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1. Introduction

The utilization of synthetic lipid-based carriers such as emulsion,
micelle, and liposome is the most frequently employed strategy to
improve lipophilic therapeutic delivery efficiency [1,2]. Although the
lipid-based carriers successfully enhance poor bioavailability, low water
solubility, and low stability of lipophilic therapeutics [3]. Due to sus-
tainability and health concerns about the proposed carriers, the demand
for green-natural carrier/delivery systems has recently increased. To
meet the demands of society, oleosomes can be adapted as natural car-
riers [4-6].

Oleosomes are specialized organelles that store energy and carry fat-
soluble vitamins and other lipophilic molecules in eukaryotic cells [7].
Oleosomes naturally occur in plant seeds as ready-to-use lipid shuttles,
having a triacylglycerol core surrounded by a phospholipid-protein
monolayer membrane, which stabilizes the oleosomes against lipid
oxidation [8]. The stabilization is attributed to the interaction between
phospholipids and oleosin through hydrophobic and electrostatic forces.
In the membrane, phosphatidylcholine and phosphatidylserine are the
most abundant phospholipids, whereas oleosins are the main membrane
proteins [7,8]. In addition to protecting oleosomes against coalescence,
the oleosome membrane is selectively permeable for lipophilic mole-
cules, and this behavior allows the loading and carrying of lipophilic
molecules [4,6,9].

As previously shown, curcumin is a lipophilic molecule with poten-
tial therapeutic properties that can spontaneously diffuse into the
oleosome core [6 10]. It has been shown that curcumin is not exclusively
located in the core of oleosomes, but is also adsorbed at the oleosome
membrane [6]. The localization of curcumin at the oleosome membrane
can impact oleosome stability and efficiency. Therefore, the interaction
between the oleosomes membrane and loaded molecules must be well-
defined in order to design oleosomes as lipid carriers for lipophilic
molecules.

The impact of curcumin molecules on the oleosome membrane can
be studied by interfacial rheology, which gives insight into how curcu-
min affects the mechanical properties of the oleosome membrane. A few
studies have already explored the mechanical properties of oleosome
membranes, specifically focusing on the interaction of membrane pro-
teins and phospholipids using interfacial rheology [11-16]. These
studies primarily investigated oleosome behavior at oil/water or air/
water interfaces. For instance, it has been shown that the intact oleo-
somes can absorb into an air-water interface. This adsorption is then
followed by the rupture and spreading of the phospholipids and mem-
brane proteins over the air-water interface [12,15]. Further, spreading
materials at the interface leads to the formation of an interfacial film,
and the application of forces causes the deformation of the film, which
helps estimate the mechanical properties of the oleosome membrane.
Oleosomes formed a stretchable film at the air-water interface; simi-
larly, it was found that the interfacial stabilization of oleosomes is highly
related to their membrane fragments at oil-water [11,12].

In addition to the oleosome membrane, the curcumin impact on the
phospholipid membrane highly depends on the lipid composition of the
membrane. Karewicz et al. showed that curcumin had a condensing
effect on egg yolk phosphatidylcholine (EYPC) and EYPC/dihexadecyl
phosphate (DHP) monolayer membranes. Here, curcumin showed a
similar effect to cholesterols on the monolayer membrane. However, in
the case of the EYPC/DHP/cholesterol monolayer membrane, since
cholesterol has already shown a strong ordering effect on the monolayer
membrane, adding curcumin disturbs this arrangement and causes
loosening on the monolayer [17]. Sun et al. highlighted that curcumin
binding decreased the thickness of the lipid layers and reduced their
rigidity. More specifically, the addition of curcumin altered the physical
properties of the lipid layers by causing an interfacial area expansion
[18]. However, these studies focused on only phospholipid membrane
and curcumin interactions. The effect of loaded curcumin on the oleo-
some’s phospholipid-protein membrane interfacial properties is still
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unclear.

Therefore, in this study, our aim was to understand whether curcu-
min influences the mechanical properties of the oleosome membrane
and the molecular-level interactions between the membrane molecules
using surface dilatational rheology. Understanding the interactions of
lipophilic cargoes with the oleosome membrane gives further insights
into the potential of tailoring the mechanical properties of the oleosome
membrane and achieving a targeted delivery.

2. Materials and methods
2.1. Materials

Oleosomes were extracted from untreated Alizze rapeseeds. Rape-
seed oil was purchased from a local market, and curcumin (95 % purity)
was purchased from Alfa Aesar (UK). All other chemicals were of
analytical grade and were purchased from Sigma Aldrich (St Louis, MO,
USA). All solutions were prepared with ultrapure water.

