrifugation and applied onto the electrophoresis gel. Protein fractions were xated by immersing into a
12.5% w/v trichloroacetic acid solution. The gels were stained
with Coomassie brilliant blue G-250 and photographed with the
aid of a digital camera (Kodak DC3400). Determination of the
protein molar mass was performed with the aid of the Electrophoresis Programme Gel Pro.
The amount of non-aggregated protein material that was still
solubilized in the aqueous buﬀer solution aer centrifugation
at 16 000g (4  C, 30 min) was determined colorimetrically using
the Modied Lowry protein assay.38
Zeta potential measurements

Fig. 1

Diagram of the extraction and puriﬁcation steps of maize germ oleosins.

solution (pH 6.5) to obtain a nal sucrose concentration of 0.5
M and the diluted dispersion was centrifuged at 3800g. The
cream at the top was then recovered and washed once more with
the sucrose solution. Moisture, fat and protein contents were
determined according to the standard methods of AOAC.36
Oleosin extraction and purication
Oleosins were extracted from isolated oil bodies (Fig. 1). First, 5
volumes of diethylether were added to 1 volume of oil body
cream, following centrifugation at 5000g for 15 min. The
organic upper phase was discarded and the washing step was
repeated another 4 times. Then, chloroform–methanol was
added, in order to form a chloroform–methanol–water mixture
with a 4 : 2 : 1 ratio. Aer centrifugation (5000g, 15 min), the
intermediate layer of white material was collected and resuspended in chloroform–methanol–water (4 : 2 : 1) and centrifuged (5000g, 15 min). The intermediate white layer was
collected and freeze-dried, aer the evaporation of the
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The zeta potential was measured by a dynamic light scattering
apparatus (DLS Zetasizer NanoZS, Malvern Instruments Ltd,
Worcestershire, United Kingdom) which was equipped with an
autotitrator (MPT-2 Autotitrator, Malvern Instruments Ltd,
Worcestershire, United Kingdom) in order to measure zeta
potential as a function of pH. The protein samples were dissolved in a 20 mM Tris buﬀer with a pH of 8.0. Milli-Q water was
used to prepare the buﬀer.
Equilibrium surface tension measurements
Equilibrium surface tension values were determined by a
LAUDA TE2 tensiometer furnished with a Wilhelmy plate made
of Pt/Ir (90/10). The instrument was calibrated against standard
pure liquids and Millipore water. Agreement with literature
values was typically within 0.1 mN m1. Specic cleaning
procedures were performed for the plate and the experimental
vessel. Measurements were taken at approximately 4 h aer the
plate was immersed in the solution, which was a time interval
always adequate to reach a nal steady value (0.5 mN m1) at
T ¼ 25  0.1  C. Three records are acquired at all experimental
conditions and standard deviations are less than 0.3 mN m1.
Dynamic surface tension measurements
Dynamic surface tension measurements were performed with a
drop prole analysis tensiometer (PAT-1S, SINTERFACE). The
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principle of this method is to determine the instantaneous
surface tension of the studied solution from the shape of a
pendant drop. Due to the active control loop, the instrument
allows long-time experiments keeping the volume of the
measuring drop constant. In this study we used a pendant drop
(V ¼ 12 mm3) formed at the tip of a stainless capillary with a
diameter of 3 mm. The temperature of the measuring glass cell
was kept constant at T ¼ 25  0.1  C. Three repeatability checks
are made for each set of conditions. Pearson correlation coefcients among sampled curves are always above 0.93 whereas
standard deviations at equal adsorption times are less than 0.3
mN m1.
The experimental data of time-dependent interfacial tension
were analysed by tting the data to the following equation:
g(t) ¼ gN + g1et/t1 + g2et/t2

(3)

On the right hand side of the equation, gN represents the
surface tension at an equilibrium state whereas the two exponential terms correspond to the two distinct relaxation
processes. For proteins and other macromolecules it is
customary assumed that the rst exponential decay of surface
tension describes the relatively fast stage of molecules adsorption to the gas–liquid interface while the second exponential
decay describes the slower stage of molecules rearrangement at
the interface. Non-linear numerical tting of eqn (3) to experimental data was achieved by the Levenberg–Marquardt
method39,40 using MATLAB soware (MathWorks).
Dilatational viscoelasticity
Dilatational surface rheology measurements provide information on the dynamic activity of the adsorbed surface layer and
are especially sensitive to conformational transitions in
adsorption layers. For surface area variations at moderate rates
of deformation, the ability of a surfactant to relieve stress is
limited by adsorption or desorption from or to the bulk solution, and as a result, relaxation processes come into play,
leading to gradual re-equilibration of the system.
The surface dilatational modulus Ed depends on the
frequency of surface deformation and can be presented as a
complex number:
E(u) ¼ Er(u) + iEi(u)

