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Abstract

The influence of actively/passively encapsulated oleuropein on DPPC liposomes thermal and structural properties, and its
antioxidant capacity against lipid peroxidation were investigated. Also, an oleuropein-rich olive leaf extract was encapsulated
in soy phosphatidylcholine (PL-90 g) and incorporated in model and commercial drinks. Oleuropein induced a concentration-
dependent broadening and splitting of the gel-to-liquid phase transition temperature. Fluorescence measurements revealed a
fluidizing effect on liposomes below their gel-to-liquid phase transition temperature, and a higher lipid ordering above, especially
to active encapsulation. Oleuropein also showed an antioxidant effect against lipid peroxidation in PL-90 g liposomes. PL-90 g
Liposomes with olive leaf extract showed a mean diameter of 405 £ 4 nm and oleuropein encapsulation efficiency of 34% and
delayed oleuropein degradation at pH 2.0 and 2.8 model drinks. In conclusion, greater effects were observed on the structure and
fluidity of DPPC liposomes when oleuropein was actively encapsulated, while its incorporation into acidic foods in encapsulated
form could enhance its stability.
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Introduction the hydroxytyrosol moiety. These include radical scavenging

[1-3] and antimicrobial activity [4, 5], with inhibition of LDL

Oleuropein is the most abundant biophenol in the olive tree
fruits and leaves. It is an ester of hydroxytyrosol and a gluco-
side derivative of elenolic acid. It has been shown to have
powerful biological properties that have been attributed to
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peroxidation and platelet aggregation involved in prevention
of diseases like atherosclerosis [6, 7] and cancers [8]. For these
reasons, and along with many other biophenols, oleuropein
has attracted interest in the food industry for formulation of
functional products with increased nutritional properties, or
with enhanced shelf-life through exploitation of its antimicro-
bial properties and inhibition of food oxidation [9].

However, the use of such single compounds or extracts from
natural raw materials in foods, pharmaceutics and cosmetics is
often challenging, due to their low solubilities, sensitivities to
environmental conditions (e.g., temperature, pH, light), and often
poor sensorial characteristics. For example, oleuropein is a bitter
compound that is generally broken down into the bland tasting
hydroxytyrosol and elenolic acid at acidic and alkaline pHs dur-
ing table olive production [10]. However, there is good evidence
that oleuropein might be the most suitable precursor of
hydroxytyrosol and other bioactive metabolites for food and
nutraceuticals. Oleuropein appears to have higher bioavailability
when it reaches the colon, where it is fermented by the microflo-
ra, to result in a large array of bioactive compounds [11, 12].
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To overcome these problems of the biophenolics, different
techniques of micro-encapsulation and nano-encapsulation have
been developed over the last few decades, to enhance their us-
ability and bioavailability [13]. Liposomes are vesicles that are
composed of one or more phospholipid bilayers, and they have
been widely used in the pharmaceutical and cosmetic industries.
They have also shown interesting characteristics for the food
industry; e.g., entrapment of water-soluble, lipid-soluble and am-
phiphilic compounds, slow release, and the possibility for large-
scale production [14]. The most common and up-scalable tech-
niques for liposome preparation include thin-film formation and
the proliposome method, which result in the formation of lipo-
somes of differing sizes and degrees of lamellarity (multilamellar
vesicles). ). Liposomes with the correct qualities, such as high
encapsulation efficiency, good stability, narrow particle size, and
controlled release, have been designed to encapsulate food bio-
actives using the proliposome method [15, 16].

Liposomes are also a widely used model to evaluate inter-
actions with and effects of antioxidants on biological mem-
branes, and this information is also useful to engineer and
interpret the behavior and dynamics of liposomes as carriers
in food systems [14, 17]. Several studies have evaluated
oleuropein and other olive biophenols for their interactions
with and effects on phospholipid membranes, in terms of lipid
ordering, fluidity and free-radical scavenging. Some studies
showed the antioxidant activity of oleuropein against lipid
peroxidation and the positioning of oleuropein deep within
membranes [18]. On the other hand, more recent studies
showed shallower positioning within membranes and radical
scavenging activity of oleuropein near to the polar headgroups
of the phospholipids and the aqueous phase, with these related
to the nature and polarity of the phospholipid headgroups [19,
20]. However, there is no information in the literature related
to the impact of encapsulation of oleuropein on membrane
physicochemical properties, as the majority of these studies
have used titration of liposome suspensions with the bioactive
compound of interest, and subsequent partitioning.

In the present study, model liposomes were used to inves-
tigate the effects of oleuropein on membrane thermotropic
behavior (differential scanning calorimetry [DSC]) and order-
ing and fluidity (fluorescence polarization) in systems with
passively encapsulated oleuropein (i.e., added after formation
of liposomes) compared to actively encapsulated oleuropein
(i.e., encapsulated during formation of liposomes). Also, the
antioxidant capacity was evaluated under two types of oxida-
tion induction, in terms of oleuropein inhibition of lipid per-
oxidation. Finally, an oleuropein-rich olive leaf extract (OLE)
was actively encapsulated in liposomes using the proliposome
method with commercial soy phosphatidylcholine (PL-90 g).
The morphological and physicochemical properties of these
liposomes with actively encapsulated oleuropein were deter-
mined, along with the oleuropein stability under different pH
conditions in a food model and a real food system.

Materials and methods
Materials and chemicals

The standardized OLE powder was kindly provided by Oleafit
S.r.1 (Isola del Gran Sasso, Italy). This OLE was obtained
from leaves of the olive tree Olea europaeia L by maceration
in 70% aqueous ethanol. According to the manufacturer spec-
ifications, OLE contains a minimum of 40 wt% (dry weight)
oleuropein, 3.15 wt% ash, and 3.22 wt% moisture.
Phospholipon 90 g (PL-90 g; commercial lipid mixture which
contains pure phosphatidylcholine 94.0-102.0% from soy-
bean; lysophosphatidylcholine 4%; tocopherol 0.3% stabi-
lized with ascorbyl palmitate 0.1%) was from Phospholipid
GmbH (Kdln, Germany). 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC, molecular weight, MW =734 g mol
') was from Avanti Polar Lipids (Alabaster, AL). Commercial
lemonade nectar was purchased in a local supermarket (Sola
limonada; Sola, Pivovarna Lasko Union d.o.o, Slovenia).
Oleuropein (>80% by HPLC), L-ascorbic acid, and the
fluorophores 1,6-diphenyl-1,3,5-hexatriene (DPH) and
N,N,N-trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl)
phenylammonnium p-toluenesulfonate (TMA-DPH) were
from Sigma-Aldrich (Darmstadt, Germany). Hydroxytyrosol
(>98% by HPLC) and verbascoside (>99% by HPLC) were
from Extrasynthese (Lyon, France). The fluorescent probe
4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-
s-indacene-3-undecanoic acid (BODIPY 581/591 C11) was
from Molecular Probes (Eugene, OR), and thiobarbituric acid
was from Merck (Darmstadt, Germany). All of the other
chemicals used were of analytical reagent grade, and all aque-
ous solutions were prepared with ultrapure water (RIOS 5
purification system; Millipore, Bedford, MA).