2.2. Methods

2.2.1. Oleosome extraction

Oleosomes were extracted based on the procedure described in
previous work [19]. Rapeseeds were dispersed in 0.1 M NaHCO3 (pH
9.5) and kept at room temperature for 4 h under continuous magnetic
stirring (VMS-C7 WVR Advanced). The rapeseed-NaHCOj3 dispersion
was subsequently blended for 1 min at maximum speed with a blender
(Waring 8010ES blender), and then the slurry was filtered by using a
cheesecloth (GEFU®, Eslohe, Germany). The obtained filtrate was
centrifuged at 10,000g for 30 min at 4 °C (Sorvall Legend XFR, Ther-
moFisher Scientific, Waltham, MA, USA). After centrifugation, the
oleosome cream layer was collected. The cream was further purified by
dispersing and centrifuging twice with 0.1 M NaHCOs3 and MilliQ,
respectively. After the last centrifugation step, the cream layer was
collected and stored in the refrigerator (4 °C).

2.2.2. Composition analysis and electrophoresis

The moisture, oil, and protein content of the oleosome were deter-
mined. Moisture content was calculated based on dried matter. The
oleosome cream was dried at 60 °C in an oven (Memmert, Memmert
GmbH & Co.KG, Schwabach, Germany) until the weight remained
constant. Soxhlet extraction was used to determine the oil content of the
cream by extraction with petroleum ether, and the extraction was per-
formed for 8 h. The oil content after extraction was calculated by using
Eq. (1):

g of extracted oil

oil content (wt%) = 100*>———————
g of initial sample

(€8]

The protein content of the cream was determined using the Dumas
method (Rapid N exceed — N/Protein Analyzer) based on dry matter. A
nitrogen conversion factor of 5.7 was used. All samples were measured
in duplicate.

The protein profile of the oleosome was determined with SDS-PAGE
under reducing and non-reducing conditions. Oleosome (13-14 mg) was
mixed with 250 pL sample buffer (NuPAGE LDS, Thermo-Fischer,
Landsmeer, the Netherlands), 100 uL reducing agent (NuPAGE Sample
Reducing Agent, ThermoFisher, Landsmeer, the Netherlands) and 650
pL MilliQ water (reducing conditions), or 250 pL sample buffer and 750
pL MilliQ water (non-reducing conditions). The samples were centri-
fuged for 1 min at 2000 rpm (Sorvall Legend XFR, ThermoFisher Sci-
entificc, Waltham, MA, USA). The samples were then heated in an
Eppendorf Thermomixer C for 10 min at 70 °C, after which the tubes
were centrifuged again. Then, 10 uL of protein marker (PageRuler Pre-
stained Protein Ladder, 10-180 kDa, ThermoFisher, Landsmeer, the
Netherlands) and 18 uL of the sample were loaded onto the gel (NUPAGE
Novex 4-12 % Bis-Tris Gel, ThermoFisher, Landsmeer, the Netherlands).
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MES was used as a running buffer (NuPAGE MES SDS Running Buffer,
ThermoFisher, Landsmeer, the Netherlands). The gel was run for
approximately 30 min at 200 V and 160 mA. The gel was washed three
times with MilliQ water and stained (Coomassie Brilliant Blue R-250
Staining Solution, Bio-Rad Laboratories B.V., Lunteren, the Netherlands)
for one hour under gentle shaking. Subsequent de-staining was done
with a solution of 10 % ethanol and 7.5 % acetic acid in MilliQ water
overnight. Images of the gels were made with a Biorad GS900 Gels-
canner and accompanying Image Lab software. All samples were
measured in duplicate.

2.2.3. Oleosome emulsion preparation and curcumin encapsulation
Oleosome (10 wt%) was dispersed in MilliQ water at room temper-
ature by stirring for 1 h. The pH-driven method was used to produce
curcumin-loaded oleosomes using the method reported by Zheng et al.
[4] with some modifications. Along with the modification, a stock
alkaline curcumin solution (10 mg/g), was prepared by dissolving cur-
cumin into NaOH solution (0.2 M, pH 12.5) in the dark at ambient
temperature for 2 min. A known amount of stock curcumin alkaline
solution was mixed with oleosome emulsion, and then the mixture was
immediately adjusted to pH 7.0. The final emulsion contained 0.1 and 1
mg curcumin per g oleosome cream. Finally, curcumin-loaded oleosome
emulsions were stored in the refrigerator (4 °C) until further analysis.

