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Impact of extraneous proteins on the
gastrointestinal fate of sunflower seed
(Helianthus annuus) oil bodies: a simulated
gastrointestinal tract study
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In this study, we examined the physicochemical nature of sunflower seed oil bodies (in the absence and

presence of added protein) exposed to gastrointestinal conditions in vitro: crude oil bodies (COB);

washed oil bodies (WOB); whey protein isolate-enriched oil bodies (WOB-WPI); and, sodium caseinate

enriched-oil bodies (WOB-SC). All oil body emulsions were passed through an in vitro digestion model

that mimicked the stomach and duodenal environments, and their physicochemical properties were

measured before, during, and after digestion. Oil bodies had a positive charge under gastric conditions

because the pH was below the isoelectric point of the adsorbed protein layer, but they had a negative

charge under duodenal conditions which was attributed to changes in interfacial composition resulting

from adsorption of bile salts. Oil bodies were highly susceptible to flocculation and coalescence in both

gastric and duodenal conditions. SDS-PAGE analysis indicated degradation of oleosin proteins (ca.

18–21 kDa) to a greater or lesser extent (dependent on the emulsion) during the gastric phase in all emul-

sions tested; there is evidence that some oleosin remained intact in the crude oil body preparation during

this phase of the digestion process. Measurements of protein displacement from the surface of COBs

during direct exposure to bile salts, without inclusion of a gastric phase, indicated the removal of intact

oleosin from native oil bodies.

1. Introduction

The seeds of many plants species store oil as food reserves for
germination, and for post germination growth of the seedlings,
in organelles called oil bodies or oleosomes. Oil bodies are
mainly composed of a triacylglycerol (TAG) core surrounded by
phospholipids (PL) and alkaline proteins, e.g. oleosins.1 These
proteins prevent coalescence of oil bodies in the cytosol of
oilseed cells.2–6 Furthermore, at neutral pH they have a net nega-
tive charge which prevents coalescence ex vivo when oil bodies
are dispersed in a suspension. Oil bodies isolated from plant
seeds in aqueous media are therefore a natural emulsion that

may represent a vehicle to deliver stable, pre-emulsified oil into a
range of food systems. In addition to their physical stability, oil
bodies, ex vivo, carry essential fatty acids and a number of lipo-
philic bioactives, such as vitamin E and oryzanols, depending on
the parent seed.7–9 Sunflower seed oil bodies were selected for
this study as they have been well characterised by our group.

It is important that any delivery system is capable of deliver-
ing the encapsulated bioactive components to the appropriate
site of action within the human body. Consequently, it is
necessary to understand the potential biological fate of deli-
very systems within the human gastrointestinal tract. Initial
screening experiments of delivery systems are usually carried
out using in vitro digestion models designed to simulate the
human digestive system. These in vitro methods have been
used to evaluate the digestibility and bioaccessibility of a
range of micro-nutrients from different food matrices.10–12

Recently, in vitro digestion models have been used to better
understand the behaviour of oil bodies under gastrointestinal
conditions.13–15 These studies have shown that there are
appreciable changes in the interfacial composition, aggrega-
tion, and structural organization of oil bodies as they pass
through different regions of simulated gastrointestinal tracts.
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The composition and structure of oil bodies isolated from
plant seeds depends on the nature of the isolation procedure
used, e.g., temperature, shear, solvent type, and additive type.
Oil bodies consist of a triacylglycerol (TAG) core that is coated
by a layer of phospholipids and intrinsic proteins (oleosins).
However, they may also contain varying amounts of extraneous
proteins e.g. seed storage proteins, that are more loosely
attached to the oil body surfaces depending on the isolation
procedure. Previously, we studied the in vitro digestibility and
bioaccessibility of fatty acids and α-tocopherol from sunflower
urea-washed oil body suspensions.16 Washing a crude prepa-
ration of oil bodies with urea or sodium bicarbonate removes
the extraneous proteins that normally surround oil bodies, but
leaves the intrinsic proteins in place. If oil bodies were used in
food formulations they would probably be in a crude state (i.e.
the preparation would contain both intrinsic and extraneous
proteins). In addition, food formulations often contain various
other proteins that could interact with the surfaces of oil
bodies and alter their surface chemistry. Slowing down the
rate of oil droplet digestion can promote satiety, a physiologi-
cal target for reducing total food intake; the rate of digestion
of emulsified lipids is known to depend on the presence of
proteins adsorbed to their surfaces, since this influences the
accessibility of lipase to the droplet surfaces.17,18 The purpose
of this study was therefore to establish if some commonly con-
sumed proteins can protect oil bodies under simulated gastro-
intestinal conditions. The dairy proteins selected for study are
common in the diet and have very distinct interfacial pro-
perties that represent the behaviour of a range of protein types
in aqueous solution.