(4)

The real part Er(u) is the storage modulus representing the
recoverable elastic energy stored in the surface (dilatational
elasticity) whereas the imaginary part Ei(u) is the loss modulus
reecting the viscous dissipation of energy through any relaxation (time-dependent) processes at or near the surface (dilatational viscosity). Although such measurements can, in
principle, be performed to characterize the instantaneous
adsorbed surface layer even at times prior to equilibration,
surface rheology properties at equilibrium are of primary
concern.
The complex surface dilatational modulus is measured by an
oscillating drop prole analysis (ODPA) technique using a
dedicated mode of the drop prole tensiometer (PAT-1S
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Sinterface). Analysis of data is carried out on the basis of a
simple rheological model (Maxwell) using just one relaxation
frequency. This approach assumes that the relaxation frequency
and the intrinsic elastic modulus of the adsorption layers are
independent of the applied oscillation frequency. The apparatus and operational procedures are described in detail elsewhere.41 As described in Section 2.7, a pendant drop is created
at the tip of a capillary by a computer driven dosing system in a
sealed glass cuvette. The soware allows controlling the surface
volume of the drop as a function of time and thus imposing
harmonic oscillations of the drop volume. The employed
volume oscillation amplitude is 5% of the initial drop volume.
The employed oscillation frequencies are 0.001, 0.005, 0.01,
0.02, 0.05, 0.1 and 0.2 Hz. Measurements are taken aer at least
20 000 s of adsorption (end of dynamic surface tension
measurements) where the adsorption layer is under quasiequilibrium conditions. Three repeatability checks are made for
each set of conditions. Standard deviations in the storage
modulus and loss modulus are less than 0.3 mN m1.

Results and discussion
Extraction of maize germ oil bodies
To remove the co-extracted, non-interfacial proteins from the
maize germ oil body aqueous dispersion,42 a sucrose solution
was added, followed by a centrifugation step.35 According to the
literature, treatment with urea was necessary to remove the
extraneous proteins from sunower oil bodies,43 but trials with
maize germ oil bodies did not have the expected results. In fact,
extensive treatment with 9.0 M urea resulted in the partial
removal of the non-interfacial proteins (data not shown). The
ratio between oil and proteins in the pure oil bodies was around
30 : 1. The interfacial protein fraction consisted mainly of
oleosin, but small amounts of caleosin and steroleosin were
present as well.35 Therefore, in order to determine the interfacial behaviour of oleosin molecules these proteins had to be
separated from the other interfacial protein fractions.
Purication and characterization of oleosins
The cream of washed oil bodies (moisture: 46.7%; crude fat:
44.9%; total protein: 1.6%, N%  5.7) was extracted with
diethylether (1 : 5) to remove the neutral lipids. Aer each
centrifugation step, the protein material formed a whitish
interfacial layer between the water and the organic solvent. This
layer probably consisted of interfacial oil body proteins, mainly
oleosins, but also others were present. The extraction and
purication of oleosins from this mixture were based on a
modication of a protocol, which was rst applied by Ferro
et al.44 According to these researchers, the hydrophobicity of
proteins determines their solubility in chloroform–methanol
mixtures. Caleosins and steroleosins are less hydrophobic than
oleosins,8,45 so mixing of the organic solvents with deionised
water at diﬀerent ratios could lead to their fractionation. The
eﬀective separating ratio between the solvents (chloroform–
methanol–water) was found to be 4 : 2 : 1. By using this
extraction ratio, caleosins and steroleosins ended up in the

This journal is ª The Royal Society of Chemistry 2012

View Article Online

Downloaded by Wageningen UR on 03 December 2012
Published on 03 December 2012 on http://pubs.rsc.org | doi:10.1039/C2SM27118D