High-performance liquid chromatography

The oleuropein concentrations were determined by HPLC
(1260 Infinity system; Agilent Technologies, Santa Clara,
CA) using a C18 column (Zorbax Eclipse Plus; 4.6 x
150 mm; 3.5 pm; Agilent Technologies) with a C18 analytical
guard column (Eclipse XDB-C18; 4.6 x 12.5 mm; 5 pm;
Agilent Technologies). The elution conditions were: column
temperature, 25 °C; injection volume, 20 pl; and flow rate,
0.3 mL min . The mobile phases consisted of 1% (v/v) acetic
acid (A) and acetonitrile (B), with the separation carried out
with the following gradient: 0—16 min, 5%-15% B; 16—
37 min, 15%-30% B; 37-50 min, 30%-40%; 5058 min,
40%-50% B; 58—60 min, 50%-100% B; 60—61 min, 100%
B; 61-62 min, 100%-5% B; re-equilibration from 62 to
70 min, 5% B. The chromatograms were monitored at
360 nm for verbascoside and 280 nm for oleuropein and
hydroxytyrosol. Calibrations curves for the oleuropein,
verbascoside, and hydroxytyrosol concentrations were
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prepared using standards at 10-200 pg mL ™', 5-80 pg mL ™'
and 5-80 pg mL ™!, respectively. To characterize the phenolic
composition of the OLE, it was dissolved in aqueous ethanol
(1:1; v/v), which was centrifuged (10,000 x g, 5 min) and
filtered (0.2 um nylon syringe filter) before HPLC analysis.

Preparation of liposomes

The multilamellar liposomes used for the oleuropein—
phospholipid membrane interactions and for lipid peroxida-
tion were prepared with DPPC and PL-90 g, respectively,
using the thin-layer film method [21]. Briefly, DPPC or PL-
90 g were dissolved in chloroform:methanol (2:1, v/v) in a
round-bottomed flask, without oleuropein (for later passive
encapsulation of oleuropein) and with oleuropein (for active
encapsulation). The solvents were slowly and completely
evaporated under vacuum (< 20 mbar) at 35 °C in a rotatory
evaporator (Rotavapor R-210; Biichi, Labortechnik AG,
Switzerland). The resulting thin phospholipid films were hy-
drated in 20 mM HEPES (pH 7.0) under shaking at 50 °C for
1 h, to a final lipid concentration of 5 mg mL™' DPPC
(6.81 mM, MW =734 g mol™ ') or 14 mg mL™' PL-90 g
(18.46 mM, considering the molecular weight of the major
phospholipid in soybean, 1-palmitoyl-2-linoleoyl-sn-glycero-
3-phosphocholine, equal to 758.1 g mol !, see [22]). The
DPPC liposome suspensions with actively encapsulated
oleuropein (two molar ratios of oleuropein:DPPC, ngjey/
npppc, Of 1:5 and 1:1 were prepared) were used directly, and
those without oleuropein (DPPC only) were prepared and then
titrated with increasing concentrations of oleuropein, to pro-
vide the liposomes with passively encapsulated oleuropein.

The DPPC liposomes, used for DSC and fluorescence po-
larization measurements, were diluted before analysis in
oleuropein solutions in 20 mM HEPES (pH 7.0) (for lipo-
somes with passive encapsulated oleuropein) or in 20 mM
HEPES (pH 7.0) (for liposomes with actively encapsulated
oleuropein), to the final lipid concentration of 1.36 mM
(1 mgmL~ h.

For the fluorescence emission polarization and BODIPY
fluorescence assays, the DPPC and PL-90 g liposomes were
used to prepare SUVs. This was achieved by high intensity
ultrasonication (amplitude, 40%; power output, 750 W; Vibra
Cell VCX 750; Sonics) for 15 min, as intervals of 10 s with the
ultrasound probe on and off, and with the samples immersed
in iced water to prevent heating.

Differential scanning calorimetry

The gel-liquid crystalline phase transitions of the DPPC lipo-
somes with passively (molar ratios oleuropein:DPPC, from
1:10 to 2:1) and actively encapsulated oleuropein were deter-
mined by DSC (Nano DSC series III; Calorimetry Science,
Provo, UT). DPPC-oleuropein systems samples were
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degassed and then loaded into the calorimetric cell, with
20 mM HEPES (pH 7.0) in the reference cell. Samples were
then subjected to heating-cooling-heating in the temperature
range of 15 to 70 °C, with heating/ cooling rates of 1 °C min~
!, The first DSC scans were used to determine the pre-
transition temperatures (T,..), the gel-liquid phase transi-
tion temperatures (T,,), and the model independent calori-
metric enthalpies (AH,). The thermodynamic parameters
of the phase transitions of the lipids were determined from
the DSC thermograms after baseline subtraction of the sol-
vent (20 mM HEPES, pH 7.0), using the NanoAnalyze
software (v3.10.0; Nano series Software; TA Instruments,
New Castle, DE).

Fluorescence emission polarization

The fluorescent labels used were DPH and TMA-DPH, to
follow the changes in membrane fluidity in the apolar inner
part of the membrane and near to the membrane—water inter-
face, respectively. The DPPC SUVs (at 1 mg mL~! PL-90 g)
without and with actively encapsulated oleuropein were dilut-
ed with 20 mM HEPES (pH 7.0) to a final concentration of
0.1 mg mL™' (136 uM). The DPH and TMA-DPH
fluorophore stock solutions were then added to obtain a final
concentration of 1 pM and 2 uM, respectively. In the case of
empty DPPC SUVs used for passive oleuropein encapsula-
tion, the HEPES solution contained oleuropein to obtain a
final concentration of 0 uM (control, empty liposomes) to
272 uM, to provide molar ratios of oleuropein:DPPC (ngje/
npppc) of up to 2:1.

Fluorescence polarization was measured at an excitation
wavelength of 358 nm, with excitation polarizer in the vertical
position, and the vertical and horizontal components of polar-
ized light were recorded at 410 nm. The data are expressed as
change in fluorescence polarization (AP), as the effects of
oleuropein addition compared to the control (no oleuropein
addition). The ratio of the sensitiveness of detection for the
vertically and horizontally polarized light, the G-factor, was
determined separately for each sample before further measure-
ments, in a 10-mm-path-length glass cuvette using a fluores-
cence spectrophotometer (Cary Eclipse; Varian, Australia) at
25 and 47 °C, with band-pass filters of 5 nm for both excita-
tion and emission.