2. Materials and methods
2.1. Materials

Dehulled sunflower seeds (high oleate) were purchased from
Cargill Ltd. (West Fargo, USA). Whey protein isolate was pur-
chased from Myprotein.co.uk (Cheshire, UK). Sodium casei-
nate was a gift from industry. Both the whey protein and
sodium caseinate powders were over 90% protein, and only
0.25% fat, and 0.17% carbohydrate; the rest of the powder was
tightly adsorbed water and ash/minerals. Porcine pepsin
(#P7125, activity = 650 units mg−1 of protein calculated using
haemoglobin as substrate), porcine pancreatic extract (#L3126,
lipase activity = 53 units mg−1 of powder calculated using tri-
butyrin as substrate, and trypsin activity = 2.3 units mg−1 of
powder calculated using TAME (p-tolune-sulfonyl-L-arginine
methyl ester as substrate), porcine co-lipase and porcine bile
extract (#B8631, contains glycine, taurine, conjugates of hydro-
xycholic acid) were purchased from Sigma Chemical Company
(Dorset, UK.). Gastric lipase analogue of fungal origin (F-AP15,
activity >150 units mg−1) was obtained from Amano Enzyme
Inc. (Nagoya, Japan). All chemicals used for SDS-PAGE analysis
were purchased from Bio-Rad (Hercules, USA). Unless other-
wise stated, all reagents used were of analytical grade.

2.2. Recovery and purification of oil bodies

Oil bodies from sunflower seeds were extracted and purified/
washed by the method of Beisson et al. (2001)19 with slight
modifications. Sunflower seeds (20 g) were kibbled with liquid
nitrogen using coffee grinder (DeLonghi KG40, UK) for 30
seconds. The ground seeds were then added to 200 ml of 0.1 M
Tris-HCl buffer (pH 8) containing 1 mM EDTA, and immedi-
ately homogenised by a Silverson (L5M, Chesham, UK) at
6000 rpm for 40 seconds. The slurry was filtered through 1 layer
of Miracloth and the filtrate centrifuged at 10 400g (Beckman
Coulter J2-21M, Buckinghamshire, UK) for 20 min at 4 °C. The
oil body pad was removed from the surface and placed into a
clean bottle; these oil bodies produced were classed as the
crude oil bodies (COB) and stored until use at 4 °C.

Washed oil bodies (WOB) were obtained by re-suspending
the crude oil body pad in 200 ml of a 0.1 M NaHCO3, 1 mM
EDTA solution by using a Silverson at 6000 rpm for 10
seconds. The mixture was centrifuged as described above. The
upper layer was isolated and washed with 200 ml of a 0.1 M
NaHCO3, 1 mM EDTA solution as described above. The iso-
lated upper layer was then washed twice with 1 mM Tris-HCl
buffer (pH 8) containing 1 mM EDTA. The oil body pad was
stored at 4 °C until use.

2.3. Proximate composition of purified oil body preparations

The moisture content of the oil body cream was determined
gravimetrically following vacuum drying at 50 °C for 24 h. The
lipid content of the dried oil body preparation (ca. 0.5–1 g) was
determined gravimetrically using repeated extraction (3 times
in total) with isooctane.9 The protein content of the defatted
dried oil bodies was determined using the BCA (bichinconinic
acid) assay20 following solubilisation of proteins in 2% sodium
dodecyl sulfate (SDS) solution at 90 °C. Bovine serum albumin
was used as a protein standard.

2.4. Preparation of emulsions

2.4.1. Sunflower seed oil body emulsion. Oil body emul-
sions were prepared by mixing oil body pad with dH2O to
achieve a 5% emulsion based on the total lipid content. A
uniform dispersion of oil bodies was achieved by passing the
mixture 10 times through a Potter Elvenheim Homogeniser
(Wheaton, USA) at 500 rpm. The emulsion was prepared no
longer than 5 hours before use.

2.4.2. Protein enriched oil body emulsion. To formulate
oil body emulsions at 5% w/v of oil and 1% w/v of protein,
WPI or SC was used as protein source for the emulsions. WPI
or SC was added into the prepared oil body emulsions. The
mixtures were stirred with magnetic stirrer at 100 rpm for
10 minutes. Emulsions were used within 1 hour of formation.

2.5. In vitro digestion model

The in vitro digestion model was modified from Beysseriat
et al.,21 Mun et al.,22 Mandalari et al.23 and White et al.16

2.5.1. Gastric model. The prepared emulsions (20 ml) were
placed into 50 ml amber bottles, and the pH was adjusted to
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2.5 with a few drops of 1 M HCl. NaCl (solid) was added to
make a final concentration of 0.15 M; this was followed by
adding pepsin and a gastric lipase analogue to the system.
Final concentrations of the mixtures were, 146 units ml−1

pepsin and 84 units ml−1 gastric lipase analogue. The samples
were then incubated for 2 hours at 37 °C in the incubator and
stirred using a magnetic stirrer at 130 rpm.

