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Abstract Oil bodies (OBs) are specialised organelles ubiquitously detected in plant oil seeds,
which serve as lipid storage compartments. OBs consist of a hydrophobic core of triacylglycerol
(TAGs), surrounded by a monolayer of phospholipids (PLs) embedded with some specific
proteins with a size ranging from 0.5 to 2 μm. In this work, we report an easy method to
reconstitute OBs starting from their constituents and to encapsulate lipophilic molecules, i.e. the
fluorescent fluorescein isothiocyanate (FITC) and carboxyfluorescein (CF), into reconstituted
OBs. This methods allowed us to produce OBs 4- to 10-fold smaller (50–200 nm) than the
native one and to obtain a good recovery (about 40%) of both the fluorescent compounds used
in the present work. The properties of reconstituted OBs were investigated by a combination of
Brewster angle microscopy, scanning force microscopy, ζ-potential techniques. OBs were
stable and formed ordered monolayers when patterned on hydrophobic substrates whereas they
showed a higher tendency to aggregate into larger, coalescing OBs when were deposited onto
hydrophilic substrates or at the air/water interface. Furthermore, we verified the uptake of FITC-
loaded OBs by the MCF-7 breast cancer cell line. Our results indicated that OBs could be
envisaged as novel carriers to deliver hydrophobic bioactive compounds.
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Introduction

Plant seeds store triacylglycerols (TAGs) into oil bodies (OBs), specialised organelles
which serve as an energy reserve during germination and post-germinative growth. OBs
consist of a hydrophobic core of TAGs, surrounded by a monolayer of phospholipids (PLs)
embedded with some specific proteins, including oleosins and some minor proteins, i.e.
caleosin and steroleosin [1–6]. OBs from different plant species commonly consist of 98–
94% TAGs, 0–5–2% PLs and 0.5–3.5% proteins and show a size ranging from 0.5 to 2 μm,
as visualised in the schematic representation of plant OBs shown in Fig. 1a.

Due to the easy purification procedures from plant seeds and the possibility of obtaining
artificial OBs starting from recombinant oleosin or caleosin [7, 8], there is an increasing
interest to use them as nanocarriers to deliver pharmaceutical drugs or foreign proteins and
peptides of therapeutic interest via their expression as fusions with oleosin or other OBs
proteins [1–3]. The interfacial behaviour of the single components of OB has been studied in
the past [9–11]. However, to our best knowledge, the behaviour and stability of OBs at air/
water interface or when patterned onto different surfaces have not yet been investigated. This
information could be of primary importance for future pharmaceutical applications of OBs.

In the present work, we report an easy method to reconstitute natural OBs starting from their
constituents and to encapsulate lipophilic molecules, i.e. the fluorescent fluorescein
isothiocyanate (FITC) and carboxyfluorescein (CF), into reconstituted OBs. This method
allowed us to produce OBs 4- to 10-fold smaller (50–200 nm) than the native ones and to obtain
a good recovery (about 40%) of both the fluorescent compounds used in the present work.

The properties of reconstituted OBs were investigated by a combination of different
techniques. Finally, we verified the uptake of FITC-loaded OBs by the MCF-7 breast
cancer cell line.

Experimental

Chemicals

The chemicals used for this study are as follows: penicillin–streptomycin solution
(Sigma, USA), sodium pyruvate (Sigma, USA), Dulbecco’s modified Eagle medium

Fig. 1 a Schematic representa-
tion of a plant OB. b Fluorescent
OBs imaged by Confocal Laser
Scanning Microscopy (CLSM). c
Native OBs visualised by trans-
mitted light
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(DMEM) medium (Sigma, USA), thiazolyl blue tetrazolium bromide ≥97.5% TLC
(Sigma, USA), phosphate-buffered saline (PBS), Dulbecco A (PBS, Oxoid), triton X-
100 (Sigma, USA), FITC (Sigma, USA) and CF (Sigma, USA).