Lipid peroxidation kinetics

To determine the kinetics of lipid peroxidation and the
oleuropein antioxidant effects, a 2 mM stock solution of the
BODIPY 581/591 fluorescent probe was prepared in
dimethylsulfoxide. This BODIPY stock (1.25 pl) was mixed
with 125 pl PL-90 g SUVs (final concentration, 0.5 mgmL ™ ')
in 2.35 mL 20 mM HEPES (pH 7.0), and 25 pl ethanol (no
oleuropein control), or oleuropein in ethanol to have three
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nolew/MpL-90 ¢ molar ratios: 1:10, 1:100 and 1:1000. These
mixtures were incubated at 25 °C for 15 min under stirring
inside quartz cuvettes in the dark, and peroxidation was in-
duced by addition of 20 pl 1 mM CuCl, (final concentration, 8
puM). For the background peroxidation control, 20 pl 20 mM
HEPES (pH 7.0) was added instead. The kinetics of the oxi-
dation reaction of BODIPY were monitored over 520 min
using a fluorescence spectrophotometer (Cary Eclipse;
Varian, Australia), with excitation wavelength of 500 nm,
and emission wavelength of 520 nm.

Thiobarbituric acid reacting substances

Peroxidation of the PL-90 g liposomes with actively encapsu-
lated oleuropein was determined using the thiobarbituric
reacting substances (TBARS) assay. The PL-90 g liposomes
(14 mg mL™ ") without (control) and with encapsulated
oleuropein (nojew/npL-90 ¢ Tatio, 1:3) were transferred to
3 mL UV-transparent cuvettes and exposed to UV radiation
at 254 nm and 50 Hz (Universal UV lamp; Camag, Muttenz,
Switzerland) for 24 h, positioned at a distance of 10 cm. The
nonirradiated control samples were kept in parallel in the dark.
Aliquots of 0.2 mL were taken at specific times and mixed in
screw-capped glass tubes with 3 mL 20% trichloroacetic acid
and 1 mL 10% perchloric acid, 1% thiobarbituric acid. These
samples were kept in a water bath at 100 °C for 25 min. The
reaction was quenched by cooling the samples in iced water
for 5 min, and the centrifuged at 1000 x g for 8 min. The pink
colored compounds developed from the lipid hydroperoxides
and the thiobarbituric acid reaction were analyzed by mea-
surement of absorbance at 532 nm using a UV-Vis spectro-
photometer (100 Bio Cary; Varian, Australia).

pH stability of oleuropein in olive leaf extract
solutions

The stability of the compounds contained in the OLE was
studied by following the degradation of its main biophenol
constituent oleuropein at different pHs. An amount of OLE
equivalent to 50 mg oleuropein (i.e., 112.36 mg, at 44.5 wt%
in OLE) was dissolved in 1 mL ethanol and then added to
40 mL of the following: 10 mM citric acid/HCI, pH 2.0;
10 mM sodium citrate/citric acid buffer, pH 4.0/ 6.0; and
10 mM sodium phosphate buffer, pH 7.0. The resulting solu-
tions were stirred for 30 min at 300 rpm, and then centrifuged
to remove insoluble material (5000 x g, 15 min). The volume
of each was then made up to 50 mL with the corresponding
buffer (for final 1 mg mL™ ' oleuropein). Finally, 10 mL of
each of these OLE pH conditions were transferred to glass test
tubes (in triplicate), which were incubated at 5 °C for 35 days.
Samples were taken at different predefined times for determi-
nation of oleuropein concentrations, using HPLC.

Liposome encapsulation of olive leaf extract

The PL-90 g liposomes with encapsulated OLE (‘OLE lipo-
somes’) were prepared as previously reported [16] using the
proliposome method [23]. The OLE was most soluble in eth-
anol and oleuropein has an amphiphilic character, thus active
encapsulation was performed as for lipophilic compounds by
dissolving the OLE in the ethanol and phospholipids mixture.
Here, 1 g PL-90 g was dissolved in 1 g ethanol and an amount
of OLE that contained 50 mg oleuropein was added to the
mixture (112.36 mg at 44.5 wt% in OLE). Then 2 mL ultra-
pure water was added while stirring (magnetic bar), to form
the phospholipid into bilayers. The mixture was heated to
60 °C for 2 min in a water bath, and then cooled to room
temperature while adding 50 mL ultrapure water, drop-wise,
and while stirring at 800 rpm, to allow formation of liposomes
(with ~1 mg mL ™' encapsulated oleuropein). Empty lipo-
somes were prepared in the same way without the addition
of OLE (‘empty liposomes’).

Liposome size and zeta-potential

Liposome size was measured by dynamic light scattering
(Zetasizer Nano ZS; Malvern Instruments, Worcestershire,
UK) at 25 °C, with a detector angle of 173°. The PL-90 g
empty liposomes and OLE liposomes were conveniently di-
luted and transferred to a folded capillary cell (DTS1070). The
mean size (i.e., hydrodynamic diameter) and the polydispersi-
ty index were obtained by photon correlation spectroscopy,
with the data reported as intensity distributions. Zeta-potential
was calculated from the electrophoretic mobility using the
software for the Helmoltz-Smoluchowski model. Data are pre-
sented as means + standard deviation of five measurements.

Liposome morphology

The morphology and size of the empty and OLE liposomes
were examined using transmission electron microscopy.
Approximately 2 pl of the samples were applied directly onto
formvar-coated 400-mesh copper transmission electron mi-
croscopy grid for 30 s. Before applying the samples, the grids
were coated with carbon (approximately 4 nm) and glow
discharged at an intensity of 5 mA for 10 s (Leica EM
ACE200). Staining was performed by application of a drop
of 1% aqueous uranyl acetate onto the grid, which was drawn
off the grid after a few seconds. The samples were examined
under transmission electron microscopy (CM100; Philips) and
electron micrographs were acquired using a digital camera
(Orius 200; Gatan) and the Digital Micrograph software.
These were further inspected and analyzed using the Image J
software (Fiji).
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Determination of biophenols encapsulation efficiency
in OLE-liposomes

The amounts of encapsulated oleuropein and verbascoside
were determined by HPLC. The diluted liposomes were cen-
trifuged (12,000 x g, 180 min, 20 °C), the supernatant was
separated and analyzed, and the pelleted liposomes were re-
suspended in fresh ultrapure water. To determine the amounts

Encapsulation efficiency (%)

= mass of encapsulated biophenol/total mass of biophenols

of encapsulated compounds, these resuspended liposomes
were disrupted by addition of 1 mL methanol and 1 mL chlo-
roform. The mixture was vortexed thoroughly and left to al-
low phase separation. The concentrations of biophenols
(oleuropein and verbascoside) in the upper water—methanol
phase and in the supernatant were determined and considered
as the encapsulated and nonencapsulated fractions, respective-
ly. Encapsulation efficiency was calculated as in Eq. (1):

(encapsulated + nonencapsulated) x 100 (1)

Oleuropein stability in and release from OLE
liposomes

Samples of OLE liposomes (1.5 mL) were diluted in aqueous
buffer solutions (10 mL) at pH 2.0, pH 4.0, pH 6.0 and pH 7.0
(see above for details) and incubated at 5 °C for 500 h (~21
days). At predetermined times, aliquots were centrifuged
(12,000 x g, 4 h, 20 °C) to separate liposomes from the con-
tinuous phase. The OLE was extracted from liposomes as
described in the previous section. The oleuropein concentra-
tions were determined in both supernatant and liposome frac-
tions, by HPLC.