2.5.2. Duodenal model. The gastric mixture was carried
forwarded to the duodenal model. The pH of the samples was
immediately adjusted to 5 by adding a few drops of 0.9 M
NaHCO3. Bile extract was then added to the system (final con-
centration 4.4 mg ml−1). The samples were then adjusted
to pH 6.5 with 0.9 M NaHCO3 (if needed), followed by the
addition of pancreatic lipase and co-lipase. Final concen-
trations of constituents were 4.4 mg ml−1 bile extract; 54 units
ml−1 pancreatic lipase and 3.2 µg ml−1 co-lipase. The duodenal
digestion then proceeded for 2 hours at 37 °C in the incubator
and stirred using a magnetic stirrer at 130 rpm.

The samples were examined every hour during 4 hours of
digestion. The ‘before’ and ‘after’ digestion samples were
assessed by size analysis, light microscopy, and ζ-potential.

2.6. Particle size analysis

Emulsion droplet diameter were determined by using a laser
light scattering instrument (LS 13 320 Laser Diffraction Par-
ticle Size Analyzer, Beckman Coulter, Inc., USA). Samples
(1 ml) were introduced into the universal liquid module, and
obscuration was maintained at 7% for all samples by dilution
with dH2O. The diffraction data were analysed using the
Fraunhofer diffraction method. Particles with diameters
between 0.3 to 2000 μm were detected. The fundamental size
distribution derived from this technique is volume based i.e.
reported percentage distribution within a given size category
infers the percentage of the total volume of particles in the
entire distribution. The particle size measurements are hereby
reported as the volume mean diameter: d4,3 = ∑nidi

4/∑nidi
3,

where ni is the number of droplets of diameter di. Each indi-
vidual particle size measurement was determined from the
average of three readings made per sample.

2.7. Zeta potential measurements

Oil body emulsions were diluted in dH2O to 0.25% (lipid
weight). Diluted emulsions were then injected into the
measurement chamber of a particle electrophoresis instru-
ment (Delsa Nano C Particle Analyzer, Beckman Coulter, Inc.,
USA). The instrument settings used were: temperature = 25 °C;
refractive index of dispersant = 1.330; viscosity of dispersant =
0.891 mPa s; relative dielectric constant of dispersant = 79.0;
electrode spacing = 50.0 mm. The zeta potential (ζ-potential)
was then determined by measuring the direction and velocity
of the droplets in an applied electric field from which ζ-poten-
tial was calculated using Beckman Software. Each ζ-potential
measurement was reported as the average of three readings
made per sample.

2.8. Imaging oil droplets

2.8.1. Confocal microscopy. A Leica SP5 confocal laser
scanning microscope (Leica Microsystems, UK) was used to
examine the microstructure of lipid droplets. Proteins were
stained with Nile blue (Sigma) (2 μl of 0.01% w/v dye in 75%
glycerol were added to 100 μl emulsion) and lipids were
stained with Nile red (Sigma) (4 μl of a 0.002% w/v dye in
100% polyethylene glycol were added to 100 μl of emulsion).
Stained emulsion (8 μl) was transferred on a glass slide and
covered with a glass coverslip (size 18 mm × 18 mm). Nile red
was excited using the 514 nm line of an Argon laser and Nile
blue was excited using the 633 nm line of a helium–neon
laser. Fluorescence intensity data were collected between 560
to 600 nm for Nile red and 650 to 680 nm for Nile blue. To
avoid interference due to cross fluorescence, the two emission
spectra were collected using the sequential line scanning
mode. Images were processed using the Leica SP5 Image Ana-
lysis software and figures were created using Microsoft Power-
Point 2007 (Microsoft Corporation, Redmond, USA).

2.8.2. Light microscopy. The microstructure of the lipid
droplets was determined using optical microscopy (Nikon
microscope Eclipse E400, Nikon Corporation, Japan). A drop of
the emulsion was placed on a glass slide and cover with a
cover slip. The prepared glass slide was observed under the
microscope at a magnification of 40× magnification. The
images were recorded to observe the change in the microstruc-
ture of the samples during digestion.

2.9. Protein analysis

Protein concentration was determined using the BCA method
and equal concentrations of protein samples (20 μl) were
mixed with 20 µl of sample buffer (Laemmli buffer (Biorad,
UK) + 5% β-mercaptoethanol), and heated at 95 °C for 5 min
then cooled on ice. Proteins were resolved by SDS-PAGE using
4–20% polyacrylamide gels (Mini-Protean TGX Gels, 15-well,
15 µl, Bio-Rad, Hercules, USA); gels were positioned within a
SE 600 BioRad separation unit and suspended in tank buffer
(25 mM Tris, 250 mM Glycine, 0.1% SDS, pH 8.3). Electrophor-
esis was run at 100 V for 40 min. After electrophoresis, the gel
was washed (15 min) once with distilled water then stained
(1 hour) with the Imperial Protein Stain (Pierce, Rockford, IL,
USA) and destained (8 hours) four times with distilled water.
Gels were imaged using a BIO-RAD GS-800 densitometer and
images were processed using PDQuest Quantity-one (Bio-Rad,
Hercules, USA). Incubation samples were centrifuged (as
described above) to isolate the oil droplets (buoyant fraction)
from the micellar phase, prior to protein extraction and analysis.