Purification of seed OBs and Reconstitution with FITC and Carboxyfluorescein

Seed OBs were purified from hazelnut and almond seeds by two-layer flotation as
previously reported [12], and further purified by two sequential washings with 2.0 M
NaCl and finally resuspended in 150 mM Tris–HCl, pH 7.5, containing 0.6 M
sucrose.

FITC-loaded OBs were prepared starting from 500 mg OBs. They were extracted twice
with ten volumes of chloroform/methanol (2:1, v/v). After centrifugation at 1,000×g for
5 min, the lower chloroform/methanol phase was dried. The upper phase was extracted
twice with ten volumes of hexane and the solvent completely evaporated. OBs were
reconstituted using both the chloroform/methanol and the hexane extracts in the presence of
different amounts (0.5, 1, 2 mg) of FITC or CF (purchased by Sigma). The suspension was
sonicated using a standard ultrasonicator bath for different times (30, 60, 120 min). At the
end, the reconstituted OBs were resuspended in grinding buffer, centrifuged and recovered
from the top of the tube. Three further washing steps were carried out to remove the excess
of FITC or CF.

Confocal Laser Scanning Microscopy

Fluorescent OBs were imaged by confocal microscopy using an excitation wavelength of
488 nm. The emission was recorded with the 505–530 nm filter set. Confocal micrographs
of intracellular uptake were taken with a Leica confocal scanning system mounted to a
Leica TCS SP5 (Leica Microsystem GmbH, Mannheim, Germany) and equipped with a
63× oil immersion objective.

Imaging by Scanning Force Microscopy

Scanning force microscopy (SFM) imaging was conducted using a Multimode-Picoforce
system (Veeco Instruments Inc., Santa Barbara, CA, USA). OBs were imaged after
deposition onto silicon substrates (hydrophilic and hydrophobic) at room temperature in
air in tapping mode. For tapping mode imaging we used RFESPA silicon cantilevers
(Veeco Instruments Inc.) of about 3 N/m spring constant with a resonance frequency
of around 80 kHz. Topographical (height), Amplitude and Phase images are acquired
in at least three different position. Representative Amplitude images are selected
because are showing higher details of OBs morphology. Size and thickness measure-
ments were performed on corresponding height images by using Nanoscope Software
(version 6.14r1).

The sensitivity of the optical system was calibrated and the cantilever spring constant
determined prior to each experiment using built-in routines of the manufacturer
(Nanoscope IIIa version 6.14r1). Specifically, the optical lever sensitivity (necessary to
convert the voltage applied to the piezo into tapping mode deflection distance of the
cantilever in nanometers) was determined on a bare glass substrate from force-vs.-
distance curves taken at 0.5 Hz. The cantilever spring constant was measured using the
thermal noise method [13, 14].
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Langmuir–Schäfer Deposition

Experiments were carried out by a NIMA 601 LB apparatus. Ultrapure water (Millipore
Milli-Q, 18.2 MΏ cm) was used as the solvent for the sub-phase: the pH of the water
solution sub-phase, containing KCl 100 mM, K-phosphate 10 mM and sodium acetate
5 mM, was regulated by carefully controlled additions of KOH or HCl solutions. The
temperature of the sub-phase was regulated at 20 °C by a Haake GH-D8 apparatus. OB
suspensions were resuspended in an aqueous medium of the same composition as the sub-
phase; different volumes (in the range of 100–500 μL) of the OB suspensions were injected
by a gastight syringe into the sub-phase depending on the trough size. The surface pressure
was simultaneously monitored by a Wilhelmy balance in order to register the kinetics
curves.

The surface layer was transferred via the Langmuir–Schäfer (LS) deposition technique
onto different substrates (hydrophilic or hydrophobised silicon/silicon dioxide plates).
Hydrophobisation was conducted by exposure for 24 h to a saturated atmosphere of
1,1,1,3,3,3-hexamethyldisilazane (HMDS). The transfer was performed at the surface
pressure in the plateau region of each kinetics curve by lowering the substrate horizontally
until contact with the floating film [15, 16].

