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Controlled in vitro release of CBD from oleosomes
via modulation of their membrane density†
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and Constantinos V. Nikiforidis *a

Oleosomes, native lipid droplets abundant in the plant kingdom, especially in oilseeds, can be extracted in

simple steps and have been suggested as lipid carriers or natural substitutes for oil droplets in emulsion-

like products for foods, cosmetics and pharmaceuticals. Oleosomes are good candidates as lipid carriers

via the oral route due to their limited hydrolysis during gastric digestion and slow hydrolysis in the small

intestinal phase. The factors that affect oleosomes’ ability to resist in vitro digestion, particularly the

influence of their membrane molecular composition and density, remain unknown. Therefore, oleosome

lipid hydrolysis was investigated in a model of small intestinal digestion and compared with oil droplets

stabilized by whey proteins and/or phospholipids and with oleosomes having lower membrane density.

To showcase that the lipid hydrolysis rate can also affect cargo release, oleosomes were loaded with can-

nabidiol (CBD) and the CBD release was tracked. Oleosomes exhibited significantly slower lipid digestion

than the droplets stabilised by whey proteins and/or phospholipids, which were rapidly digested. The low

lipid hydrolysis of oleosomes during intestinal digestion has been attributed to the unique structure of the

oleosome membrane proteins, oleosins, which have a long amphipathic helix pinned into the oleosome

oil core and out of reach for bile salts and enzymes. Oleosomes with lower membrane density exhibited

faster lipid hydrolysis, probably because the digestive enzymes could better adsorb on the interface to

access the core lipids. The results elucidate the factors that affect the lipid digestion of oleosomes and

demonstrate the dynamic nature of oleosomes for the controlled release of lipophilic cargos, such as

CBD, in the intestinal tract.

1. Introduction

The development of carriers for the targeted delivery of bio-
active molecules has gained significant attention in recent
years, particularly for applications within the gastrointestinal
tract. The main drawbacks of the currently used carriers are
the in vivo cytotoxicity combined with their low absolute
loading capacity.1,2 There is increased interest in further devel-
oping this field with more biobased and biocompatible solu-
tions to overcome these issues.3,4

Oleosomes, also known as lipid droplets, constitute a
potential natural carrier for transporting hydrophobic func-
tional ingredients. They are abundant in oilseeds and can be

isolated by simple aqueous extraction without the need for
chemical- or energy-intensive procedures.5,6 Oleosomes are
physically stable droplets with a diameter of around
0.2–2.0 µm equipped with a protective monolayer of phospho-
lipids and a unique family of proteins named oleosins.7

Oleosins have a hairpin structure consisting of two short,
mobile hydrophilic flanks on the membrane, while their
characteristic amphipathic helix is inserted in the lipid core.6

The oleosome membrane structure is permeable to lipophilic
molecules, such as curcumin and cannabidiol (CBD),8,9 which
can be encapsulated into oleosomes and potentially delivered
through oral administration. Using oleosomes for the oral
delivery of lipophilic cargoes is promising since it has been
demonstrated that oleosomes may be slowly digested in
in vitro models of digestion.10,11 Besides the efficient delivery
of cargo to the intestine, a slower FFA release and a potential
lower lipid digestibility are positive for issues associated with a
fast increase in post-prandial triglyceride levels in the blood.12

There is currently no clear insight into the exact role of the
oleosome membrane on lipid digestion rates. Some studies
have indicated that heating can alter the structure of the oleo-
some membrane, leading to the enhancement of lipid
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digestion.13,14 However, the effect of the membrane molecules
and their packing on the lipid digestion rate is still a research
area that requires further exploration.

The present study aims to understand the (in vitro) digesti-
bility of hemp seed oleosomes loaded with CBD by modulating
the membrane density and also comparing it to oil droplets
stabilised by whey proteins and phospholipids.

CBD is a hydrophobic and non-psychoactive cannabinoid
associated with many therapeutic benefits.15 CBD is unstable
in physiological conditions, exhibiting poor bioavailability,16

making it an appropriate model molecule for a proof-of-
concept controlled delivery using oleosomes.