2.10. Displacement of intrinsic oil body proteins with bile
salts

To analyse the displacement of oleosin on the surface of oil
bodies with bile salts, a crude oil body emulsion was subjected
to in vitro duodenal digestion conditions as described above,
but no enzymes, only bile extract was added into the system,
and a control was included in this experiment, where 20 ml of
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crude oil bodies emulsion was incubated at 37 °C for 2 hours.
Incubation samples were centrifuged (as described above) to
isolate the oil droplets (buoyant fraction) from the micellar
phase, prior to protein extraction and analysis.

2.11. Calculation and statistical analysis

All experiments were carried out on triplicate emulsion prep-
arations; statistical analysis was performed by one-way ANOVA
and Least Significant Different (LSD) using SPSS 15.0. Assess-
ment of significance was based on a 95% confident limit
(P < 0.05). Values are expressed as means ± SD.

3. Results and discussion
3.1. Characterisation of oil body-based emulsion droplets
during digestion

Confocal analysis of WOB and protein enriched WOB prep-
arations, was carried out to make sure that the extra dairy pro-
teins were physically associated with the WOB surface. Fig. 1
shows the location of lipid (green) and that of the proteins
(red). Frome these images we can see that WOBs are sur-
rounded by a thin layer of protein, this layer appears to
increase in thickness on adding WPI or SC, indicating an
association between these added proteins and the surface of

the washed oil bodies. Addition of SC appears to generate the
thickest protein shell.

The composition of the crude oil bodies recovered in this
study was approximately 76.2 ± 7.6% lipid and 17.5 ± 0.9%
protein (dry weight). The composition of the washed oil bodies
was approximately 89.0 ± 9.6% lipid and 3.9 ± 0.8% protein
(dry weight). The ζ-potential of crude oil bodies (COB), washed
oil bodies (WOB), whey protein isolate-enriched oil bodies
(WOB-WPI) and sodium caseinate-enriched oil bodies
(WOB-SC) at pH 6.5 were −37.4 ± 8.9, −17.9 ± 4.1, −37.8 ± 1.2
and −59 ± 1.9 mV, respectively (Fig. 2). The negative surface
charge on oil bodies can be attributed to the interface consist-
ing of anionic phospholipids24 and protein molecules that
were above their isoelectric point at this pH. After adding WPI
and SC to WOB, there was a significant increase (P < 0.05) in
the negative charge of the oil bodies. This can be explained by
WPI and SC adsorbing onto the oil body surfaces thereby
increasing their negative charge. Interestingly, the SDS-PAGE
profiles of proteins from the protein-enriched washed oil
bodies (Fig. 8) show that WPI and SC become associated with
WOBs, which is consistent with the our deductions from the
surface charge data and from the confocal images.

The pattern of ζ-potential changes of oil body and protein-
enriched oil bodies was similar during digestion. Under
gastric conditions (first 2 h) at pH 2.5, the ζ-potential of COB,
WOB, WOB-WPI and WOB-SC emulsion droplets changed
from negative to positive (+7.0 ± 1.8, +24.9 ± 3.0, +41.7 ± 4.4
and +30.0 ± 0.8 mV, respectively). All emulsion droplets
remained positively charged for 2 h during incubation in the
gastric model. The charge on the oil droplets after digestion in
the small intestine became strongly negative: −54.5 ± 8.1,
−70.7 ± 20.9–86.3 ± 3.0 and −78.7 ± 6.4 mV, respectively. Inter-
estingly, the charge associated with the surface of the COB
derived droplets in the duodenal conditions was lower than
the charge associated with the surface of the droplets in the
other oil body-based emulsion preparations. This suggests that
the association of bile salts with the surface of the crude oil

Fig. 1 Confocal Micrographs of WOB (washed oil bodies), WOB-WPI
(washed oil bodies + whey protein isolate) and WOB-SC (washed oil
bodies + sodium caseinate) prepared as described in the methods
section. Note: From left to right: lipid stained with Nile red; protein
stained with Nile blue; overlay of lipid and protein stained.

Fig. 2 Zeta potential of COB, WOB, WOB-WPI and WOB-SC emulsion;
before and during gastrointestinal digestion for 4 hours (1 h and 2 h in
gastric condition, 3 h and 4 h in duodenal condition).