2.2.4. Encapsulation efficiency

Curcumin-loaded oleosomes were centrifuged for 15 min at 10,000
rpm and 4 °C (Sorvall Legend XFR, ThermoFisher Scientific, Waltham,
MA, USA), after which the curcumin-loaded yellow cream was carefully
removed from the aqueous phase. The aqueous phase was mixed with
ethanol and then vortexed. Free curcumin in the aqueous phase was
analyzed by using a UV-spectrophotometer (UV1600 PC Spectropho-
tometer, VWR) at 424 nm. The encapsulation efficiency was calculated
by using Eq. (2):

Cinitial — Cunencapsulated

Encapsulation efficiency = 100* — 2
P Hiciency < Cinitial 2
Here, Cinyia and Cunencapsulaed are the concentrations of curcumin
initially added to the system and the concentration of free curcumin

[20]. All samples were measured in duplicate.

2.2.5. Microscopy

A confocal laser scanning microscope (CLSM, Leica SP8-SMD mi-
croscope, Leica Microsystems, Wetzlar, Germany) was used to visualize
the microstructure of the curcumin-loaded oleosome. The microscope
was fitted with a 63 x objective-water immersion lens, and an Argon ion
laser was used to image the samples. Curcumin was excited at 458 nm,
and the emission was captured between 470 and 500 nm. All samples
were measured in duplicate.

2.2.6. Particle size distribution

The particle size distribution of the oleosomes was determined by
laser diffraction (Better Sizer S3 Plus, China). To investigate the pres-
ence of aggregated oleosomes and determine their actual size, 1.0 wt%
sodium dodecyl sulphate (SDS) was added to the sample (1:1). The used
refractive index was 1.47 for rapeseed oil and 1.333 for water. Mea-
surements are reported as the volume mean diameter:

dys = Z nidi4/ Znidig

Here, n; is the number of droplets with a diameter of d;. All samples
were measured in triplicate.

3)

2.2.7. Interfacial dilatational rheology

The interfacial dilatational rheology was investigated using an
automatic drop tensiometer (ADT, Teclis TRACKER, France). A pendant
water droplet with a surface area of 30 mm? was created at the tip of a
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needle (straight Teflon coated G20/0.60 mm) in a cuvette filled with
stripped rapeseed oil. The water phase contained a 1 wt% oleosome
solution with 0 %, 0.01 %, or 0.1 % loaded curcumin at pH 7.0. Rape-
seed oil was stripped by mixing 2:1 with activated magnesium silicate
(Florisil) for 24 h, then centrifuged twice for 20 min at 2000 rpm and
20 °C, separating the supernatant oil each time.

The interfacial tension was monitored for 2 h at 20 °C. During this
waiting time, the droplet shape was captured with a camera, and the
droplet’s contour was fitted using the Young-Laplace equation to
calculate the surface stress. After 2 h of waiting time, oscillatory dila-
tational deformations were applied. A repetition of five oscillations in
area, with a frequency of 0.02 Hz, was performed at amplitudes from 5
% to 50 % in an increasing manner. The interface was left for a 15 min to
rest between each set of oscillations.

All measurements were measured in duplicate. The surface stress
response was used to determine surface dilatational moduli and to
construct Lissajous curves. Lissajous curves of the surface pressure (Il =
¥ —7o) versus the deformation ((A —Ao)/Ao) were plotted from the
middle three oscillations of each amplitude cycle. Here, y and y,, are the
surface tension of the deformed and non-deformed interface, and A and
Ay are the areas of the deformed and non-deformed interface.

2.2.8. General stress decomposition

A general stress decomposition (GSD) was implemented by utilizing
a MATLAB (2020b) script [21]. The middle three oscillations from every
five oscillation cycles were extracted and interpolated over a full period.
Then, we performed a Fourier transform on the interpolated signal. We
did not include the harmonics that have an intensity below 3 % of the
first harmonic to the transform as they were noise.

The GSD separates the overall stress in a contribution from the odd
harmonics and a contribution from the even harmonics of the Fourier
transform, and then further separates these two stresses in an elastic and
a viscous contribution. Here, 1, represents the elastic and 75 the viscous
contribution to the odd harmonics: 13 represents the viscous contribu-
tion and 74 the elastic contribution to the even harmonics. Several other
features of the interface were calculated by using these stress compo-
nents (TL To, T3, T4).
dr

e

To calculate the modulus at O strain <E,1M =

>, Eq. (4) was
=0

used. Here, box,; is the amplitude of the corresponding harmonic
extracted from the Fourier series and ¢ is the strain amplitude.