Paper
lower organic solvent (as analysed with SDS-PAGE) and at the
interface a powder was found with a very low aﬃnity for both
organic and aqueous solvents. This was expected to be the
fraction consisted of oleosins, since these proteins did not
appear in the SDS-PAGE electropherograms of the organic and
aqueous solvents. Electrophoretic analysis of the material at the
interface with SDS-PAGE showed that besides the expected
oleosins a protein with a molecular mass below 10 kDa was also
at the interface. This fraction was of a molecular mass much
lower than that of maize germ oleosins which has been found to
be around 15–17 kDa.35,46 It is well known that when oleosins
are at the oil body interface they strongly interact with the
interfacial polar phospholipids.47 In case they were not
successfully washed during the application of the purication
steps, they might have an inuence on the protein molecular
mass of the SDS-PAGE electropherogram.48 To investigate
whether phospholipids were still attached to oleosins, a third
washing step was necessary. The freeze dried intermediate
material was washed two times with small volumes of acetone,
which can solubilize polar lipids. Aer evaporating the organic
solvent under N2, distilled water was used to recover the
remaining solid material from the vessel, which was removed in
the next step using a freeze dryer. SDS-PAGE analysis showed a
single band around 16 kDa (Fig. 2), which could be attributed to
the oleosin fraction. These results indicate that at the oil body
interface, proteins are embedded in a layer with phospholipids,
where strong electrostatic interactions between the proteins
and the polar lipids take place. In order to purify oleosins the
washing step with acetone appears to be essential.

Soft Matter
in the environmental pH on the protein charge of the oleosin
fraction is shown in Fig. 3. In the absence of phospholipids and
the other interfacial protein fractions (caleosins and steroleosins), oleosins seem to have a slightly higher positive
charge, with a pI value slightly higher than 5. This diﬀerence in
the z-potential can be attributed to the interactions between the
phospholipids and oleosins, which may be attributed to the
charge and polarity distribution within the molecules. An
oleosin molecule carries a total of about 5 positive charges. The
orientation of the oleosin molecules on the oil body interface is
such that the negative charges are exposed to the cytosolic side
of the oil body and the positive charges face the interior.2 These
positive charges interact at the surface with negatively charged
phospholipids. The negatively charged phospholipids, representing around 0.3% of the total mass, partition themselves at
the oil body interface.
For the puried oleosins, the absence of polar lipids might
have an important inuence on the intermolecular interactions
and the tertiary structure of the protein molecule. Thus, oleosin
is expected to have a diﬀerent structure in an aqueous solution
and diﬀerent arrangement in an air–water interface. Their
structure is expected to be diﬀerent from the model that was
rst suggested by Qu and Huang49 with regard to the arrangement of maize germ oleosin molecules at the oil body surface.

Oleosin solubility in aqueous environment

According to previous studies,35 the washed extraneous protein
oil bodies have an isoelectric point between 4.5 and 5.0. It would
be interesting to investigate whether this charge is only due to
the protein fractions or to the combination of the charged
phospholipids with the proteins. The inuence of the changes

Oleosin molecules have a very extensive central hydrophobic
domain with 72 residues,2 thus when they are found in a “nonfriendly” aqueous environment they probably tend to form
aggregates. According to Roux et al.50 it was not possible to
solubilize oleosins from Arabidopsis thaliana in an aqueous
solution, therefore they solubilized the protein in 8.0 M urea
and suspended the solution in sunower oil. Another research
group18 dispersed the protein molecules in the oil phase, which,
in this case, was triolein, in order to measure the interfacial
behaviour of rapeseed oleosins. The only time that a dispersion
of oleosins in an aqueous environment was reported was in
combination with anionic detergents or amphipols.51
According to the literature52 the formation of protein aggregates has a big inuence on the foaming activity, so the aim of
this research was to measure the air–water interfacial behaviour

Fig. 2 SDS-PAGE proﬁles of puriﬁed oleosin (lane 2) and molecular mass markers
(lane 1).