Incorporation of OLE and OLE liposomes into a
commercial lemonade

The OLE and the OLE liposomes (~1 mg oleuropein mL™ ')
were incorporated into two model ‘drinks’ and into commer-
cial lemonade, to the final oleuropein concentration of ~130
pg mL™'. The two model drinks were prepared to have the
same pH without and with addition of the same vitamin C (L-
ascorbic acid) concentration as the commercial lemonade.
These thus consisting of 10 mM sodium citrate/citric acid
buffer, pH 2.87, without and with 1.2 mg mL "~ ! ascorbic acid.
All of these drink samples were incubated at 5 °C for 47 days,
with analysis at predetermined times for the extraction of the
OLE using methanol and chloroform (see previous sections),
and determination of the total oleuropein content.

Statistical analysis

The data are expressed as means + standard deviation of n (as
indicated) replicates. Analysis of variance (ANOVA) was
used to compare the means by Tukey’s multiple comparison
tests (p < 0.05) using GraphPad Prism, version 8.1.1, for Mac
(GraphPad Software, La Jolla, CA).

@ Springer

Results and discussion
Differential scanning calorimetry

Differential scanning calorimetry was used to measure the
changes in the behavior of the thermotropic phase of the
DPPC liposomes, and to determine the influence of
oleuropein. Only membranes that consist of pure phospholipid
with saturated fatty acids (i.e., DPPC) have cooperative
(sharp) phase transitions that can be measured in a temperature
range from 20 to 70 °C. Thermograms of DPPC liposomes
with increasing concentrations of passively encapsulated
oleuropein (i.e., added after liposome formation) and actively
encapsulated oleuropein (i.e., added during liposome forma-
tion) are shown in Fig. 1. The thermodynamic data for all of
the samples are given in Table 1. These DPPC liposomes had
the main endothermic lipid phase transition at 41.5 °C, which
is known as the gel-to-liquid phase transition temperature
(T,). They also showed a smaller and broader peak at around
36.5 °C, which is known as the pretransition temperature
(T’,), whereby the membranes start to ripple and the gel and
liquid lipid phases coexist [24].

The incorporation of oleuropein into liposome suspensions
(i.e., passively encapsulation) at the lower oleuropein concen-
trations (Fig. 1a) did not significantly affect T, or T,.
However, at the higher oleuropein concentrations, for the
oleuropein:DPPC molar ratios > 1.0, there was a broadening
and splitting of the peak for the T,,, and the pre-transition
temperature peak nearly disappeared. A concentration-
dependent decrease in the enthalpy of the pretransition from
5.5 kI mol ' K™ ' to ~1.0 kJ mol” " K™' was seen at
oleuropein:DPPC molar ratios > 1:1, while no significant
trend was seen in the energy of the gel-to-liquid transition.
Greater changes were seen when the oleuropein was actively
encapsulated (Fig. 1b). The pretransition temperature peak
T’ decreased by 3.1£0.2 °C and AH" from 5.5+0.1 to
1.5+£0.2 kJ mol ' K™ ! at the 1:5 oleuropein:DPPC molar
ratio, and then disappeared at the 1:1 molar ratio.
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Fig. 1 Differential scanning a b
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Temperature (°C)

Concentration-dependent decreases were seen at 71oyeu/7pppc Of
1:1 for the main transition temperature T,,, by 1.7 £0.1 °C, and
AH, by 5.2+0.5 kI mol ' K™ '. This broadened or splitting of
the main transition temperature peak with a shift to lower tem-
peratures, and suppression of the pre-transition temperature
peak, have been reported in DPPC liposomes with other
biophenols, like resveratrol [25], and with flavonoids, like epi-
catechin and epigallocatechin [26]. Also, oleuropein showed
similar thermotropic effects for the zwitterionic phospholipid
dimyristoylphosphatidylcholine [18] and for the negatively
charged phospholipids bilayers of dimyristoylphosphoglycerol
[20]. These changes are associated with decreases in the tran-
sition cooperativity of the phospholipid acyl chains as a conse-
quence of structural and dynamic changes in the membrane
bilayers induced by oleuropein [27]. At higher concentrations,
oleuropein can act as a spacer or ‘interstitial impurity’ while in a
‘shallow’ position within the membranes, through polar inter-
actions with the phospholipid headgroups, to produce
fluidifying effects without any large change in AH [18, 26].

Temperature (°C)

The more substantial changes in the liposomes with the actively
encapsulated oleuropein might indicate that the oleuropein was
also entrapped at a deeper membrane level and in the aqueous
core, thus not only interacting at the level of the outer mem-
brane surface.

Effects of oleuropein on structural order and
membrane fluidity

Fluorescence polarization gives information about the degree
of mobility of the molecular orientation within membranes
while in the excited state. DPH is a non-polar fluorophore that
can be used to track structural changes in the deeper regions of
the phospholipid palisade of acyl chains. Conversely, TMA-
DPH is an amphiphilic molecule that can be used to monitor
changes closer to the polar headgroups of the membrane phos-
pholipids [28]. DPH and TMA-DPH polarization increases
(and thus their reorientation decreases) in the motion-
restricted environment of the more ordered gel crystalline state.