_ D ho(2k + 1)by,

€0

dr
Eam = —

i (€]

=0
To calculate the strain softening factor (S) of E;;, Eq. (5) was used.

Here, En, =

is the stress of 1 at maximum strain divided by the
e=*eq

strain amplitude.
ErlL - ErlM

S—
EaL

(5)

According to Eq. (6), E,4 is the secant modulus of T4 was calculated.
Here, d,,_, is the amplitude of the relevant harmonics.

n a
_ Zk:o 2d4k+2
&o

E4= (6)

To determine the dissipated energy (Ug,»2) for 75 and the total dissi-
pated energy (Ug3) for 73, Egs. (7) and (8) were used [21]. Here, E is the
first harmonic-based loss modulus and Eyy,3 is the even harmonics-loss
modulus of the 2k™ mode.

2 "
Uger = n€3E,

@)

Uy = f wa(O7(t)de = 262 ®)
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Equation (9) was used to calculate the plots’ vertical shift, with dy/ is
the Oth harmonic of the Fourier transform.

s =dbo )
3. Result and discussion
3.1. Oleosome characterization and curcumin encapsulation

The composition of the obtained rapeseed oleosome extract was
determined and found that the moisture content was approximately 29.9
+ 1.2 wt%, the oil content was 68.8 + 0.6 wt%, and the protein content
was 0.9 + 0.01 wt%. The proteins on oleosomes were also analyzed
qualitatively using SDS-PAGE and found only one band at 18 kDa,
indicating that predominantly only the oleosome proteins, oleosins,
were present [22].

The obtained oleosome extract was also analyzed for the droplet size
distribution. The obtained curve showed a narrow size distribution with
a monomodal peak, with d, 3 was 1.45 pm (Fig. S1A).

Following, curcumin at two different concentrations was loaded into
oleosomes, and loading was confirmed by CLSM (Fig. S1B and C).
Encapsulation efficiency of 0.01 wt% curcumin into 10 wt% oleosomes
(COLE-1) was found to be 100 + 0.00 %. This result also coincides with
our previous work [6]. However, we found that the encapsulation effi-
ciency of 0.1 wt% curcumin (COLE-2) was 61.57 + 0.16 %. Encapsu-
lation at both curcumin concentrations did not show an impact on
oleosome particle sizes (Fig. S1A).

3.2. Interfacial properties of oleosomes

The amphiphilic and interfacial-active curcumin molecules adsorb at
the o/w interface of oleosomes and interact with the oleosome mem-
brane [6]. Although curcumin’s encapsulation did not impact the
oleosomes size distribution, the molecular interactions between curcu-
min and membrane could still affect oleosomes stability. To gain more
insights into the effect of curcumin on the oleosome membrane, the
interfacial properties of the oleosome membrane were evaluated using a
drop tensiometer.

3.2.1. Adsorption behavior

The interfacial tension of the oleosome dispersions was determined
as a function of time to investigate the adsorption behavior of oleosomes
and curcumin-loaded oleosomes at the oil-water interface. As shown in
Fig. 1A, oleosomes immediately decreased the surface tension directly
after 1 s and decreased the interfacial tension from 30 mN/m to 19 mN/
m in 7200 s. This indicates that sufficient oleosome concentration (1 wt

40 --A

E
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2
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3
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%) is present in the droplet to decrease surface tension without a lag
phase (i.e., an initial phase where surface tension does not decrease).

First, oleosomes diffuse and adsorb at the interface, followed by
adsorption, rupture, and spreading of the membrane material [11,15].
The adsorption behavior of molecules can be summarized as diffusion
towards the interface, adsorption, and structural rearrangement [23].
During the adsorption phase, oleosomes rapidly adsorbed at the oil—
water interface after droplet formation, and the interfacial tension dis-
played a decline. However, due to their hydrophilic exterior, oleosomes
are unlikely to act as surfactants between oil and water. Oleosomes
(OLE) must have diffused randomly in the water phase, occasionally
approaching the interface within a very small distance [24-26]. In close
proximity to the interface, the oleosome could have deformed, followed
by rupture of the thin water film between the external oil phase and the
oil phase of the oleosome, and as a result, membrane molecules spread
onto the interface [12,27].