2. Materials and methods
2.1 Materials

Hemp seeds were provided by Botaneco Inc. (Calgary, Canada).
Whey protein isolate (WPI) was purchased from Davisco Foods
International (BiPro, Eden Prairie, Minnesota, USA; purity
97.5%). Phospholipids (PL) were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). CBD was purchased from
Rocky Mountain High (Vail, USA). Ethanol and acetonitrile
(ACN) were obtained from Actu-All Chemicals B.V. (Oss, The
Netherlands). Pepsin from porcine gastric mucosa (P7000,
≥250 units per mg), lipase from porcine pancreas (L3126,
≥125 units per mg), porcine bile extract (B8631) and all other
analytical grade chemicals used in this work were purchased
from Sigma Aldrich (St. Louis, MO, USA). Milli-Q water was
used to prepare all solutions unless specified otherwise.

2.2 Hemp seed oleosome extraction

Hemp seed oleosomes were extracted using an aqueous extrac-
tion procedure.5 Hemp seeds were soaked in Milli-Q water at a
ratio of 1 : 7 (w/w) at pH 8.0 adjusted with 1.0 M NaOH and
stored at 4 °C overnight in a fridge. The soaked hemp seeds
were re-adjusted to pH 8.0 and blended in a laboratory blender
(8010ES, Waring Product Division, New Hartford, CT, USA) for
60 s. Cheesecloth was used to remove all the residues from the
slurry. The filtrate was adjusted to pH 8.0 and centrifuged
(4000g) at 4 °C for 30 min. The top cream layer was collected
and fully redispersed in Milli-Q water of pH 8.0 (1 : 9, w/w) and
centrifuged at 10 000g for 30 min at 4 °C. After the centrifu-
gation, hemp seed oleosomes were collected, and excess water
was removed.

2.3 CBD encapsulation into oleosomes

Purified hemp seed oleosomes were dispersed into Milli-Q
water at a ratio of 1 : 9 (w/w) to prepare oleosome dispersions
with 10 wt% oil. CBD was encapsulated into the fresh oleo-
some dispersions using the co-solvent method.8 CBD was
initially dissolved in ethanol and then added to the fresh oleo-
some dispersions with the final concentrations of CBD at
0.1 wt%, ethanol at 7.5 wt% and oil at 7.5 wt%. The mixtures
were stirred at 200 rpm for 10 min at 20 °C. After encapsula-
tion, the mixtures were centrifuged at 5000g for 15 min at 4 °C

to separate the cream layer with the encapsulated CBD and to
remove the unencapsulated CBD at the bottom. The obtained
CBD-loaded oleosomes were collected and dispersed again in
Milli-Q water as CBD-loaded oleosome dispersions (7.5 wt%
oil content).

The encapsulation efficiency of CBD (EE) in samples was
analyzed using the method described in section 2.7 and calcu-
lated according to eqn (1), as follows:

Encapsulation efficiency; EE ð%Þ ¼ C0

CInitial
� 100% ð1Þ

where C0 is the concentration of CBD encapsulated in CBD-
loaded oleosomes, and CInitial is the CBD concentration
initially added.

2.4 Treatments on oleosomes

2.4.1 Preparation of heat-treated oleosomes. The freshly
prepared oleosome dispersions (7.5 wt% oil content) were
heated at 95 °C for 30 min in a water bath. After heating,
samples were immediately cooled to room temperature by
immersion in an ice bath (7.5 wt% oil content).

2.4.2 Homogenization of oleosomes with additional hemp
seed oil. The freshly prepared oleosome dispersions (3.75 wt%
oil content) were homogenized with an equivalent mass of
additional hemp seed oil (3.75 wt%) by passing through a
high-pressure homogenizer (GEA, Niro Soavi NS 1001 L,
Parma, Italy) at a pressure of 250 bars for 5 passes to obtain
homogenized oleosomes (7.5 wt% oil content).