Table 1 Thermodynamics data

for the phase transitions of the Oleuropein:DPPC  Pretransition Gel-to-liquid crystalline transition
1,2-dipalmitoyl-sn-glycero-3-
phosphocoline (DPPC) liposomes molar ratio Temperature, T, (°C)  Enthalpy, AH’ Temperature, T, (°C)  Enthalpy, AH
at pH 7.0 in the absence and (kJ mol ' K™ (kJ mol ' K™")
presence of oleuropein according
to encapsulation and molar ratio DPPC alone 36.4+0.2 5.5+0.1° 41.6+0.1 33.8+0.3¢
Passively encapsulated oleuropein
1:10 36.2+0.2 52+0.2° 41.6+0.1 29.7+0.1°
1:5 36.2+0.2 45+0.1¢ 41.5+0.1 31.3+02°
1:1 36.4+0.2 1.0£0.1° 41.5+0.1 28.0+0.5°
1.5:1 36.4+0.2 1.1£0.1° 41.5+0.1 33.1+04°
2:1 36.4+0.2 1.1+0.1° 40.4+0.1° 29.6+0.6°
Actively encapsulated oleuropein
1:5 33.3£0.2° 1.5+0.2° 41.4£0.1 32.9+04°
1:1 n.d. n.d. 39.9+0.1° 28.6+0.5"°

Data are means + standard deviations (n=02)

Different superscript small letters in the same column indicate significant differences (p < 0.05; pairwise differ-

ence with Tukey’s test)
n.d., not detected
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Conversely, polarization is quenched when the lipid environ-
ment in which DPH and TMA-DPH are embedded is in the
liquid disordered state, or when exposed to polar solvents.

The data for the fluorescence polarization changes (AP) of
DPH and TMA-DPH in the DPPC liposomes with increasing
concentrations of passively encapsulated oleuropein were ini-
tially investigated, at 25 °C (Fig. 2a) and 47 °C (Fig. 2b).
Greater net fluorescent polarization was seen for both of these
probes at 25 °C, at around 0.45-0.47, which can be explained
on the basis that at this temperature, DPPC is in the gel crys-
talline state, and is thus in a more ordered state. On the other
hand, above the melting transition temperature, at 47 °C, the
fluorescent polarization was lower (DPH, 0.12; TMA-DPH,
0.26). Addition of oleuropein to these liposome suspensions at
25 °C did not have any remarkable impact at either of the
membrane levels, although at the highest molar ratios, as >
1.5, there was a significant decrease in AP for TMA-DPH,
which indicated a disordering effect at the outer membrane
level. The lack of changes in the fluorescent polarization of
DPH below T, (at 25 °C), when phospholipid hydrocarbon
chains are in the gel crystalline state, suggested that oleuropein
only interacts with the membrane phospholipids at a surface
level, with interactions with the polar headgroups of DPPC,
through constantly forming and breaking of H-bonds. This
correlates well with the DSC data here and with previous
studies that used similar spin probes to assess the quenching
of oleuropein fluorescence in dimyristoylphosphatidylcholine
vesicles [20]. In another study, however, TMA-DPH fluores-
cent polarization did not significantly change in the presence
of increasing oleuropein in soy phosphatidylcholine lipo-
somes at 37 °C [19]. However, it should be noted that at
37 °C, the phospholipids are already in the liquid fluid state,
and thus small changes due to interactions with oleuropein
might not have been detected.

‘When oleuropein was added during the liposome formation
(i.e., actively encapsulated oleuropein), larger changes in po-
larization were seen. Figure 3 shows AP of the liposomes with
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Fig. 2 Changes in polarisation (AP) of fluorophores 1,6-diphenyl-1,3,5-
hexatriene (DPH; ¢) and N,N,N-trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-
yl) phenylammonnium p-toluenesulfonate (TMA-DPH; o) added to 1,2-
dipalmitoyl-sn-glycero-3-phosphocoline (DPPC) small unilamellar
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this actively encapsulated oleuropein in more direct compari-
sons with the passively encapsulated oleuropein. The larger
changes in AP for both DPH and TMA-DPH probes for the
active encapsulation compared with the passive encapsulation
indicated greater insertion of oleuropein into, and interaction
within, the phospholipid multilamellac. When the phospholip-
id palisade is in the crystalline state (Fig. 3a, b), at the lower
oleuropein concentration (7geu/7ipppc = 0.2), both of these
probes showed small increases in fluorescence polarization,
although much larger decreases were seen at the higher
oleuropein concentrations. Again, this might indicate the po-
sitioning of the oleuropein more towards the surface level, as
seen by the larger drop in fluorescence polarization, but also
toward deeper levels closer to the acyl chains, as a conse-
quence of oleuropein entrapment within the bilayers and la-
mellae during this active encapsulation liposome formation.
On the other hand, above the gel-to-liquid transition tem-
perature (at 47 °C), the liposomes with actively encapsulated
oleuropein showed a greater significant increase in AP com-
pared with those with passively encapsulated oleuropein
(Fig. 3c, d), especially for DPH. This indicated that the active-
ly encapsulated oleuropein was inserted in the membranes at
different depths, and also that there were larger amounts of
interacting or encapsulated oleuropein compared with its pas-
sive encapsulation. The increases in DPH and TMA-DPH
fluorescent polarization showed that the membranes were less
fluid (i.e., had a higher degree of ordering) following active
encapsulation of oleuropein, and that this oleuropein was also
at deeper levels in the liquid-state multilamellae, to produce a
‘packing’ effect. This behavior has been reported previously
for other phenolic compounds, like resveratrol [25] rosemary
polyphenols [29] and cholesterol and plant sterols [30].

Lipid oxidation kinetics

Lipid peroxidation represents the major degradation process
in lipid systems like liposome membranes, and is thus a

b
0.015
0.010;
0.005

o
% 0.000 {fgL
-0.005% &

-0.010+

1:0 1:5 2i0

N oled/ N DPPC

00 05 25

vesicles with passively encapsulated oleuropein at different molar ratios
of oleuropein to DPPC (nojeu/nipppc), analysed at 25 (a) and 47 (b).
Data are means + standard deviation (n=02)
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Fig. 3 Changes in polarisation a o b
(AP) of fluorophores 1,6- DPH (25°C) TMA-DPH (25 °C)
diphenyl-1,3,5-hexatriene (DPH; 0.015 = AE 0.015 = AE
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limiting factor for long-term stability and shelf-life. This pro-
cess involves the unsaturated fatty acids in phospholipids,
which represent susceptible targets for free radicals [31]
BODIPY 581/591 Cy; can be used as a lipid peroxidation
marker to determine the antioxidant activities of different
compounds in lipid membranes, as it can accommodate within
membranes, and its fluorescence emission shifts to shorter
wavelengths upon oxidation [32].