ζ Potential Measurements

The ζ-potential values for the seed OBs purified from hazelnuts and almonds and for
artificial OB were determined at pH values from 7 to 4.

ζ-potential was determined by a Zetasize Nano-ZS90 (Malvern Instruments Ltd,
Malvern, UK) that uses a combination of laser Doppler velocimetry and phase analysis light
scattering (PALS) in a technique called M3-PALS to measure particle electrophoretic
mobility in an applied electric field. The samples, diluted in 10 mM sodium phosphate buffer
at selected pH values (ranging from 4 to 7), were injected into a cell where a potential is
applied. ζ-potential is related to the electrophoretic mobility by the Henry equation [17]. The
ζ-potential is reported as the average and standard deviation of measurement calculated
from three freshly prepared samples, with two readings for each sample.

Cell Culture

Human epithelial carcinoma cell line (HeLa) and human breast cancer cell line (MCF-7) were
maintained in DMEM medium supplemented with FBS (10%), penicillin (100 U/ml culture
medium), streptomycin (100 μg/ml culture medium), glutamine (5%) and sodium pyruvate
(5%). Cells were grown in a humidified incubator at 37 °C, 5% CO, and 95% relative
humidity. MCF-7 cells were fixed in 3.7% formaldehyde in PBS for 5 min, permeabilized
with Triton X-100 (0.1% in PBS) followed by a 30 min incubation at room temperature with
phalloidin-TRITC (Sigma). HeLa cells were then washed with PBS for 5 min and
subsequently stained with 1 μg/ml of Hoechst 33342 for 5 min at room temperature.

Cellular Uptake

To determine the cellular uptake of OBs, we seeded 105 cells/ml in sterile glass-culture slide
coating with poly-L-Lysine. The cells were incubated with the OBs dispersion. After 4 h of
incubation at 37 °C, the culture medium was removed, the cells were washed three times
with PBS with Ca2+ and Mg2+. Then new medium was added to cell culture.
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Result and Discussion

Encapsulation of Lipophilic Drugs Into Reconstituted OBs

In order to demonstrate that plant OBs could have potential applications as micro/
nanocariers to deliver hydrophobic drugs, we reconstituted OBs using a method similar to
that already reported for the reconstitution of artificial OBs [7, 8], but starting from their
native constituents, namely triacylglycerols (TAG), phospholipids (PL) and structural
proteins which were recovered either in the methanol/chloroform or the hexane fractions.
Using the above-described protocol, we were able to reconstitute OBs of a similar shape to
the natural ones. As far as the size of the reconstituted OBs is concerned, it was influenced
by the length of the sonication step since longer sonications resulted in larger OBs (data not
shown). The present work was carried out on smaller reconstituted OBs, obtained with a
sonication step of 60 min, whose size ranged from 50 to 200 nm (Fig. 1b, and the following
results shown in Fig. 2), since such a size is considered more useful for drug delivery
mediated by micro/nanocapsules.

As proof of the reported successful procedure, FITC or CF, two fluorescent hydrophobic
compounds, were encapsulated into reconstituted OBs (Fig. 1b) and compared with native
OBs (Fig. 1c). Using this protocol, a recovery of about 40% of each compound (starting
from 1 mg) was obtained.

OB Monolayers Morphology

OBs at the air/water interface were transferred by LS method onto solid support using both
hydrophilic and hydrophobic substrates. Figure 2 shows amplitude SFM images of the
resulting OBs “monolayer” deposited onto hydrophilic (a) and hydrophobic silicon
substrate (b). All images were acquired in air immediately after their deposition. SFM
images revealed a strong tendency to coalesce into larger structures for OBs deposited onto
hydrophilic silicon substrates (see patches in Fig. 2a). After/during adhesion onto this
substrate they are not stable enough to maintain their shape and open and fuse together
(see round-shaped “islands”) into patched structures (see irregular structure of more than
1 μm in size selected in the section in Fig. 2a at the bottom), which however, maintain a
thickness similar to that of a single OB as visualized by Z-profile shown in the insets of
Fig. 2a and b, thus indicating that they derived from several single OB coming together and
leading to a flattened coalescing structures once they adhere onto the hydrophilic silicon
substrate.