2.5 Protein profile characterization

The protein profiles of heated and unheated oleosomes were
analyzed using SDS-PAGE.5 Every oleosome dispersion sample
(100 μL) was mixed with 650 μL of Milli-Q water and 250 μL of
sample buffer and centrifuged for 1 min at 2000 rpm. The cen-
trifuged mixtures were heated at 70 °C for 10 min and centri-
fuged again. Then, 20 μL of the obtained samples was loaded
on the 4–12% Bis-Tris gel. The protein marker had a molecular
weight of 10–250 kDa. Electrophoresis was executed for 30 min
at 200 V. The gel was stained with Coomassie Brilliant Blue
R-250 staining solution.

2.6 Formulation of oil-in-water emulsions with whey proteins
and/or phospholipids

The surfactant concentrations were selected based on the
natural levels of interfacial molecules in oleosomes. Previous
analyses indicated that the content of lipids (75 wt%) and pro-
teins (6 wt%) in purified hemp seed oleosomes could be used
as a reference.5 The literature also suggests that hemp seed
oleosomes contain 206 ± 7 mg of phospholipids per 100 g of
lipids (0.21 wt%).17 To obtain a stable emulsion system, three
different continuous phases were prepared, containing whey
protein isolate (WPI) 1.0 wt%, phospholipids (PL) 1.0 wt%,
and both WPI (1.0 wt%) and PL (1.0 wt%), WPI + PL, by dis-
solution in MilliQ-water and stirring overnight at room temp-
erature, respectively. Hemp seed oil was prepared by dissolving
0.1 wt% CBD as the dispersed phase. The CBD-loaded oil-in-
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water (O/W) emulsions were prepared by homogenizing
7.5 wt% dispersed phase with 92.5 wt% continuous phase at
room temperature via a two-step homogenization procedure.
The coarse emulsions were prepared by homogenizing the two
phases at 8000 rpm for 5 min in an IKA (Ultra-Turrax, IKA,
Staufen, Germany) and then passed through a high-pressure
homogenizer (GEA, Niro Soavi NS 1001 L, Parma, Italy) at a
pressure of 30 bars for 5 passes to obtain fine emulsions.

2.7 Quantification of CBD

CBD was extracted from the CBD-loaded oleosomes by solvent
extraction. CBD-loaded oleosome dispersions or CBD-loaded
emulsions (200 µL) were diluted in a 10 mL volumetric flask
with ACN to extract the CBD from samples and then trans-
ferred to HPLC vials by passing through a syringe filter (pore
size 0.2 μm). The CBD content was quantified with an
UltiMate 3000 UHPLC system (ThermoFisher Scientific). The
filtered solution (10 µL) was injected into the UHPLC system
equipped with an Acquity UPLC BEH C18 column (150 mm ×
2.1 mm, 1.7 μm particle size, Waters, Massachusetts, US) and
a UV-vis spectrophotometric detector. Milli-Q water and ACN
were prepared as mobile phases A and B, respectively. The
mobile phase flow rate was set at 0.38 mL min−1 with a
column temperature of 35 °C. The mobile phase gradient con-
ditions were set as follows: 0–1 min, kept at 50% B; 1–10 min,
increased from 50% to 100% B; 10–15 min, kept at 100% B;
15–20 min, kept at 50% B. The detection wavelength was set at
220 nm.

2.8 Droplet size distribution

A Bettersizer S3 Plus (Bettersize Instruments Ltd, China) static
light diffraction system was used to measure the droplet size
(d4,3) and size distribution of oleosomes and different types of
oil droplets (1 mL) mixed with the same volume of 1.0 wt%
SDS solution which could break the aggregation between dro-
plets produced by the bridging of proteins on the surface of
oleosomes. The refractive indices of continuous and dispersed
phases were set at 1.33 and 1.47, respectively.

2.9 In vitro digestion of oleosomes and bioaccessibility of
CBD

The in vitro digestion of oleosomes was investigated using a
gastrointestinal (GIT) model, which included both the gastric
and the intestinal phases.11,18 Prior to the digestion, all
samples were diluted with Milli-Q water to reach a lipid
content of around 2.5 wt%.