Fig. 3 Dependence upon pH of the z-potential of oleosin molecules originating
from maize germ.

z-Potential measurements
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of the individual puried protein molecules. Hence, an aqueous
buﬀer solution at pH 8.0 was used as a dispersant. At this pH
the z-potential was larger than 30 mV (Fig. 2) and the molecules were expected to repel each other. However, in spite of the
increased charge of the molecules, the appearance of hydrophobic interactions could again lead to protein aggregation. In
order to avoid the presence of ocs, which could inuence the
interfacial behaviour measurements, the oleosin solution was
centrifuged at high speed to separate the aggregates and the
precipitate was discarded. The concentration of the protein
molecules remaining in the aqueous buﬀer and presumably not
aggregated was determined using a photometric technique.
Following this procedure the concentration of the individual
protein molecules was found to be 0.008 wt%, and therefore the
measurements of the interfacial behaviour of oleosins were
possible only at low concentrations.
Equilibrium and dynamic surface tension
The interfacial activity of oleosins at air–water interfaces aer
equilibration for 4 hours was rst measured using a tensiometer furnished with a Wilhelmy plate. Roux et al.50 suggested
that oleosins in the absence of phospholipids are not capable of
inserting themselves at air–water interfaces but Fig. 4 demonstrates that puried maize germ oleosins were surface active
shiing surface tension to lower values. Those researchers
could have these negative results due to the method they
applied for purifying the proteins which might have led to
changes in their structure that in turn inuenced their functionality. According to the present results, oleosins are surface
active even at very low concentrations (0.002 wt%) and surface
tension decreases further when the protein concentration of the
aqueous solution is increased. The lowest values of surface
tension were observed at a protein concentration of 0.008 wt%,
but a plateau was not yet reached, which indicates that at this
concentration there were not enough molecules to cover the
surface completely. A similar decrease in surface tension values,
measured with a DuNouy platinum ring, was also observed with
calcium and sodium caseinates. As mentioned in the Introduction, oleosins are predicted to behave similarly to animal
apolipoproteins. This similarity can also be observed when
comparing the surface activity of oleosins with egg yolk.53 The

Fig. 4

Equilibrium surface tension (geq.) versus oleosin concentration (T ¼ 25  C).

Soft Matter

Paper
presence of liquid yolk yields a decrease of surface tension (or
an increase of surface pressure), which is equal to those found
for the oleosin solution.
Pendant drops of protein aqueous solutions were formed in
order to investigate the inuence of the protein bulk concentration on the dynamic surface tension at air–water interfaces
(Fig. 5). As it can be observed, the dynamic surface tension
measurements illustrate the adsorption kinetics of molecules to
interfaces, e.g. diﬀusion to sublayer, existence of steric or electrostatic barriers, limiting values for short and long adsorption
times, etc. In the examined surface age range, surface tension
decreases and gradually levels-oﬀ at nal values that vary with
bulk concentration. Levelling-oﬀ occurs faster and the nal
values are lower as protein concentration increases. However,
these nal values are higher than the equilibrium values
measured with the Wilhelmy technique at the same bulk
concentrations. Thus, equilibrium is not reached with pendant
drops even at long times. The discrepancy between the two
techniques is not uncommon and is a result of the higher ratio
of surface area-to-bulk volume for a drop geometry compared
with the same ratio for the at geometry of the Wilhelmy
technique.
Experimental data in Fig. 5a were tted fairly well by eqn (3),
as is shown in Fig. 5b, which displays an example of the besttted theoretical curve derived from eqn (3) and the experimental data points for a protein concentration of 0.002 wt%.
Table 1 shows the results of the best t of eqn (3) through the
experimental data points of all concentrations used. The table
gives the characteristic relaxation times t1 and t2, and the
residual standard error. It can be seen that both relaxation
times t1 and t2 are suﬃcient in describing surface tension decay
with time and are of the same order of magnitude. This implies
that both molecule adsorption and rearrangement at the
interface have appreciable contributions to the dynamic surface
tension. The data show that, in general, both relaxation times
(adsorption and rearrangement) decrease when the protein
content increases.
The non-monophasic process can be clearly observed by
plotting the graph with time at a logarithmic scale (Fig. 5c).
According to this graph, there exist a rst idle phase of molecules diﬀusion (I), (surface tension is essentially constant at the
solvent value as protein molecules have not yet reached the
interface) with a duration depending on the protein concentration, a second phase of adsorption (II) and a third phase of
rearrangement and equilibrium (III). The intermittent lines in
the gure divide the three phases when the protein bulk
concentration is 0.004 wt%. Fig. 5a and b show that the three
phases have diﬀerent durations between diﬀerent concentrations. Phase III is longer, when the protein concentration is
higher, a fact which maybe indicates that the molecules at the
interface are close enough and show signicant interactions
during rearrangement, increasing with concentration.
Similar adsorption kinetics were also reported for sodium
caseinates adsorption at air–water interfaces33 and for caleosins
and oleosins from Arabidopsis thaliana at air–water and oil–water
interfaces.19,50 Deleu and co-workers measured the adsorption
kinetics of oleosins from rapeseeds at triolein–aqueous
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Table 1 Relaxation times and residual standard error at diﬀerent oleosin
concentrations