In the case of curcumin-loaded oleosomes (COLEs), COLE-1
(included 0.01 wt% curcumin) reduced the interfacial tension from
29 mN/m to 19 mN/m, and COLE-2 (included 0.1 wt% curcumin)
reduced the interfacial tension from 30 mN/m to 18 mN/m in 7200 s
(Fig. 1A). Although the final interfacial tension values of curcumin-
loaded oleosomes were not significantly different from oleosomes.
Here, different absorption kinetics were observed in the initial stages.
For COLE-1, curcumin and oleosomes showed a mutual effect on Kki-
netics, and COLE-1 acted more surface active than oleosomes. For COLE-
2, a similar kinetic pattern was expected; however, COLE-2 showed less
surface activity than COLE-1. To understand why COLE-2 showed
different behavior than COLE-1, the membrane’s mechanical properties
must be investigated.

Further, the surface activity of 0.01 wt% curcumin was measured to
understand the impact of non-encapsulated curcumin on the interface.
The non-encapsulated curcumin decreased the interfacial tension from
30 mN/m to 20 mN/m in 7200 s. Curcumin shows slight surface activity
but does not reach the surface tension values of the COLE-1. Based on
this, we assume the curcumin is mostly introduced by the rupture of
oleosomes at the oil-water interface, especially as 100wt% of the cur-
cumin was encapsulated for the COLE-1. For the COLE-2, lower surface
tension was obtained due to higher curcumin concentrations in the
oleosome.

3.2.2. Dilatational interfacial rheology

After 2 h of waiting time, an interfacial layer was formed by the
oleosomes or curcumin-loaded oleosomes, and interfacial dilatational
deformations were applied to understand the impact of curcumin on the
mechanical properties of the oleosome membrane. Amplitude sweeps

30 B

60

Deformation (%)

Fig. 1. (A) Dynamic interfacial tension of oleosome (OLE, black o), curcumin-loaded oleosome (COLE-1, orange A and COLE-2, red []) emulsions at 1 wt% oleosome
concentration (pH 7.0, 20 °C), and curcumin (yellow ), 0.1 wt%) (B) Dilatational elastic modulus (E4 filled symbol) and viscous modulus (Eé: hollow symbol) over
deformation amplitude of OLE (o), COLE (A) and COLE-2 ([]) at a constant frequency of 0.02 Hz. This figure shows the average and standard deviation of duplicate
measurements. Both panels show the average of duplicate measurements, including the standard deviations. (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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were performed, where the amplitude of deformation was gradually
increased, and the obtained surface dilatational elastic (E;) and viscous
(E&) moduli of oleosome and curcumin-loaded oleosome stabilized
interfacial films are shown in Fig. 1B.

The pure oleosomes (in the absence of curcumin) showed decreasing
moduli from 17 mN/m at 5 % deformation to 11 mN/m at 50 %
deformation. These are low moduli values compared to, for instance,
dairy proteins with values up to 60 mN/m [28], which are able to form
stiff solid-like interfacial layers. So, the oleosomes formed substantially
weaker interfacial layers compared to proteins, as previously also
observed in [11]. A slight amplitude dependence is present, which could
be due to network disruptions or changes in surface density upon
expansion and compression.

The COLE-1 showed decreasing moduli from 24 mN/m at 5%
deformation to 16 mN/m at 15% deformation, then stayed almost
constant. While the COLE-2 had markedly different E; values, which
increased at higher deformations from 17 mN/m at 5% deformation up
to 22 mN/m at 30 % deformation. At even higher deformations of 40 and
50%, the moduli started to decline to 19 mN/m. Also, the E; of COLE-1
and COLE-2 were higher than OLE at deformations above 15%. In

-0.40 -0.20 0.00 0.20 0.40

Deformation (-)

50%

Deformation (-)

-0.60 -0.30 0.00 0.30 0.60
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general, the E; was higher compared to the E; modulus in all samples,
indicating that OLE and COLEs formed films that behave predominantly
elastic in the studied range of deformations. The increase of E;; for COLE-
2 was unexpected, as one usually obtains a constant E,; for very
stretchable interfaces or a decreasing E; where the interfacial micro-
structure is disrupted progressively. If curcumin is present between the
phospholipids, we might expect an active role here during compression.
Prior to further discussing the potential mechanism, we will first discuss
the nonlinear contributions to the stress response.