The antioxidant effects of actively encapsulated oleuropein
in SUVs prepared with PL-90 g was tested in a dose- and time-
dependent assay of BODIPY 581/591 C,; oxidation kinetics.
Figure 4 shows the oxidation kinetics in the absence and pres-
ence of encapsulated oleuropein at three different
oleuropein:PL-90 g molar ratios, and for the control, to allow
for the intrinsic level of peroxidation (i.e., in the absence of the
added oxidant, CuCl,). The insert in Fig. 4 shows more detail
for the differences between the oxidation kinetics in the initial
stages. As can be noted, all of the samples except the control
showed increases in BODIPY 581/591 fluorescence intensity
over time. However, the differences in the oxidation kinetics
and the final net oxidation at 520 min changed as a function of
the oleuropein concentration. At the highest oleuropein con-
centration (Mojew/fpL-00 ¢ = 1:10), lipid oxidation was almost
completely inhibited (95.8% £0.01%), with no significant dif-
ference from the nonoxidized control (p = 0.205). At the inter-
mediate concentration (nojeu/fipL—90 ¢ = 1:100), oleuropein
significantly reduced oxidation (61.2% +0.2%), while with
oleuropein at one order of magnitude lower (nojew/7pr 90 ¢ =

N oied N pDPPC

1:1000), there remained low but significant inhibition of
(5.8% +0.2%; p=0.031) compared to the liposomes without
oleuropein encapsulation (nojeu/npr—90 g = 0). Therefore,
oleuropein had a protective effect on the lipid peroxidation.
The mechanism of the antioxidant effects of such phenolic
compounds has generally been attributed to the breaking of
the radical oxidation propagation of peroxyradicals (LOO")
generated during the initiation of this process by external
agents, such as with ionic radiation or photon impact, or as
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Fig. 4 BODIPY 581/591 C;; oxidation kinetics in PL-90 g small
unilamellar vesicles prepared with actively encapsulated oleuropein at
different molar ratios of oleuropein to PL-90 g (nojeu/npr—90 ¢): ®, NO

oleuropein control; -, 1:1000; 4 , 1:100; v, 1:10; @, no oxidant control,
at 25 °C

@ Springer



92

Food Biophysics (2021) 16:84-97

in the present analysis, metal ions [33]. Phenolic compounds
donate a hydrogen radical to LOO’, and hence they can delay
the propagation of lipid oxidation across the membranes.
However, previous studies have shown that the protective
effects of phenolics might also arise from their increased
membrane bilayer ordering and packing. This will promote
steric hindrance for radical propagation, and will decrease
the acyl chain hydration, as has been shown for cholesterol
and phenolics [29, 30, 34]. A study by Balan¢ [25] with res-
veratrol showed similar but more pronounced effects on the
thermotropic properties and packing of DPPC membranes
compared to the present study. Also, the inhibition of
BODIPY 581/591 oxidation by resveratrol was higher, which
supports synergistic effects of physical stabilization and radi-
cal scavenging mechanisms.

Thiobarbituric acid reacting substances

To investigate the antioxidant effects of oleuropein here, lipo-
some peroxidation was induced using UV-C irradiation. This
approach measures the extent of malondialdehyde formation,
a decomposition product of lipid hydroperoxides. UV radia-
tion can trigger a peroxidation initiation reaction in the fatty-
acid double bonds, to thus promote the oxidation cascade [33].

The PL-90 g liposomes without (control) and with actively
encapsulated oleuropein (nojeu/fipL—90 ¢ = 1:3) were treated
with UV light and compared with the same samples stored
in the dark. The data for the TBARS levels as a measure of
peroxidation of these PL-90 g liposomes are presented in
Fig. 5. None of the samples stored in the dark showed any
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Fig. 5 Peroxidation of PL-90 g liposomes with actively encapsulated
oleuropein (Oleu) using the thiobarbituric reacting substances (TBARS)
assay following treatment with UV light (UV) and in the dark (D) at
25 °C. Data are means =+ standard deviation (n>02). Data with different
letters a to ¢ within each time point or with different letters x to z under the
same conditions across the time points are significantly different
(p<0.05)
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particular changes in TBARS over the time tested. For the
control samples exposed to UV light (Fig. 5, Cont-UV), the
TBARS levels started to increase after 4 h, to reach 5-fold and
30-fold the TBARS levels after 6 and 24 h, respectively.
However, with actively encapsulated oleuropein in the PL-
90 g liposomes, this lipid peroxidation was almost completely
inhibited after the 24 h treatment, with only a 3-fold increase
in the TBARS levels seen (p =0.046); also, no significant
differences were seen in the TBARS levels for the PL-90 g
liposomes stored in the dark. This thus demonstrated the an-
tioxidant potential of oleuropein in these PL-90 g liposomes.

As already discussed, oleuropein is believed to have two
mechanisms involved in its antioxidant effects: scavenging of
the O, radicals generated by UV light, and a biophysical effect
through an increase in membrane ordering and steric hin-
drance of LOO" propagation. The amphiphilic nature of
oleuropein and its surface location within the membranes
means that it can scavenge the free radicals in the aqueous
medium. During the oleuropein encapsulation, some of the
oleuropein might also become positioned in the internal mem-
brane lamellae and at deeper levels in the lipid bilayer, as
observed using DSC and fluorescence polarization. Paiva-
Martins et al. [19] reported that oleuropein and other olive
biophenols have greater antioxidant activities than tocoph-
erols and Trolox against 2,2"-azobis(2-amidinopropane)
dihydrochloride-induced peroxidation, because of an in-
creased delay in the lag phase of oxidation. This possibility
to delay peroxidation initiation was associated with their ef-
fectiveness as radical scavengers in the aqueous environment
in the vicinity of the phospholipid bilayers. However, they
also observed that olive biophenols are not as good for scav-
enging of lipid peroxyl radicals during the propagation stage,
which might also explain the long lag phase observed in the
present study, and the subsequent large increase after 6 h of
UV irradiation. They also showed that «-tocopherol, which is
a more hydrophobic molecule that sits in the core of the mem-
branes, was more effective for slowing of the peroxidation rate
due to its scavenging of lipid peroxyl radicals. This indicates
that it might be better to use the synergistic effects of hydro-
phobic and amphiphilic/ hydrophilic antioxidants when for-
mulating liposome suspensions.

HPLC determination of main phenolic compounds in
the OLE

The HPLC analysis of the phenolic composition of the OLE
showed that oleuropein was the main component (Online
Resource 1, Fig. 1, peak 3), and that it accounted for nearly
half of the dry mass, as 445 + 5 mg oleuropein g ' OLE. The
other phenolics in particular in this analysis were verbascoside
(22.9+0.2 mg g ' OLE) and hydroxytyrosol (3.9+0.1 mg
g ' OLE).
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Encapsulation efficiency of verbascoside and
oleuropein in the OLE liposomes