Paper Food & Function

Food Funct. This journal is © The Royal Society of Chemistry 2014

Pu
bl

is
he

d 
on

 0
4 

Se
pt

em
be

r 
20

14
. D

ow
nl

oa
de

d 
by

 K
in

gs
 C

ol
le

ge
 L

on
do

n 
on

 1
7/

10
/2

01
4 

09
:1

2:
31

. 
View Article Online

http://dx.doi.org/10.1039/c4fo00422a


bodies (and the commensurate displacement of surface pro-
teins) appears less extensive for this case than for the other oil
bodies.

The particle size distribution and optical microscopy
images of all oil bodies (COB, WOB, WOB-WPI and WOB-SC)
pre- and post-incubation in the in vitro gastric model can be
seen in Fig. 3–6. Each oil body emulsion contained droplets of
a similar size prior to digestion, but thereafter, significant
changes occurred. The mean particle diameters (d4,3) of the
WOB, WOB-WPI and WOB-SC emulsion droplets (3.2 ± 0.6,
3.9 ± 1.0 and 2.6 ± 0.1 µm, respectively) were significantly
smaller (P < 0.05) than COB (5.6 ± 1.4 µm) prior to incubation
in the gastrointestinal model (Fig. 7). During gastric digestion
for 2 hours the diameter (d4,3) of all emulsion droplets

appeared to increase significantly. After 2 hours digestion in
the gastric model followed by two hours incubation in the duo-
denal model the mean diameter of the particles in the COB
emulsions (37.2 ± 26.7 µm) was slightly decreased from gastric
model (p > 0.05). However, WOB-SC emulsion droplets (7.8 ±
2.4 µm) decreased significantly (P < 0.05), whereas WOB and
WOB-WPI emulsion droplets (104.7 ± 24.3 and 56.9 ± 16.2 µm,
respectively) increased significantly in size (P < 0.05). In
addition, when digested in duodenal conditions, a shift from a
mono-modal distribution to a bi-modal distribution was
observed for COB, but not for the other emulsions. The pres-
ence of several peaks in the particle size distribution interferes
with the measurement of the mean particle diameter of the
lipid droplets during digestion. The relatively large standard
deviations observed in the particle size distributions are

Fig. 3 Particle size distributions (%volume) and light microscopy pic-
tures of COB emulsion before and during gastrointestinal digestion for
4 hours (1 h and 2 h in gastric condition, 3 h and 4 h in duodenal
condition).

Fig. 4 Particle size distributions (%volume) and light microscopy pic-
tures of WOB emulsion before and during gastrointestinal digestion for
4 hours (1 h and 2 h in gastric condition, 3 h and 4 h in duodenal
condition).

Fig. 5 Particle size distributions (%volume) and light microscopy pic-
tures of WOB-WPI enriched emulsion before and during gastrointestinal
digestion for 4 hours (1 h and 2 h in gastric condition, 3 h and 4 h in
duodenal condition).

Fig. 6 Particle size distributions (%volume) and light microscopy pic-
tures of WOB-SC enriched emulsion before and during gastrointestinal
digestion for 4 hours (1 h and 2 h in gastric condition, 3 h and 4 h in
duodenal condition).
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typical of measurements made in highly aggregated emulsion
systems and are usually attributed to changes in sample struc-
ture induced by dilution and stirring within the light scatter-
ing instrument.22

The particle size analyser cannot distinguish between aggre-
gation and coalescence, and so microscopic observation of the
oil body suspensions was carried out to provide further evi-
dence of structural changes. The optical microscopy images
revealed changes in system microstructure during incubation
in the gastric model. The oil bodies in the COB, WOB-WPI and
WOB-SC emulsions were seen to flocculate during the first
hour of incubation and then coalesce during the second hour,
whereas there was already some coalescence evident during
the first hour of incubation in the WOB emulsions. Under duo-
denal conditions, free oil droplets were clearly observed in
WOB and WOB-WPI whereas few free oil droplets were
observed in COB and WOB-SC. These observations explain the
shift in the particle size data for all emulsions. From these
results we can see that in our model system COB behaves simi-
larly to WOB-SC, but there is a marked contrast when com-
pared with WOB and WOB-WPI.

Wu and co-workers (2012)13 demonstrated the partial pro-
tective effect of carrageenan at the surface of soybean oil
bodies against digestion. Similar to our work, they observed a
change in the surface charge of oil bodies during incubation,
with a significant negative charge (−70 mV) in the presence of
bile salts. This suggests that bile salts associate with the
surface of these droplets, either through direct physical associ-
ation or through displacement of some of the surface material.
Their surface area-weighted particle size data (d3,2) suggests
that their soybean oil body preparations varied in size that did
not change radically during the gastric phase, then developed
a broader distribution during the duodenal phase. Micro-
graphs of the same material told a slightly different story with
a significant increase in particle size during the gastric phase,
this increase being inversely proportional to the amount of
carrageenan that was present; the droplets then decreased in

size during the duodenal phase. The increase in droplet size
under gastric conditions coincided with the loss of oleosin,
presumably through the action of pepsin, which was inhibited
in the presence of carrageenan.