Nonlinear contributions in the surface stress signal are present when
deformations are performed in the nonlinear viscoelastic regime
(NLVE), which is the case for our systems. The E; values are calculated
based on the intensity and phase of the first harmonic of the Fourier
spectrum, without considering the nonlinearities quantified by the
higher harmonics. These nonlinear contributions can be qualitatively
analyzed by plotting the raw signals of the surface pressure as a function
of deformation in Lissajous plots. For an extensive explanation, we refer
to previously published articles [29,30].

Fig. 2 shows the Lissajous plots of interfacial films stabilized by
oleosomes in the absence (OLE) and in the presence of curcumin (COLE-
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Fig. 2. Lissajous plots of interfacial films stabilized by oleosomes (A, D, G plots, black), 0.01 wt% curcumin-loaded oleosomes (B, E, H plots, orange) and 0.1 wt%
curcumin-loaded oleosomes (C, F, I plots, red) at 10, 30 and 50% dilatational deformation and oscillation frequency at 0.02 Hz. (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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1 and COLE-2). The Lissajous plots of OLE, COLE-1, and COLE-2 were
different at 10, 30, and 50 % amplitude. The Lissajous plots move
clockwise, and the loop indicates the cyclic extension and the
compression of the interface. The extension takes place in the upper part
of the loop, and the compression follows on the bottom side of the loop.
The rheological responses are characterized by the width of the loop,
where a straight line indicates an elastic response, a circle indicates a
viscous response, and an ellipse demonstrates a viscoelastic response.

At 10% amplitude, oleosomes at the interface showed a symmetric
narrow loop, suggesting an almost fully elastic response (Fig. 2A). At 30
and 50% amplitude, OLE presented non-linear viscoelastic behavior. At
30% amplitude, the shape of the plot was getting wider and exhibited a
slight strain softening in the expansion (Fig. 2D). This is evident from the
initially steep increase in surface pressure at the start of expansion
(lower left corner), followed by a gradual decrease in the slope of the
curve, towards maximum expansion (upper right corner). At 50 %
amplitude, the interfacial film showed more significant strain-softening
behavior during expansion as the slope of the curve levelled off to near
horizontal (Fig. 2G). In the compression cycle (bottom part), the
oleosome-stabilized interface started to show a slight strain softening at
the end of the compression cycle for 30 % deformation. The strain
softening in compression could be the result of the expulsion of the
material into the bulk upon compression, indicating weak interactions
between the adsorbed interfacial stabilizers.

On the other hand, at 10% amplitude, oleosomes in the presence of
curcumin (Fig. 2B, COLE-1, 0.01 wt%) at the interface showed a narrow
ellipse shape, which was slightly wider than the plot belonging to OLE
(Fig. 2A). At 30 and 50 % amplitude (Fig. 2E-H), the surface pressure
reached much more negative values in compression compared to pure
OLE films. This means that the interfacial film showed much more
extensive strain-hardening behavior during compression. This would
already suggest stronger in-plane interactions between adsorbed mole-
cules in the presence of curcumin.

Oleosomes loaded with higher concentrations of curcumin (COLE-2,
0.1 wt%) showed different behavior, particularly at 30 and 50 %
amplitude (Fig. 2F-I), at the end of the compression and start of the
extension cycle. There is a cross-over at 30 % deformation (see insert)
for COLE-2 (Fig. 2F). Such crossovers were previously seen for Lissajous
plots of dilatational rheology on saponin escin-stabilized interfaces [31].
The cross-over is the result of a levelling off in the compression cycle. As
a result, the leveling off causes the compression cycle to end above the
extension cycle, causing a secondary loop. For escin-stabilized in-
terfaces, this behavior was attributed to the formation of very dense
layers that start to buckle and form multilayers during compression.
These multilayers are then stretched in the extension cycle. This
behavior suggested that escin had extremely strong in-plane interaction
and formed a stiff glass-like solid layer [31]. As we observe similar (but
milder) behavior here for COLE-2, the high concentration of curcumin at
the interface might have a similar effect.