Simulated gastric fluid (SGF) was prepared using HCl (37%
concentrated, 0.7 mL), NaCl (0.2 g) and pepsin (320 mg) added
in 100 mL of Milli-Q water, and then adjusted to pH 1.2. Every
diluted sample (15 mL) was mixed with the freshly prepared
SGF at a ratio of 1 : 1 (v/v). The mixture was adjusted to pH 2.5
using 1.0 M NaOH and then incubated at 37 °C with continu-
ous agitation at 250 rpm for 120 min.

Simulated intestinal fluid (SIF), containing 1.5 mL of salt
solution (110 mg mL−1, CaCl2; 13 mg mL−1, NaCl) and 3.5 mL
of bile salt extract solution (54 mg mL−1 in 5 mM phosphate

buffer, pH 7.0), was added to the gastric phase and readjusted
to pH 7.0. A lipase suspension (2.5 mL, 24 mg mL−1 in 5 mM
phosphate buffer, pH 7.0) was incorporated into the mixture.
The mixture was maintained at pH 7.0 by titrating with 1.0 M
NaOH to quantify the free fatty acids (FFAs) released from the
samples. The whole process was conducted in a 37 °C water
bath, and the mixture was incubated with continuous agitation
at 250 rpm for 120 min. The hydrolysis of lipids was quantified
by calculating the FFA release according to eqn (2):

FFAs ð%Þ ¼ VNaOH � 1:0M�MLipid

2�WLipid
� 100% ð2Þ

where VNaOH is the volume (L) of 1.0 M NaOH used to neutral-
ize the released FFAs in the digestion model. MLipid is the
average molecular weight of hemp seed oil (874 g mol−1).
WLipid is the total lipid mass applied in the digestion model.

After the small intestinal phase digestion, the digesta were
centrifuged at 10 000g at 4 °C for 60 min to collect the micellar
phase. The concentration of CBD in the micellar phase was
determined with UPLC as described in section 2.7. The bioac-
cessibility of CBD after digestion was calculated according to
eqn (3):

Bioaccessibility ð%Þ ¼ CMicellar

C1
� 100% ð3Þ

where CMicellar is the concentration of CBD in the micellar
phase and C1 is the concentration of CBD encapsulated in
digesta.

2.10 Statistical analysis

All measurements were carried out more than three times and
expressed as mean value ± standard deviation. The signifi-
cance (p < 0.05) was analyzed by the analysis of variance
(ANOVA) and Duncan’s test using IBM SPSS statistical software
(version 28.0.1.1, IBM SPSS, USA).

3. Results and discussion
3.1 Influence of the oleosome membrane on in vitro lipid
digestion

To understand the differences in the lipid digestion rate of
oleosomes in relation to other oil droplets, we compared them
to oil droplets stabilised by commonly used emulsifiers, like
whey proteins (WPI), phospholipids (PL) and a WPI + PL
mixture.19,20

Fig. 1A shows the release of FFAs from the four types of
emulsions during the small intestinal phase. The release of
FFAs of oil droplets stabilized by WPI + PL, WPI and PL fol-
lowed a typical trend characterized by an initial sharp increase
in the released FFA followed by a progressively slower increase.
The oil droplets stabilized with only WPI or PL exhibited a
slightly faster FFA release rate during the first 70 min com-
pared to the emulsions stabilized with the WPI + PL mixture.
This synergy may result from a better coverage of the oil/water
interface by the combination of WPI and PL (Fig. 1B). As a
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result, the release of FFAs was initially slower. However, after
120 min of in vitro small intestinal phase digestion, the WPI +
PL-stabilized oil droplets had a similar FFA release to the WPI-
or PL-stabilized oil droplets at around 89%, 83% and 80%,
respectively. This is significantly higher than that of the oleo-
somes, which exhibit very slow and continuous release to
reach a final value of only 8.21%. It is worth noticing that the
observed differences in the FFA release between oleosomes
and the WPI, PL, and WPI + PL-stabilized emulsions cannot be
explained by differences in the initial size distribution of the
emulsion. Indeed, all the emulsions showed a unimodal
droplet size distribution with droplet sizes around 2.0 µm,
similar to the oleosomes (Fig. 1B). However, we observed
differences in the droplet size distributions at the end of the
gastric step of the simulated in vitro digestion. The droplet
sizes of the emulsions increased to 122.4 µm (WPI + PL),
163.7 µm (WPI), and 87.2 µm (PL) after the gastric phase, as
shown in Fig. 1C. In contrast, the droplet size of oleosomes
was 6.7 µm after the gastric phase. The total surface area of
the emulsion at the beginning of the small intestinal phase is
known to be one of the most important factors governing lipid
hydrolysis in vitro and in vivo. It has been reported that PL-