By converse, OBs deposited onto a hydrophobic support, appeared more stable and
maintained their original quasi-spherical shape (Fig. 2b), in this case the presence of a
hydrophobic functionalization of the silicon surface had the twofold advantage of ensuring
a better transfer of the phospholipid monolayer matrix and to prevent the polar OB head
groups to interact with the solid surface, a phenomenon that would lead to single OBs
rupture and aggregation as observed on hydrophilic silicon. As shown in the inset of
Fig. 2b, height peaks widths in the Z-profile are due to spherical OBs of different sizes.
They range between 50 nm (i.e. shorter peak in the Z-profiles, as in the inset of Fig. 2b) and
about 200 nm (i.e. the highest peak in the section of Fig. 2b, inset). SFM allows us to
investigate fine nanostructures in OBs, going down to few hundred nanometers scan sizes.
Figure 2c and d shows higher magnification Amplitude images (2×2 μm and 1×1 μm scan
areas) of OBs deposited onto hydrophobic substrates. They are rather monodisperse,
covering almost homogeneously the whole surface and having a typical spherical shape.
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The thickness of single OBs is about 10 nm, also taking into account tip convolution in
the calculation of round-shaped structures like our OBs (our SFM cantilever has a typical
radius of curvature below 15 nm). OBs dimensions are variable between 50 and 200 nm.
They are rather dense and uniform. This behavior is in agreement with reduction of Gibbs
free energy: contact surface between solid support and OBs has to be minimized, leading to
OBs spherical shape as observed in SFM images. By contrast, when the interaction is
between two surfaces with similar features, the hydrophilic–hydrophilic interaction leads to
OBs instability which results in the rapid coalescence of OBs (see Fig. 2a).

The differences found in OB morphology when patterned onto hydrophilic/hydrophobic
substrates could be explained considering different interactions acting between the substrate
and the surface of OBs. In particular, the silicon substrate interacts with the membrane of
OBs, where the polar heads of phospholipids and the polar domains of some OB proteins
are exposed [4, 5]. Oleosins, in particular, are the main proteins and play an important role

Fig. 2 Tapping mode scanning force microscopy images of OBs. a Amplitude image of OBs deposited onto
hydrophilic substrate and (inset) typical section of a coalesced OBs. b Amplitude image of OBs deposited
onto hydrophobic silicon substrate with (inset) typical height profile of OBs. c Amplitude image of a
magnification (2×2 μm size) and d a further zoom of OBs patterned “monolayer” (1×1 μm size)
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in the stability of OBs. They are amphiphatic proteins, even though they do not behave like
membrane proteins, since they localize at a single lipid/water interface between the TAG
core of OBs and the surrounding aqueous cytoplasm. Current models suggest that they are
deeply inserted into the TAG core of OBs by the central hydrophobic domain, whereas the
N- and C- hydrophilic termini of the protein protrude outside. The importance of the
domains flanking the central hydrophobic domain in the OB stability was showed by Li and
co-workers [18]. Indeed, OBs, reconstituted with the central hydrophobic domain of oleosin,
showed a high tendency to coalesce, similar to that observed in OBs containing no oleosin,
thus indicating that the central domain of this protein has a poor emulsifying and OB
stabilizing features, whereas the surface-oriented N- and C-terminal domains could associate
each other to form a tightly knitted amphipathic structure which stabilizes the entire OB.