It is clear that a highly complex behavior arises when analyzing the
Lissajous plots of these interfaces. This response could originate from
either network interactions or surface density changes, and these two
phenomena cannot be differentiated from the overall Lissajous plots in
Fig. 2. Therefore, a recently developed method called the ‘general stress
decomposition” (GSD) was used to separate the two types of contribu-
tions [21]. In the GSD, the shape changes can be analyzed in more detail
by decomposition of the surface stress into its four basic components 71,
79, 73, and 74, based on the odd and even Fourier harmonics of the surface
stress signal. In previous work, the generation of odd harmonics in the
surface stress was related to network interactions, while the even har-
monics resulted from surface density changes. Both contributions can be
further separated into elastic and viscous components. For the odd
harmonics, the elastic and viscous components are called 7; and 7o,
respectively, whereas the elastic and viscous contribution of the even
harmonics are 74 and 73, respectively. The GSD approach was previously
used for protein-stabilized interfaces from asparagus [32] and rapeseed.
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The four components obtained from the GSD analysis are shown in
Fig. 3 for OLE, COLE-1 and COLE-2 at 50 % deformation, which are
shown in 4 panels: 1) The full signal (77 4+ 73 + 73 + 74) is shown in the
first row (panel A-C), 2) the combined signals of the odd harmonics (71
+ 75) and the elastic component (z7) are shown in the second row (panel
D-F), 3) the combined signals of the even harmonics (z3 + 74) and the
elastic component (z4) (panel G-I), 4) the individual components of the
even harmonics, 73 + 74 (panel J-L).

For Fig. 3D-E, a narrow ellipsoidal plot for OLE and COLE-1 in the
odd harmonics (r; + 72) was observed, indicating a predominantly
elastic behavior without significant network breakdown. COLE-2
(Fig. 3F) has a sigmoidal shape, which in bulk shear rheology is typi-
cally associated with softening behavior and could indicate alteration of
the interfacial microstructure. In addition, the slopes of the 7; around
zero strain are higher for this ample, which confirms this sample forms a
stiffer interfacial network.

The even harmonics show a large signal for 73 and 74, thus indicating
a major contribution of the even harmonics to the overall signal
(Fig. 3A-C), which is also the main reason for the asymmetric shape of
the curve for the total stress. From these plots, we conclude that both
network interactions and surface density changes play an important role
in all three interfacial films. Conclusions on the three interfaces are
difficult to draw, based on the Lissajous plots in Fig. 3 only. Therefore,
the plots were further quantified over the whole amplitude sweep with
the parameters defined in Egs. (4) through (9), and the results are shown
in Fig. 4.

From the odd harmonics, we obtained the elastic modulus E;1y from
the slope of 7; at zero strain (Fig. 4A), and Ug., the viscous energy
dissipation obtained from the area of 7, (Fig. 4B). The stiffening factor
(S-factor) was obtained from 77 and is shown in Fig. 4F. The even har-
monics yield the elastic modulus E;4 by determining the secant modulus
of 74 at maximum strain (Fig. 4C), the viscous energy dissipation Ug.3
from the enclosed area of the loop of 73 (Fig. 4D), and the vertical shift yg
(Fig. 4E). The latter is determined from the baseline shift of z4.

The OLE-stabilized interface shows a decrease of the E;1y (Fig. 4A)
and increasing U4 (Fig. 4B) upon increasing amplitudes. The decrease
of the modulus and increase in energy dissipation is an indication of the
structural breakdown of the OLE-stabilized interface. In addition, there
is also a strong contribution from the even harmonics, as the E;4 de-
creases to more negative values (Fig. 4C) and Uyg.3 increases (Fig. 4D).
The GSD analysis shows here for OLE a decrease of network interactions
at higher deformation, while surface density changes started to play a
more significant role. Such behavior was previously shown for air-water
and oil-water interfaces stabilized by oleosomes [11,16], where the
interfaces showed structural breakdown first, and then showed a strain
softening at the end of the compression cycle at higher deformation. In
the OLE sample studied here, the softening in compression is not very
evident, as E;jy and E.4 are decreasing smoothly with increasing
amplitude.

The COLE-1 showed a different behavior, as E;jy (Fig. 4A) was
almost constant over the whole deformation range, thus giving higher
moduli than OLE at higher strains. In addition, much more negative E;4
values (Fig. 4C) and a more significant negative shift of ys (Fig. 4E) were
observed compared to OLE. The higher curcumin content in COLE-2
changed the behavior even more significantly. For COLE-2, the E;1y
increased from 17 mN/m to 31 mN/m over the whole amplitude range
(Fig. 4A), and the U4y was substantially lower than OLE and COLE-1
(Fig. 4B). An even more interesting behavior is observed in the even
harmonics, where the E;4 of COLE-2 showed a decrease from 0 to —6
mN/m when increasing the deformation from 5 to 30 %, and then it
increases back to —1 mN/m when further increasing the deformation to
50 % (Fig. 4C). The COLE-2 also has even lower ys than COLE-1 and
started to show a very negative S-factor at deformations >30 %, sug-
gesting major strain softening (Fig. 4F).