In a study of the digestion of almond seed oil bodies,
Gallier and Singh14 observed that the oil bodies aggregated
and coalesced under gastric conditions. During the duodenal
phase the measured change in particle size depended on the
mode of measurement. The surface area-weighted values d3,2
revealed a reduction in average diameter from 20 μm (immedi-
ately after the gastric phase) to 5 μm after 15 minutes and
until the endpoint at 120 minutes. On the other hand, d4,3
values revealed an unchanged average diameter for the first
60 minutes of duodenal conditions, followed by a gradual
increase to almost 45 μm after a total duodenal incubation of
120 minutes. This is consistent with our data where we used
the volume-weighted measure of the average particle size of oil
droplets. The change that they have reported in the zeta poten-
tial of almond seed oil bodies reflects the change we have seen
with our sunflower seed oil bodies. The charge of their
almond oil bodies was less than +10 mV after 60 and
120 minutes under gastric conditions, followed by a gradual
change in charge to almost −50 mV after 45 minutes, presum-
ably due to the uptake of bile salts under duodenal conditions.
Similar effects of bile salts on the surface charge of protein-
stabilised emulsion droplets have been reported.25–27 Mun
et al.22 studied the changes in the droplet size of emulsions
formed with whey proteins compared to an emulsion formed
with caseinate after in vitro hydrolysis by pancreatic lipase at
pH 7. They reported that in their conditions whey protein
isolate emulsions are the least stable. Based on microscopic
observations, the caseinate stabilised emulsions were more
prone to flocculation rather than coalescence whereas the
whey protein stabilised emulsions were highly prone to
coalescence, which is consistent with our observations.

WPI and SC are milk proteins commonly used as food
ingredients because of their surface active properties. Whey
protein and caseinate produce an interfacial film with
different properties,28 notably with different adsorption and
surface rheological behaviours.29,30 In brief, the globular β-lac-
toglobulin forms a highly elastic interfacial film, whereas
β-casein forms a weaker interfacial film, but the charged
N-terminal region provides excellent steric stabilization. In
other words, β-casein is a flexible/‘soft’ protein, which changes
its conformation more easily than β-lactoglobulin which is a
‘hard’, globular protein.31 As a consequence, β-casein can be
displaced from an interface much more readily than β-lacto-
globulin. This rule of thumb is clearly less reliable in a system
complicated by enzymic action and pH changes.

Oil droplets were recovered from the incubation systems by
centrifugation, just after the gastric and duodenal phases. The
proteins still associated with their surfaces were studied by
SDS-PAGE (Fig. 8). Loss of bands indicates removal of proteins
from the surface, and/or digestion (full or partial); new bands
indicate remnant protein fragments, left behind after partial
protein digestion, which remain associated with the droplet

Fig. 7 Mean diameter (d4,3) of COB, WOB, WOB-WPI and WOB-SC
emulsion before and during gastrointestinal digestion for 4 hours (1 h
and 2 h in gastric condition, 3 h and 4 h in duodenal condition).
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surface. For the oil bodies, the loss of the oleosin band
(∼18–21 kDa) during digestion in the gastric model, and the
appearance of protein fragments either between 6.7 and
17.5 kDa, or less than 6.7 kDa, indicates the breakdown of
oleosin into small peptides that appear to remain bound to/
associated with the oil droplets. Oleosin has three functional
motifs: an amphipathic N-terminal region, a central hydro-
phobic antiparallel β-strand domain and an amphipathic
C-terminal domain with variable length.2 It is likely that the pro-
truding part of the oleosin molecule, which provides a strength-
ened layer on the surface, is susceptible to enzymatic cleavage
and leads to the weakening and consequential coalescence of oil
bodies. Pepsin hydrolyses peptide bonds at the N-terminus of
aromatic residues.32 Given the amino acid sequence of oleosin
protein in sunflower seed, there are eleven potential sites of
pepsin action, and 4 of these peptide bonds are within the
exposed domains of oleosin on the surface of oil bodies.33–35

Qualitative examination of protein molecular weights in
COB reveals a general degradation of proteins resulting in an
increase in the number of bands between 6.7 to 17.5 kDa after
incubation in the gastric model (lane B and C). The major

band in this region has been highlighted with a green box in
Fig. 8; this band may represent the hydrophobic domain (and
associated residual hydrophilic domain ‘stumps’) of oleosin,
left behind securely anchored in the oil phase after the action
of pepsin on the exposed hydrophilic domains.