OBs at the Air/Water Interface

Suspension of native and reconstituted OBs were injected underneath the water surface
while monitoring surface pressure, the investigation of OBs behaviour of at the air/water
interface has been performed following a two-step approach: monitoring of the variation of
surface pressure vs. time, in other terms a kinetics experiment, and collection of images of
the floating film originated on the sub-phase surface by Brewster angle microscopy (BAM)
to gather information on the resulting film morphology.

The results of these experiments are described in Fig. 3 both for native (a) and
reconstituted (b) OBs for sub-phases at neutral pH.

The first apparent and fundamental observation is the clear-cut change of surface pressure
vs. time after OBs injection suggesting the formation of a surface-active layer at the air/water
interface. Since the only perturbation to the system is the injection of OBs in the bulk of the
sub-phase, it is natural to infer that OBs aggregates first diffuse in the bulk phase and then
migrate at the interface. Hence, a remarkable and monitorable increase in surface pressure has
been measured by the Wilhelmy balances just after injection with a typical pattern involving
the immediate enhancement of pressure up to a plateau regime, generally around 15 mN/m.
An evident example of such behaviour is illustrated in Fig. 3 ascribed to the injection of a
suspension of OBs in the bulk of the water sub-phase at neutral pH.

It is noteworthy that the “response time” to the perturbation induced by the injection of
OBs is remarkably fast. A possible mechanism could take into account a fast migration of
the OB to the water surface followed by the formation of a surface film, this behaviour
echoes the formation of lipid bilayers on solid surfaces upon vesicles disruption [19, 20].
Nevertheless, separate experiments (not shown here) demonstrated that the surface film can
be compressed giving rise to a “pseudo” monolayer isotherm whose shape changes
depending on the time allowed for equilibration after OB injection. Therefore, a simplistic
view of OB disruption and formation of an adsorption layer of OB components has to be
discarded although the increase in equilibrium surface pressure (see Fig. 3) is similar to the
decrease in surface tension reported by other authors [9, 10] for adsorption monolayers of
caleosin, i.e. 15–25 mN/m.

The morphology of the surface film formed at the air/water interface can be readily
visualized by means BAM, a powerful technique usually utilised to monitor directly the
morphology of floating layers at the air/water interface in the micron scale [21–23]. In the case
of real interfaces, the intensity of the reflected radiation is mainly determined by the
interfacial characteristics and evidences a minimum at the Brewster angle. Both the thickness
of the floating layers and the roughness at the interface are critical parameters that determine
the BAM images.
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This method is expected to provide essential information about the presence of OBs and
their aggregates in the surface film at the air/water interface.

BAM investigation was carried out along the plateau region of π-time isotherms and the
corresponding snapshots are reported in Fig. 3, the images evidence a peculiar behaviour,
more complex than first hypothesised in the light of the only kinetics curves and show the
existence of a multiphasic film. All BAM images exhibit the simultaneous existence of both
a three-dimensional (3D) domains of large and brilliant aggregates surrounded by a floating
2D film, probably monomolecular, which appears as a region only slightly more luminous
than the black uncovered water surface. This finding suggests the formation of a fluid
phospholipid monolayer where intact OBs or OBs aggregates can be dynamically
embedded. This picture closely resembles what proposed for the arrangements of “water
bodies” where the film at the water surface is visualized as organized into strata, with a very
thin lipid layer overlaying a layer of proteins and polysaccharides [24, 25].

Moreover, BAM images show that 3D aggregates coalesce with time and become
progressively larger and brighter; at the same time surface pressure remains practically
constant in the plateau region, thus suggesting that the coalescence phenomenon is
simultaneously accompanied by supplying of new OBs from the bulk of the aqueous sub-
phase. Without such a dynamical process, the surface pressure at constant surface area should
decrease. The same behaviour was observed for OBs reconstituted from the same seeds
(Fig. 3b), thus indicating that reconstituted OBs have the same behaviour at the air/water
interface than the native ones.