The encapsulation efficiencies for the two main biophenols in
the OLE, as oleuropein and verbascoside, were determined for
OLE liposomes prepared with a final concentration in the sus-
pension of ~1 mg mL™" oleuropein. The encapsulation effi-
ciency of oleuropein was 33.8% +1.5%, while that of
verbascoside was higher, at 75.0% +0.8%. These encapsulation
efficiencies of oleuropein were similar to those seen for other
studies that investigated the pure compounds and olive extracts.
Liposome that were prepared using the thin-film method for
active encapsulation of oleuropein and hydroxytyrosol with
two types of phospholipids showed encapsulation efficiencies
of ~30% for oleuropein and ~12% for hydroxytyrosol [35].
Trucillo et al. [36] showed that encapsulation of the total phe-
nolics from olive pomace ranged from 25-55% depending on
their process parameters and the phospholipid:total phenolics
ratio. Also, encapsulation of hydroxytyrosol in thin-film lipo-
somes was reported to reach 40-45% [37], although a higher
efficiency of 70-80% for total phenolics was reported for
nanoliposomes prepared using the ethanol injection technique
[38]. With respect to verbascoside, such particularly high en-
capsulation despite being a relatively polar molecule (similar to
oleuropein) has been shown previously [39]. In this case, the
entrapment efficiency for verbascoside was from 57-66% in
liposomes made from soy phosphatidylcholine using the thin-
film method. Another study has also reported a deep location
for verbascoside in phosphatidylcholine membranes [40], and
another showed that it can provide unusually high inhibition of
lipid peroxidation in liposomes [41]. It should also be noted
here that the verbascoside content in relation to the phospho-
lipids was considerably lower than that for oleuropein, which
might go part way towards explaining its higher encapsulation
efficiency. Indeed, in some of our earlier exploratory trials in
which OLE liposomes were prepared with a final oleuropein
concentration of ~0.5 mg mL ™", the encapsulation efficiency
was ~42%.

Liposome size, zeta-potential and morphology

The hydrodynamic size distributions were measured for emp-
ty liposomes and OLE liposomes using dynamic light scatter-
ing, as shown in Online Resource 1, Fig. 2. It can be noted
here that empty liposomes and OLE liposomes were similar in
size, with a range from 100 nm to 1,000 nm in diameter.
However, compared to the mean diameter of empty liposomes
(344 + 6 nm), OLE liposomes were larger (405 +£4 nm), and
showed a higher polydispersity index (0.31 vs.. 0.35, respec-
tively) (Table 2). A small fraction of larger particles, at around
3 um to 5 pm, were also seen here, and these might be attrib-
uted to small aggregates of liposomes. Other studies using the
same liposome preparation procedure to encapsulate

resveratrol [15] and pantothenic acid [42] have reported lipo-
somes with similar size ranges, from around 100 nm to
400 nm in diameter.

For the zeta potentials, those for liposomes and OLE lipo-
somes under the different buffer pHs are given in Table 2.
Both of these liposome preparations showed negative charges
in water suspension, and the OLE addition promoted small but
significant increases the zeta potentials up to pH 6.0, with a
small, but significant, decrease at pH 7.0. At pH 2.0, both
liposome preparations showed high positive zeta potentials,
while at pHs of 4.0 and 6.0, they were close to 0, with a
returned to mildly negative at pH 7.0. The zeta potential is a
measure of the extent of particle interactions and stabilities.
Despite some literature inconsistencies, in general, the greater
the surface charge, the greater the particle repulsion, and con-
sequently the greater the physical stability [43]. Indeed, these
liposome preparations at pHs 4.0 and 6.0 showed incipient
aggregation and sedimentation over time. On the other hand,
at pH 2.0 and in water, these liposomes showed excellent
stability over long periods of storage at refrigeration tempera-
tures (i.e., to 500 h). Liposomes prepared with phosphatidyl-
choline typically have a net negative charge [15, 44]. Along
with other phenolic compounds, the OLE constituents, and in
particular oleuropein, can interact with the phosphate groups
and glycerol in the polar headgroups of the phospholipids
through hydrogen bonding and electrostatic interactions
[14]. This results in changes to the surface potential and cur-
vature of the membranes, with different patterns of phospho-
lipid conformations, which explains also the differences in
size [38, 45].

Representative electron microscopy images of empty lipo-
somes and OLE liposomes are shown in Fig. 6. Overall, all of
these liposomes showed regular round shapes, although some
irregular and amorphous vesicles were also seen, which was
more frequent for these empty liposomes (Fig. 6a). OLE lipo-
somes appeared to have slightly larger sizes, as seen by the z-
size analysis. Characteristic structures were also seen on the
surfaces of OLE liposomes, which appeared to be either small
vesicles or twisted lamellae. This might be due to effects of the
OLE constituents on the membrane potential and curvature,
which has also been reported previously in oleuropein—
phospholipid interaction studies [20].

Oleuropein stability and release from OLE liposomes

The pH stability of oleuropein was determined in free OLE
solutions at refrigeration temperatures (5 °C) (Online
Resource 1, Fig. 3). It can be seen that the rate of degradation
of the oleuropein in the OLE was higher at pHs 2.0 and 7.0,
with 74.8% +1.2% and 77.5% +2.0%, respectively, remaining
after 21 days of storage, and 62.3% +0.6% and 67.1% +£0.3%
after 35 days of storage. On the other hand, at pHs 4.0 and 6.0,
these OLE solutions did not show significant oleuropein
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Table 2 Hydrodynamic and zeta potential measures using dynamic light scattering and electrophoretic mobility, respectively, for empty PL-90 g
liposomes and PL-90 g liposomes with OLE (OLE liposomes) in water and 10 mM buffers at indicated pHs at 25 °C

Liposome Hydrodynamic diameter pH dependency of zeta potential (mV)

Size Polydispersity Water Buffer pH

(nm) index 2.0 4.0 6.0 7.0
Empty 344 +6° 0.31+0.04 -492+1.0 26.6+2.9%B -0.8+0.2°C 42412 -6.2+0.3%°
OLE 405 +4° 0.35+0.03 24.8+03% 31.5+1.58 0.5+£0.2°¢ 2.5+0.8°° -73+0.3%

Data are means + standard deviation (n=03)

Different superscript small (same column) and capital (same row) letters indicate significant differences (p < 0.05; pairwise difference Tukey’s test)
pH 2.0, 10 mM citric acid/HCI; pH 4.0/6.0, 10 mM sodium citrate/citric acid buffer ; pH 7.0, 10 mM sodium phosphate buffer

degradation, with 98.2% +1.0% and 92.3% +3.0% remaining
after 35 days of storage. Therefore, this degradation of
oleuropein in the OLE is pH dependent, with high stability
at pHs from 4.0 to 6.0., and significant lability at low (pH 2.0)
and neutral (pH 7.0) pHs. Oleuropein hydrolysis at acidic and
neutral to alkaline pH has been reported previously, especially
in studies on the debittering of olives, and the products that
result from this oleuropein hydrolysis are hydroxytyrosol and
elenolic acid [10, 46, 47]. Indeed, in the present study there
was a steady linear increase on hydroxytyrosol concentrations
in the OLE solutions at pH 2.0 (data not shown).