stabilized emulsions may resist coalescence during the gastric
phase of digestion and present a relatively high total surface
with a smaller droplet size at the beginning of the small intes-
tinal phase and, therefore, are digested rapidly. Instead, the
proteins in WPI + PL and WPI stabilized emulsions could be
hydrolyzed into peptides by pepsin in the gastric phase.21 This
may produce a certain degree of droplet coalescence and facili-
tate their removal by bile salts in the small intestinal phase,
facilitating the exposure of the oil cores to lipase, thus enhan-
cing lipid hydrolysis and the subsequent release of FFAs.22

This modification of the droplet interface produced differ-
ences in the total surface area exposed to lipase in the small
intestinal phase by droplet coalescence. At the end of the
small intestinal phase, the droplet size of emulsions changed
to 112.8 µm (WPI + PL), 182.1 µm (WPI), and 62.5 µm (PL),
respectively (Fig. 1D). It has been proposed that the oleosome
membrane remains stable due to the structure of the oleosins
combined with the presence of the phospholipids providing re-
sistance to gastric digestion, as the hydrophobic domain of the
oleosins embedded in the lipid core is less accessible to
pepsin, and can maintain some stability of the oleosomes even
after partial hydrolysis of the hydrophilic regions.10 Moreover,

Fig. 1 Free fatty acid release from oleosomes and emulsions stabilized by WPI + PL, WPI and PL during 2 h of small intestinal phase digestion (N ≥
3, mean value ± standard deviation) (A). Droplet size distribution of oleosomes and emulsions stabilized by WPI + PL, WPI and PL before digestion
(B), after the gastric phase (C) and after the small intestinal phase (D). All samples were diluted with Milli-Q water to reach a lipid content of around
2.5 wt% before starting the digestion experiments.
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the compact oleosin and phospholipid structures may prevent
the adsorption of bile salts and lipase onto the interface. They
formed large aggregates of oleosomes which increased to
103.5 µm after the small intestinal phase that further hindered
the hydrolysis by reducing the access for lipase10 and slowed
the release of FFAs during the small intestinal phase
digestion.23,24 The substantial lower lipid digestion of the oleo-
some cannot be explained by a larger droplet size, for instance,
as a result of coalescence (and hence a lower surface area for
lipase) in the gastric phase as previously reported.11,25 As dis-
played in Fig. 1C, the droplet size of the oleosome after the
gastric phase was considerably smaller than in the other emul-
sions. Even though the total surface area of oleosomes at the
beginning of the small intestinal phase was the larger than
that of artificial emulsions, the FFA release was still the lowest
among the tested samples. Differences in the interfacial pro-
perties of oleosomes and WPI + PL, WPI and PL-stabilized oil
droplets, particularly the hairpin structure of the oleosins on
the surface of oleosomes, are therefore more likely attributable
to the observed limited digestibility of the oleosomes.

3.2 Influence of the membrane density on in vitro digestion

The interfacial properties of oleosomes are characterized by a
compact membrane structure comprising proteins and phos-
pholipids and a high membrane density. A previous study esti-
mated that the interface density of rapeseed oleosomes was
one phospholipid molecule (PL) per nm2, a far higher phos-
pholipid interfacial density sufficient for stabilization (0.1–0.2
PL per nm2).26 Therefore, to further explore the role of the
oleosome interfacial properties in the limited digestibility, the
membrane density was manipulated by adding additional
hemp seed oil to oleosome dispersions (3.75 wt% lipid
content), which were then homogenized at the optimal high-
pressure to obtain an oleosome dispersion with 7.5 wt% lipid
content.26,27 The resulting homogenized oleosomes had a
membrane density approximately half that of the original oleo-
somes (schematically represented in Fig. 2) but with a droplet
size and size distribution (Fig. 3A) comparable to those of the
original oleosome dispersion.