One unique feature of the COB data is that some ‘complete’
oleosin also appears to remain after the initial gastric phase of
digestion. Perhaps the extraneous proteins (that we have already
suggested shield the surface of the oil bodies and so affect the
apparent surface charge), protect exposed oleosin domains from
digestion to some extent. It could be argued that a similar pro-
tection of oleosin is afforded by extraneous almond proteins
during gastric incubation.14 This shielding from enzyme activity
is not apparent for WPI and SC enriched WOB material. Interest-
ingly, protein breakdown was much more efficient in the WOB
emulsion as no protein bands were seen on the protein gel after
the gastric conditions (2 hours). This suggests that all the pro-
teins were degraded and/or removed from the surface of the dro-
plets (compare lane E with lane F). It is worth noting that the
WOB material used for this study contained a protein, not
observed in the parent COB material, that coincides with the

Fig. 8 SDS-PAGE of proteins associated with COB, WOB, WOB-WPI and WOB-SC droplets before and during gastrointestinal digestion for 4 hours
(2 hours in gastric condition followed by 2 hours in duodenal condition). Protein standard marker (lane A); initial COB droplets (lane B); digested
COB under gastric conditions (lane C); digested COB under duodenal conditions (lane D); initial WOB droplets (lane E); digested WOB under gastric
conditions (lane F); digested WOB under duodenal conditions (lane G); initial WOB-WPI droplets (lane H); digested WOB-WPI under gastric con-
ditions (lane I); digested WOB-WPI under duodenal conditions (lane J); initial WOB-SC droplets (lane K); digested WOB-SC under gastric conditions
(lane L); and digested WOB-SC under duodenal conditions (lane M). Red arrows indicate bands the correlate with known molecular weights of
specific proteins; the green box highlights a band that may be the hydrophobic domain of the oleosin protein.
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putative ‘oleosin hydrophobic domain’ band. This protein frag-
ment may be present on all the parent COB and WOB samples
(or is an artefact of sample preparation for SDS-PAGE analysis),
but is only observed when its loading concentration effectively
increases through removing extraneous proteins during the oil
body washing phase, or some proteolytic activity was present in
the sample (perhaps due to an endogenous enzyme). If the
latter explanation is correct, then one may speculate that if the
COB material is left for any time (even chilled) before washing,
then such a transformation may be possible.

For both WOB-WPI and WOB-SC emulsions (lanes H and I
and lanes K and L) incubation in the gastric model resulted in
a general protein breakdown/loss, but less dramatic compared
with WOB, as protein bands are still clearly visible (lanes I and
L). This is even more marked in WOB-WPI compared with
WOB-SC. As was the case for COB emulsions, there is a sugges-
tion that after the gastric phase, the exposed domains of
oleosin in these protein-enriched WOB emulsions have been
removed through digestion, leaving a residual protein com-
posed predominantly of the hydrophobic domain. Protein
breakdown/loss continued for all the emulsions with a clear
reduction in the molecular weight of all the remaining pep-
tides (lane D, G, J and M). In the case of WOB-WPI, it is possi-
ble that after 2 hours under gastric conditions some
β-lactoglobulin remains intact, but its molecular weight
coincides with one of the oleosin isoforms, so it is not possi-
ble, with the current data, to stipulate categorically whether at
least a proportion of one or the other protein (or both) survive
the gastric phase; taken overall, the SDS-PAGE data provides a
stronger case for the retention of some of the β-lactoglobulin.

Whey protein is a complex mixture of different proteins: ca.
55% β-lactoglobulin (18.4 kDa), 24% α-lactalbumin (14.2 kDa),
5% serum albumin (66.2 kDa) and 15% immunoglobulins
(90 kDa). SDS-PAGE (lane I) of WOB-WPI digested in the
gastric model, suggest breakdown/loss of α-lactalbumin but
possible retention of the β-lactoglobulin protein under these
conditions, implying specificity of the action of the pepsin
enzyme. This breakdown of protein in WPI is consistent with
previous studies.13,36–38 Beta-lactoglobulin in its native form has
indeed been recognised to be resistant to hydrolysis in the
gastric phase.39 However, when a change in conformation
occurs, such as during adsorption to the oil–water interface, the
protein becomes susceptible to pepsin hydrolysis.38 For
WOB-SC, sodium caseinate contains the four main caseins;
β-casein (23 kDa), αs1-casein (24 kDa), αs2-casein (25 kDa) and
κ-casein (19 kDa) in the ratios 3 : 4 : 1 : 1, respectively. However,
the commercial SC was mainly composed of polypeptides with
their MW within range of 29.4 to 37.6 kDa (lane K). This was
slightly higher than the MW of caseins (19–25 kDa) due to the
polymerization of proteins during commercial processing.
SDS-PAGE (lane L) of WOB-SC digested in the gastric model,
suggest complete breakdown of oleosin in WOB and all polypep-
tides in SC. This breakdown of caseins by protein hydrolysis in
gastric conditions is in agreement with the previous studies.40–42

Finally, there is a clear reduction in the intensity of protein
bands in all emulsions after the duodenal digestion (lane D,

G, J and M). This confirms the presence of active proteases in
the porcine pancreatic extract. This agrees with Singh et al.43

who reported that commercial pancreatic lipase from Sigma-
Aldrich company causes the breakdown of protein in a β-lacto-
globulin-stabilised emulsion.