C (wt%)

t1 (s)

t2 (s)

Residual standard error
(18 995 degrees of freedom)

0.002
0.004
0.006
0.007
0.008

5368
3265
4147
2385
885

8331
4812
5908
3385
3054

0.301
0.163
0.519
0.234
0.584
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reaching equilibrium in about 50 s. This rapid adsorption
was not observed for oil–water interfaces, where the interfacial tension decreased very fast during the rst 100 s, but the
equilibrium state was not reached before 3600 s.50 These
results are opposite to our ndings, where more than 500 s
are required to observe a marked change in the surface
tension (Fig. 5d) and more than 10 000 s to approach the
equilibrium state. The adsorption kinetics of our oleosin
systems at air–water interfaces was similar to that of caleosins at the same interface19 with the main diﬀerence being
that oleosins exhibit a much higher surface activity, which is
probably due to the higher hydrophobic character.
Surface elasticity and viscosity

Fig. 5 Dynamic surface tension (gd) measurements (a and d) as a function of
time (surface age) at various concentrations of oleosin, and (c) expressed using a
time logarithmic scale. I, II and III indicate the three phases of diﬀusion, adsorption
and ﬁnally rearrangement and equilibrium. (b) Comparison of the experimental
data of the dynamic surface tension when the oleosin concentration is 0.002 wt%
(>) with the theoretical curve plotted using eqn (3) (—) (T ¼ 25  C).

interfaces18 where according to the writers, in the absence of
phospholipids, the adsorption kinetics of oleosins exhibit an
almost linear behaviour. When oleosins were dispersed in
triolein, the surface tension decreased instantaneously,
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Plots of the elastic modulus, E0 , and of the loss modulus, Ed0 0 ,
versus angular frequency at diﬀerent bulk oleosin concentrations are shown in Fig. 6a. Measurements were performed using
a drop prole tensiometer. Depending on the protein concentration, the elastic modulus values ranged from 25 to 35 mN
m1 before oscillation started. These values were similar to
those obtained for b-lactoglobulin and b-casein.54 The corre00
sponding loss modulus values, Ed, of our systems were found to
be very low, namely, below 5 mN m1. Both moduli showed high
frequency dependence for all examined concentrations.
Invoking a simple rheological model with one relaxation
frequency, e.g., the Maxwell model, the aforementioned
frequency dependent behaviour is typical for a non-Newtonian
viscoelastic interface. The peak value for the elastic moduli at
0.03 s1 indicates possible structural changes in the adsorption layer around this strain rate.55 The monotonic decrease of
00
the loss modulus values, Ed, with oscillation frequency indicates
a shear-thinning or pseudoplastic behaviour.
According to the literature,56–58 an increase in the deformation rate of a drop interface has either no inuence or may lead
0
to an increase of Ed for air–water surfaces stabilized with
proteins. A decrease of the elastic moduli has only been reported when BSA was used to stabilize an oil–water interface, when
the oil viscosity was very high.59 This change of the interfacial
dilatational elasticity could indicate that there are no extensive
interactions present between the protein molecules at the
surface and under oscillations the interfacial lm collapses.
This conclusion does not, however, correspond to the behaviour
00
0
of the loss tangent (tan d dened as Ed/Ed) (Fig. 6b) that shows
values of almost always below 0.1 and exhibits a very low
00
0
frequency dependence. The low Ed/Ed ratio indicates an almost
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Fig. 7 Dilatational viscosity as a function of oscillation frequency and oleosin
concentration: (-) 0.002 wt%; (A) 0.004 wt%; (:) 0.006 wt%; (C) 0.007 wt%;
( ) 0.008 wt% (T ¼ 25  C, amplitude: 5% of the initial drop volume).