Fig. 3B shows that the release of FFAs from the oleosomes
with lower membrane density was much higher (55%) than
that from native oleosomes (8%) during the small intestinal
tract digestion. The droplet sizes of both systems at the begin-
ning of the digestion were similar. Therefore, the difference
could be attributed to the different types of access of bile salts
and enzymes to the oleosome membrane and the inner triacyl-
glycerols. The available oil surface is increased during hom-
ogenization with the additional oil, and the membrane mole-
cules are expected to redistribute on the surface.26 With the
increased total surface areas, the homogenized oleosomes had
reduced membrane density and a weakened molecular lateral
interactions at the interface which created voids on the droplet
surface.26 The voids facilitate the access of digestive enzymes
through the reduced density membrane, increasing the chance
of contact with the lipids in oleosomes and enhancing the
hydrolysis of the lipids. Interestingly, both systems in Fig. 3B
had similar initial FFA release kinetics in the first 20 min,
suggesting that the voids on the oleosome interface are rela-

Fig. 2 Schematic representation of the difference in membrane density
between oleosomes (bottom left) and oleosomes homogenized with oil
(bottom right).

Fig. 3 (A) Droplet size distribution of oleosomes and oleosomes homogenized with oil. (B) Free fatty acid release from oleosomes and oleosomes
homogenized with oil during 2 h of small intestinal phase digestion (N ≥ 3, mean value ± standard deviation). All samples were diluted with Milli-Q
water to reach a lipid content of around 2.5 wt% before starting the digestion experiments.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 6369–6377 | 6373

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
8/

20
26

 3
:4

1:
30

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo04171b


tively small, and the rate at which the enzymes reach the oleo-
some TAGs is not too high. After the first 20 min, the lipid
hydrolysis at the homogenized oleosomes increased, showing
that the lipases had easy access to the oleosome TAGs.

3.3 Influence of heat treatment on in vitro digestion

Heat treatment is commonly used in food production and pro-
cessing for a variety of reasons. The natural structure of pro-
teins on the surface of oleosomes might be changed by
heating, modifying their interfacial behavior and the stabiliz-
ation of oleosomes.13,14 Therefore, oleosomes were heated at
95 °C for 30 min and then subjected to in vitro digestion to
characterize the influence of the heat treatment on their
digestibility.

Fig. 4A shows that both native and heated oleosomes
exhibit only very gradual FFA release, reaching only approxi-
mately 8% after 120 min of small intestinal phase digestion,
with no significant difference between heated and unheated
oleosomes. This agrees with a previous study indicating that
heating does not enhance the FFA release from oleosomes
during in vitro digestion, as it depends on the accessibility of
the oil–water interface for the lipase, which does not change.13

However, a previous study reported that roasted hazelnut oleo-

somes exhibited a higher FFA release than raw hazelnut oleo-
somes.10 The case may be made that the effect of heating on
the interfacial properties, particularly the interaction between
protein and their native structures, could vary depending on
the severity of the heat treatment, which was quite strong on
the roasted hazelnut oil bodies (140 °C, 20 min). In our study,
we opted for a milder heating condition of 95 °C for 30 min,
which may only impact the interfacial properties of oleosomes
from hemp seeds to a limited extent. Interestingly, there was a
substantial difference in the kinetics of the FFA release in the
first 60 min during the small intestinal phase of digestion. We
hypothesize that heat treatment alters the protein structure at
the oleosome interface. This alteration may enhance β-folding
and induce a random coil in the hydrophilic regions of the
interface proteins.14 These structural changes could render the
proteins less susceptible to proteases, which may explain the
slower hydrolysis rate during the early phase of digestion.
However, after this initial period, there is no significant differ-
ence in FFAs released between the heated and unheated oleo-
somes. The protein composition of the native and heated oleo-
somes was characterized by SDS-PAGE, as shown in Fig. 4B.
The oleosomes were highly purified with negligible amounts
of impurities, such as exogenous proteins on the surface. A