3.2. Protein composition of oil bodies after treatment with
bile salts

As mentioned earlier, the dominant intrinsic protein associ-
ated with the surfaces of the oil bodies are the oleosins.3,44

Oleosins from diverse species range in molecular weight (MW)
from approximately 15 to 26 kDa.44 The exact sizes of the
different isoforms vary from one plant to another, for example
16 and 18 kDa in maize, 18 and 24 kDa in soybean and 18 and
21 kDa in sunflower seeds.45 Work was carried out to establish
if bile salts were capable of displacing oleosin from a prepa-
ration of crude oil bodies. Bile salts can absorb onto and
remove other materials e.g. proteins and emulsifier from the
lipid surface.17 Maldonado-Valderrama et al.18 reported that
the bile salts can almost completely displace the intact protein
β-lactoglobulin network under duodenal conditions. It is not
yet known if intrinsic oil body proteins are displaced by bile
salts or not. Fig. 9 shows the protein profile of the micellar

Fig. 9 SDS-PAGE of proteins in crude oil body (COB) droplets after
incubation with bile salts for 2 hours under duodenal conditions (no
prior gastric phase). Protein standard marker (lane A); COB pre-incu-
bation (lane B); COB control [no bile salts] (pre-separation into micellar
and buoyant (oil droplet) fractions) (lane C); micellar phase of COB
control (lane D); and micellar phase of COB after incubation with bile
salts (lane E).
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phase removed after incubation of crude oil bodies (COB) with
bile salts (lane E). This profile is similar to the protein profile
of the control COB (no bile salts) after 2 h incubation but
before phase separation (lane C); whereas there were only a few
proteins in the micellar phase of the COB control after incu-
bation (lane D). These results suggests that almost all the
surface proteins of oil bodies, including oleosin, were dis-
placed by bile salts. Interestingly, the data also show that the
pattern of protein bands in COB control after incubation is
similar to the pre-incubation profile (lane C compared to lane
B). However, there are small molecular weight protein bands
(between 6.7 and 17.5 kDa) accumulating in the COB control
after incubation (lane C). This observation suggests that there
is some breakdown of proteins in this sample; the crude oil
body preparation may contain some carry-over enzymes with
proteolytic activity, but this effect seems almost negligible.
These results show the potential of bile salts to displace pro-
teins at the surface of oil bodies, even well-anchored proteins
such as oleosin. Whether bile salts could effect this displace-
ment if oleosin was reduced to the hydrophobic domain after
gastric digestion is not clear from this work; it has been
suggested that such a remnant, if it exists, could affect the rate
of lipase digestion in the duodenum.14

4. Conclusions

Sunflower seed oil bodies have the capacity to associate with
extraneous proteins including whey protein isolates and casein
proteins. This extraneous protein environment surrounding oil
bodies affects the apparent surface charge and stability of oil
bodies, which may have important consequences for the com-
mercial application of oil bodies as delivery systems in foods.
The proteins associated with the surface of the sunflower oils
bodies studied (crude, or washed, or washed and enriched
with WPI or casein) are, to a greater or lesser extent, hydrolysed
and/or removed from the surface during simulation of gastro-
intestinal conditions, causing significant changes in the mor-
phology of the droplets. Sunflower seed proteins not intrinsic
to oil bodies (present in COB), and caseinate (present in
WOB-SC) both appear to cause flocculation of droplets in the
gastric phase, whereas WOB and WOB-WPI display more
coalescence than flocculation at this stage. Although it is clear
that bile salts dominate the surface of all the droplets in the
duodenal phase of digestion, COB and WOB-SC yield smaller
droplets in the duodenal phase of the digestion model
employed, compared with WOB or WOB-WPI. This may have
an effect on the rate of triacylglycerol digestion. The reason for
these differences in droplet size is not entirely clear, but is
should be pointed out that the competing dynamics of bile
salt insertion into the surface of the droplets emerging from
the gastric phase, and their tendency to coalesce will affect the
size of the droplets throughout that phase. We have evidence
that bile salts are able to displace oleosin. It may therefore be
possible that the extraneous seed proteins are protecting the
oleosin during the gastric phase, thus restricting the droplet

size during bile salt insertion. These results may have impor-
tant implications for the design of functional food products
that control the digestion and release of lipids from oil body-
based delivery systems.

Abbreviations

BCA Bichinconinic acid
COB Crude oil bodies
dH2O Deionized water
PL Phospholipids
SDS Sodium dodecyl sulphate
SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electro-

phoresis
TAG Triacylglycerol
WOB Washed oil bodies
WOB-SC Sodium caseinate enriched oil bodies
WOB-WPI Whey protein isolate enriched oil bodies
ζ-potential Zeta potential
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