Fig. 3 BAM images of the floating film generated by native OBs (a and b) and reconstituted OBs (c and d). The
images were taken at the following different surface pressure values in the plateau region: a 15.6, 16.1 and 16.4
mN/m; b 15.4, 15.8 and 16.1 mN/m. Sub-phase pH value of 7 in (a) and (c) and pH value of 4 in (b) and (d)
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Previous studies on mixed monolayers of phosphatydilcholine and oleosin at the air/
water interface report the presence of white diffuse stripes in BAM images due to protein
segregation in the lipid layer [26]. Notably, such domains are not observed in the present
work confirming that OB aggregates are mainly intact in the phospholipid film.

As shown in Fig. 3, no significant variations in this dynamic process were observed at
different pH values (pH 4 and pH 7). This probably means that, in the experimental
conditions here tested, the kinetics of coalescence of OBs at the air/water interface is not
influenced by the pH value (similar images were obtained at pH 5 and pH 6; data not shown)
and that the kinetics of bulk aggregation is much slower compared to migration and
adsorption at the interface. Interestingly, the OBs surface charge density plays a minor role in
governing the coalescence process in the fluid phospholipid matrix at the water/air interface.

OB ζ-potential

We investigated the surface charge properties of OBs reconstituted from almond and
hazelnut seeds. At the tested conditions, the electrical charge of the two different
preparations of OBs was similar. The recorded ζ-potential ranged from about −30 mV at
pH 7 to +30 mV at pH 4 either in almond or hazelnut OBs (Fig. 4a and b). However, a
slight change in the isoelectric point was observed, with the point of zero charge being
around pH 5 in the case of hazelnut (Fig. 4a) and around pH 5–4 in the case of almond OBs

Fig. 4 ζ-potential values of OBs
reconstituted from almond (C)
and hazelnut (D) seeds
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(Fig. 4b). A similar trend of ζ-potential at different pH values and similar isoelectric point
was already reported for soybean OBs [27]. Therefore, at the neutral pH conditions used in
the experiments shown in Fig. 4, OBs expose a negative charge on their surface and the
interaction with an “unfavourable” substrate (hydrophilic as their outermost surface) most
likely determines a shift in the OBs “equilibrium” shape.

OBs Uptake by Cancer Cells

FITC-loaded fluorescent OBs were used as markers to follow encapsulation and delivery
into the MCF-7 breast cancer cell line. Cells were imaged after 4 h of treatment and stained
by Phalloidin-TRITC (red fluorescence) to label the cytoskeleton (Fig. 5a). Figure 5b shows
typical images of FITC loaded OBs uptaken by MCF-7 cancer cells. Overlapping these
images allowed us to identify some different yellow spots derived from the merge of the
fluorescence (Fig. 5c). Most of the internalized OBs showed a cytosolic localization with
just few of them on the nuclear membrane. OBs internalization into cancer cells was also
verified by confocal Z-scans images from different x–y plans. Similar uptake results were
obtained with HeLa cells (data not shown).

Conclusions

In the present work, plant OBs were investigated by a combination of high-resolution
techniques to elucidate their structure and their physicochemical properties. This approach

Fig. 5 CLSM micrographs showing the intracellular uptake of OBs into MCF-7. a–d FITC-loaded OBs
internalised by MCF-7 cells; b–e MCF-7 cells cytoplasm stained with phalloidin-TRITC Fluorescence (red).
In the case of image b, the nucleus was stained with Hoechst (blue); c FITC/Hoechst and phalloidin-TRITC
fluorescences overlaid images
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allowed us to demonstrate that OBs form stable ordered monolayers once transferred onto a
hydrophobic substrates.

In order to use OBs as micro/nanocarriers to deliver lipophilic drugs, either FITC or CF
was successfully loaded into OBs and used to follow their uptake by breast cancer cells.
Taken together, our confocal results demonstrated that OBs are readily taken up by
neoplastic cells and can be exploited as potential nanocarriers for loading and targeting
natural bioactive compounds or anti-cancer drugs.
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