0

00

Fig. 6 (a) Interfacial dilatational elastic Ed (black symbols) and viscous Ed (white
symbols) moduli and (b) loss tangent as a function of oscillation frequency and
oleosin concentration: (- and ,) 0.002 wt%; (A and >) 0.004 wt%; (: and D)
0.006 wt%; (C and B) 0.007 wt%; ( and ) 0.008 wt% (T ¼ 25  C, amplitude:
5% of the initial drop volume).

rubbery surface for which the surface elasticity provides a much
greater contribution to the dilatational modulus than surface
viscosity. This behaviour could be ascribed to oleosins elastic
entanglement during compression and expansion of the interface where the kinetic energy is largely restored aer each
oscillation rather than dissipated by viscous molecular rearrangement. This behaviour could be attributed to the interactions between the protein molecules which are induced from
the recurring expansion–compression steps. Oleosins have a
large central hydrophobic domain, which comes into contact
with a not so hydrophobic environment (air), and as a result the
application of oscillations could lead to hydrophobic intermolecular interactions.
The interfacial dilatational viscosity versus oscillation
frequency at diﬀerent protein concentrations is shown in Fig. 7.
As expected, the interfacial dilatational viscosity decreased with
an increase in frequency. At very low frequencies the viscosity at
all concentrations was almost the same, but an increase in the
oscillation rate resulted in a higher decrease of viscosity at
higher protein concentration. These results can again be
explained by the hydrophobic interactions induced as a result of
the application of oscillation. A higher protein concentration
leads to more hydrophobic intermolecular interactions.
To exploit the surface rheological parameters in understanding the stabilization against disproportionation in foams,
the factor, 2Emax/gmax, can be used, which, according to the
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Gibbs criterion, should be larger than 1.27 It is worth
mentioning that when making predictions towards bubble
stabilization, it is assumed that deformation of the surface is
purely elastic. However, all material deformation is a combination of elastic and viscous contributions. Computer simulations showed that in order to form stable bubbles against
shrinkage, 2Emax/gmax should be higher than 5 instead of the
predicted theoretical value of 1.60 For oleosins, the values of this
ratio are between 1 and 2, which, according to the theoretical
prediction, should be enough to stabilize the systems. These
values are also found for b-lactoglobulin, which is a protein with
a well-known ability to form stable foams.61 According to the
model of Kloek et al.60 these values predict retardation of bubble
shrinkage but no complete arrest. Finally, it must also be noted
that according to this ratio b-casein should have no foamability,
since according to Blijdenstein et al.,56 2Emax/gmax is lower than
1, which is against the primary Gibbs criterion. However, foams
with caseins have shown to be stable. Therefore, the practical
implications of this theory should be taken with caution.

Conclusions
In this work we have studied the ability of oleosin, a protein
with a small molecular mass and high hydrophobicity, to
stabilize air–water interfaces. Oleosins are a unique group of
proteins with an extensive central hydrophobic domain (72
residues). In nature they exist at the surface of oil bodies,
embedded in a layer with phospholipids, structures which can
be compared with milk fat droplets. Oil bodies and subsequently oleosins can be found in almost all seeds rich in oil. The
stability of oil bodies is associated with the concentration of
oleosins, therefore it is important to gain more knowledge
about the mechanism of stabilization which could lead to future
applications.
The surface properties of puried oleosins at an equilibrium
state can be compared to the properties of milk proteins and
egg yolk apolipoproteins. Higher oscillation frequency results in
a decrease of the elastic dilatational modulus (Ed), but at the
same time the loss tangent shows very low values (<0.1) and
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remains almost constant, which probably indicates the formation of a strong elastic lm at the surface, a fact that might make
oleosins a good source for foaming agents.
The aim of this work was the understanding of the behaviour
of puried individual oleosin molecules at air–water surfaces;
therefore extensive washing steps were followed. It would be
interesting to investigate the surface properties of oleosins
before the last washing step with acetone. As mentioned before,
oleosins are present at the surface of oil bodies, where they are
embedded in a phospholipid layer and strong interactions
between the protein molecules and the polar lipids occur,
forming a complex. It might be possible that these complexes
exhibit higher surface activity, but further research would be
required.
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