Fig. 4 (A) Free fatty acid release from native oleosomes and heated oleosomes in an in vitro digestion model (mean value ± standard deviation). (B)
Protein profiles of native oleosomes and heated oleosomes by SDS-PAGE. (C) Droplet size distribution of native oleosomes and heated oleosomes.
All samples were diluted with Milli-Q water to reach a lipid content of around 2.5 wt% before starting the digestion experiments.
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main band of around 14 kDa was present and assigned to oleo-
sins on the SDS-PAGE gel.5 Oleosins remained on the surface
of oleosomes and showed no significant changes before and
after the heat treatment. It did not appear, as previously
reported, that the exogenous protein dissociated from the
interface upon heating, which would lead to instability in the
heated oleosome and increase the rate of in vitro digestion.13

Instead, the purified oleosomes we obtained maintained good
stability even after heating. Moreover, the native and heated
oleosomes had similar droplet size and distribution, indicat-
ing that oleosomes showed excellent thermal stability without
aggregation, flocculation or phase separation during the
heating process, as shown in Fig. 4C. Therefore, a relatively
mild heat treatment does not change the structure of the oleo-
sins, nor does it change the properties of the oleosomes.

3.4 Bioaccessibility of CBD

The bioaccessibility of the encapsulated target compound, i.e.,
its effective delivery and release in the small intestinal phase
digestion, is an important parameter for judging the efficacy
of a carrier system.28 Therefore, the bioaccessibility of CBD of
different types of oleosomes was investigated and the results
are shown in Fig. 5. The oleosomes homogenized with
additional oil showed a much higher CBD bioaccessibility,
42%, compared to the native and heated oleosomes at 7% and
6%, respectively. This implies that reducing the membrane
density of oleosomes could effectively increase the bioaccessi-
bility of CBD. Moreover, according to the trends of FFA release,
both the oil and the CBD will only be gradually released.

It was reported earlier that oleosome-based carriers had a
relatively lower in vitro bioaccessibility of CBD compared to
emulsions stabilized by regular emulsifiers.29,30 There is a
direct correlation between the bioaccessibility of CBD and the
release of the FFAs. A higher FFA release during in vitro diges-
tion also results in a higher bioaccessibility of CBD. The phos-

pholipid density of the membrane, plus its stabilization by the
oleosins, gives oleosomes a strong resistance to digestion,
which leads to a low lipid hydrolysis rate and low bioaccessibil-
ity of CBD. Modification of the membrane density by dilution
with refined oil provides a simple way to customize CBD bioac-
cessibility, exceeding the bioaccessibility in pure CBD oil,
which was only 1.83% (Fig. 5). The combined stability of the
oleosomes against heating and loading with active com-
ponents, plus their suitability for modification of their pro-
perties, show their versatility as delivery vehicles for thera-
peutics and other bioactive components.

4. Conclusions

In this study, the influence of the membrane density of oleo-
somes on in vitro lipid digestion of oleosomes and CBD bioac-
cessibility was investigated. The hairpin structure of the oleo-
sins that stabilize the oleosomes, plus the dense packing of
phospholipids, produced a slow and constant FFA release in
the in vitro small intestinal model used. Furthermore, the
heating of oleosomes did not lead to changes in their
digestibility.

The influence of membrane density was demonstrated by
‘diluting’ oleosomes with additional refined oil, such that the
resulting oleosomes only had half the membrane density of
the native ones but the same droplet size. The ‘diluted’ oleo-
somes with half the membrane density had a significantly
higher FFA release (55%) after in vitro digestion than the
undiluted ones (8%). Thus, the bioaccessibility of CBD can be
modulated by manipulation of the membrane density, which
highlights the potential of oleosomes as efficient delivery
vehicles for functional ingredients.
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