The oleuropein stability and release from OLE liposomes
was determined by measurements of the oleuropein concen-
trations in the liposome fractions (as encapsulated) and in the
continuous aqueous phases (as nonencapsulated) over 500 h
(~21 days) at 5 °C (Fig. 7). The greatest changes here were for
OLE liposomes at pH 2.0 (Fig. 7a). The nonencapsulated
fraction of oleuropein, which accounted for ~66% of the total
oleuropein in OLE liposomes (thus with ~34% encapsulated),
was rapidly degraded, for a 60.4% loss after 44 h of storage
(start, 98.4+0.8 pgmL ™ '; 44 h, 39.0+ 1.2 pg mL™ "), which

Fig. 6 Representative
transmission electron
micrographs of PL-90 g
liposomes without (a) and with
(b) encapsulated OLE
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rose further to an 86.6% loss after 92 h (13.1+£0.1 pgmL ™).
On the other hand, the encapsulated fraction showed greater
stability, with 70.5% £2.3% remaining after 92 h of storage,
and 48.2% +1.5% remaining after 500 h of storage (Fig. 7a,
inset). This shows the stabilizing effect of this liposome en-
capsulation against oleuropein hydrolysis under these highly
acidic conditions. In a similar study, liposome-encapsulated
hydroxytyrosol showed greater stability than at pH 7.4 over
30 days of storage at 4 and 25 °C [37]. Liposome stabilizing
effects have also been seen for other polyphenols, like epi-
gallocatechin gallate [16]. On the assumption that these de-
creases in the concentrations of the encapsulated fraction of
oleuropein are not associated with its hydrolysis, but are in-
stead only due to its release/ leakage from the liposomes, the
higher release rate at pH 2.0 compared to higher pHs can be
attributed to the lower stability of these liposomes under acidic
conditions [48]. This effect has also been reported in previous
studies of encapsulated bioactives in phosphatidylcholine li-
posomes [16, 42].

On the other hand, OLE liposomes at the other pHs showed
different profiles. The total oleuropein content here remained
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stable at pHs 4.0 and 6.0, with little or no degradation seen for
both fractions. There was an initial release of ~10 mg mL ™"
oleuropein over the first hour (about 20% of its initial encap-
sulation), which was followed by a plateau with little or no
release over the rest of the 500 h of storage. At pH 7.0, the
nonencapsulated fraction of oleuropein also decreased during
storage as a consequence of oleuropein degradation.

This initial release of about 20% of the oleuropein from the
encapsulated fraction might be associated with oleuropein that
has weak surface interactions with the phospholipid mem-
branes. Conversely, the negligible release over the rest of this
storage period at 5 °C indicates that the liposome membranes
were stable and maintained the oleuropein trapped inside.
Under refrigeration conditions, PL-90 g liposomes undergo

liquid-to-gel phase transition (25-30 °C) [49], which makes
them more resistant to leakage and disruption as a result of
their lower membrane fluidity [50, 51].

Incorporation of OLE and OLE liposomes and
oleuropein stability in a commercial lemonade drink

To test the performance of OLE and OLE liposomes in a food
matrix, a lemonade drink and two model drinks were enriched
with both free OLE and PL-90 g liposome encapsulated OLE,
with the total oleuropein content monitored over 47 days.
The protection of the oleuropein over time is shown in
Fig. 8 for each of these three drink systems, and for the addi-
tion of both free and liposome-encapsulated OLE. Oleuropein
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Fig. 8 Time courses of oleuropein stability when added as free OLE (e)
or PL-90 g OLE liposomes ( ¢) to a commercial lemonade drink (a), and
to a ‘model drink” of 10 mM sodium citrate/citric acid buffer, pH 2.87,

with 1.2 mgmL~ ! ascorbic acid (b) and without the ascorbic acid (c), at 5
°C. Data are means + standard deviation (n=03)
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showed good stability in the commercial lemonade drink
(Fig. 8a) in both its free and encapsulated forms, with 90%
and 83% remaining, respectively, after these 47 days. Perhaps
surprisingly, the oleuropein was significantly more stable
(p<0.05) with the addition of free OLE compared to OLE
liposomes. In the model system with ascorbic acid, there were
no significant differences seen, and the oleuropein was partic-
ularly stable over the 47 days of storage, with only 10-13%
loss. However, in the simpler system without ascorbic acid,
the differences were more substantial, and OLE liposomes
appeared to have a protective effect on oleuropein stability.
The oleuropein concentration in this system with free OLE
decreased steadily over the 47 days, with 67% remaining after
47 days, while for OLE liposomes, more oleuropein remained
after the 47 days (88%). It appears that ascorbic acid can delay
acid hydrolysis of the oleuropein, as seen by its lower degra-
dation in the systems that contained ascorbic acid. Ascorbic
acid is known to have synergistic effects with other antioxi-
dants by scavenging free radicals and regenerating oxidized
antioxidants [19, 52]. Thus, inclusion of antioxidants like
ascorbic acid might have similar impacts on oleuropein stabil-
ity as seen for the protection provided by its encapsulation,
although more studies are required to understand the mecha-
nisms involved here.

Liposomes have been studied previously as vehicles for
bioactives to be incorporated into food matrices. As an exam-
ple, the oxidation of ascorbic acid was significantly slowed in
an encapsulated form in food matrices like apple juice and
fermented milk [53]. Also, to increase their antioxidant capac-
ity and delay lipid oxidation, antioxidant extracts have also
been encapsulated in liposomes and incorporated into squid
surimi gels [54].

Conclusions

The present study of the interactions of oleuropein with phos-
pholipid membranes has shown that the oleuropein is located
near to the membrane surface and can strongly interact with
the phospholipid headgroups. This results in changes in the
thermotropic behavior of the membranes, with fluidifying ef-
fects on the membrane at temperatures below the gel-to-liquid
phase transition. Then at temperatures above this transition,
the oleuropein can be partially inserted into the membranes,
although remaining at a ‘shallow’ level, with the consequent
increase in the order and packing of the phospholipid acyl
chains. We have also shown that when oleuropein is actively
encapsulated, these effects are stronger, which shows that a
fraction of the oleuropein is effectively encapsulated, and re-
sults in a higher degree of interaction at the different levels of
the multilamellae. Oleuropein also appeared to have signifi-
cant radical-scavenging activity, and thus to act as an inhibitor
of liposome peroxidation. To further investigate oleuropein as
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a functional ingredient, an OLE rich in oleuropein was encap-
sulated in liposomes. Oleuropein itself was encapsulated with
a mean efficiency of 34%, which indicated that optimization
of these method or this process can be further investigated to
improve the oleuropein encapsulation. However, liposome
encapsulation was effective for a delay of oleuropein degra-
dation at low pH (i.e., pH 2.0), and for the maintenance of
oleuropein stability over long periods at refrigeration temper-
atures and at different pHs. This thus shows that this lipid
encapsulation indeed provides a suitable carrier for OLE in
food systems, such as beverages.
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