The higher E;jy modulus for COLE-2 suggests stronger network in-
teractions at higher deformations, while the opposite is shown for OLE
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Fig. 3. The decomposed Lissajous plots of oleosomes (OLE), 0.01 and 0.1 wt% curcumin-loaded oleosomes (COLE-1, COLE-2) at oil-water interface at 50 %
deformation. A, B, and C plots present the original signals (black). D, E, and F plots show 71 (dark blue) and t1 + 12 (blue). G, H, and I plots show 14 (yellow) and 3
+ 74 (green). J, K, and L plots show 3 (red) and t4 (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

(Fig. 4A). The curcumin seems to induce stronger in-plane interactions
within the interfacial microstructure. This, in addition to the substan-
tially lower energy dissipation (Ug:2, Fig. 4B) points to the formation of
a glassy-like structure, which is also suggested by the flattening off of the
overall Lissajous plot and formation of a secondary loop at maximum
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compression in the plot of COLE-2 at 30 % deformation. This behavior
can be attributed to three phenomena: 1) expulsion of interface stabi-
lizer from the interface into the bulk phase upon compression (and vice
versa upon extension), 2) buckling (i.e., out-of-plane deformations) of
the interface, or 3) interfacial structures starting to slide over each other,
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i.e. multilayer formation [33].

Such glassy-like structures could become very dense upon
compression, resulting in a significant contribution to the overall stift-
ness by the changes in surface density (E;4). This behavior was previ-
ously shown for escin-stabilized interfaces at higher deformation, where
the interface of escin was so stiff that it led to elongated droplets with a
non-Laplacian shape [31]. While the extreme stiffness values observed
for escin were not reached by COLE-2, we do see similar behavior, with a
flattening off of the response at maximum compression and secondary
loop formation, and a corresponding upswing in E.4 at deformations of
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30 % or higher. We did not observe any non-Laplacian shapes of the
droplet or buckling, and in view of the complex structure of the oleo-
some interface (a phospholipid membrane interspersed with much
larger oleosins), multilayer formation is unlikely to happen. Therefore,
the expulsion of material in compression is most likely the cause of the
secondary loop formation in COLE-2. This expulsion could, for example,
be by local budding of the phospholipid film [34], followed by retraction
of the buds into the interface upon expansion. However, this cannot be
confirmed based on rheology data alone.

In summary, curcumin has the ability to increase the interaction
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between the oleosome membrane stabilizers. As mentioned in previous
work, curcumin is present in the headgroups and the tail of the phos-
pholipids. Here, we show that curcumin can enhance the lateral in-
teractions on the interface, leading to a glassy-like structure, as we saw
for the COLE-2 sample. The interface stabilized by COLE-1 has a lower
curcumin concentration, and this interface started to partly show the
behavior observed for COLE-2. Additionally, the presence of curcumin
makes the oleosome (COLE-2) less surface active than the lower curcu-
min concentration, suggesting a slower rupture on the oil-water inter-
face. These could indicate that COLE-2 has a more rigid membrane that
is more stable and slowly rupture.

It has been mentioned that curcumin can affect the stiffness and
fluidity of the phospholipid bilayer [35], and the same behavior has
been observed for phospholipid monolayers. Other components also
increased the attractive interaction (van der Waals forces) between
phospholipids, resulting in an increment in surface elasticity [36,37].
For instance, cholesterol and cholesteryl ester behaviors in phospholipid
membranes coincide with our hypothesis for curcumin-loaded oleo-
somes loops. The existence of cholesterol increases the lipid ordering
and lipid membrane stiffening in saturated and unsaturated lipid
membranes [38,39]. Lipid ordering demonstrates tightly packed mem-
brane lipids, and limited lipids motion [40,41]. Lipid membrane stiff-
ening indicates resistance against deformation, and cholesterol
contributes to membrane stiffness by tightly packing lipids [40,42,43].

4. Conclusion

In the present study, we have elucidated the impact of curcumin on
the oleosome membrane using interfacial rheology. LAOD and GSD
analysis showed that curcumin has the ability to increase the stiffness of
the oleosome membrane, indicating that curcumin’s presence at the
membrane increased the interactions between membrane components
(phospholipids and proteins) and the resistance of the oleosome to
mechanical deformation. The study provides important insights into the
potential applications of oleosomes as carriers and the potential
controlled release or targeted delivery of lipophilic cargoes.
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