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Abstract

Background/Objectives: Olive leaf (Olea europaea L.), a by-product of olive oil production,
is rich in bioactive phenolics but limited in application due to poor solubility and stability.
To improve their bioavailability, this study presents a comparative encapsulation strategy
using three phospholipid-based liposomal systems (AL, PG90, and PH90) loaded with
ethanolic olive leaf extract. Methods: Liposomes were characterized by physicochemical
parameters, encapsulation efficiency (EE), antioxidant activity, morphology, release kinetics
under simulated physiological conditions, and 60-day stability. To the best of our knowl-
edge, this is the first direct comparison of AL, PG90, and PH90 matrices for olive leaf extract
encapsulation. Results: HPLC and GC-MS confirmed successful encapsulation, with
oleuropein showing the highest EE (up to 76.18%). PH90 favored retention of non-polar
triterpenes, while AL and PG90 preferentially encapsulated polar flavonoid glycosides.
FT-IR analysis verified extract integration into phospholipid bilayers. Antioxidant activity
remained high in all loaded formulations, with negligible activity in empty liposomes.
Extract-loaded systems exhibited reduced particle size, higher viscosity, and more negative
electrophoretic mobility, enhancing colloidal stability. PG90 liposomes displayed the most
stable mobility profile over 60 days. Transmission electron microscopy and nanoparticle
tracking analysis revealed formulation-dependent vesicle morphology and concentration
profiles. Release studies demonstrated significantly prolonged polyphenol diffusion from
PG90 liposomes compared to the free extract. Conclusions: Phospholipid composition
critically governs encapsulation selectivity, stability, and release behavior. Tailored liposo-
mal systems offer a promising strategy to enhance the stability and delivery of olive leaf
polyphenols, supporting their application in bioactive delivery platforms.

Keywords: antioxidants; by-product; HPLC; liposomes; olive leaves; extract; phospholipids;
polyphenols
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1. Introduction
The olive (Olea europaea L., Oleaceae) tree, the most well-known species of the Mediter-

ranean area, has been cultivated for millennia and traditionally valued not only for its
fruits and oil but also for its leaves [1]. Olive leaves have a long history of use in traditional
medicine for managing various diseases, such as hypertension, diabetes, hyperlipidemia,
and urinary tract infections [2,3]. Numerous phytochemical and pharmacological studies
have increasingly substantiated these therapeutic properties, highlighting the olive leaf as
a valuable source of bioactive secondary metabolites [4]. Among the compounds present
in olive leaves, phenolic secoiridoids, particularly oleuropein, are the most abundant and
biologically significant [5]. In addition to its pharmacological profile, the olive leaf has
emerged as a valuable by-product of the olive oil industry. The shift towards sustainable
valorization of agricultural waste has brought renewed attention to olive leaves as a natural
source of functional ingredients [6,7]. Olive leaf extract is formulated in various ways
for different applications, including dietary supplements, cosmetics, and pharmaceutical
products, often involving encapsulation or incorporation into specific delivery systems to
enhance its stability [8–10].

Oleuropein, primarily found in young leaves and unripe fruits [11], exhibits
a wide spectrum of pharmacological activities, including potent antioxidant [12,13],
anti-inflammatory [14], hypolipidemic [15], and antimicrobial effects [16]. Additionally,
chemical profiling of olive leaf extracts revealed the presence of other phenolic compounds,
such as hydroxytyrosol, verbascoside, ligstroside, and oleuropein aglycone, which con-
tribute synergistically to the overall biological potential of the extract [5,17]. Pentacyclic
triterpenes derived from olive leaves, such as oleanolic and maslinic acids, present as
free acids or as aglycone precursors of saponins, have demonstrated a wide range of
pharmacological activities, including hepatoprotective, anti-inflammatory, antioxidant,
and anticancer effects [18,19]. Given the well-documented health-promoting properties of
these two acids, it is anticipated that this specific fraction of olive leaf extract will attract
growing scientific and commercial interest [20]. However, the therapeutic potential of
oleuropein and other compounds from olive leaf extracts is significantly affected by their
pharmacokinetic properties [21]. After oral administration, oleuropein is thought to remain
stable in the stomach, pass through the small intestine without significant absorption or
metabolism, and reach the colon, where it undergoes microbial biotransformation, pri-
marily through enzymatic hydrolysis, ultimately yielding hydroxytyrosol, a metabolite
with even greater antioxidant and anti-inflammatory activity [22,23]. Despite this, both
oleuropein and hydroxytyrosol exhibit limited bioavailability due to their hydrophilicity
and metabolic instability, resulting in rapid systemic elimination [24]. In addition, gut
microbiota, particularly Lactobacillus and Bifidobacterium in the colon, further transform
oleuropein via β-glucosidase and esterase activity. Hence, the practical application of
olive leaf extract is still limited by issues of stability, solubility, and targeted delivery [25].
Although preclinical studies have demonstrated the potential health advantages of dietary
polyphenols, the low stability and bioavailability, as well as the bitter taste of products
containing polyphenol compounds, restrict their wider use [26,27].

These challenges have directed our research group towards formulation approaches
such as encapsulation in liposomes, biocompatible nanocarriers capable of improving the
stability, permeability, and controlled release of encapsulated compounds [28,29]. Lipid-
based colloidal systems, especially liposomes, are among the most widely explored en-
capsulation platforms in biomedical applications [30]. These carriers, characterized by
their spherical structure composed of lipid bilayers, offer both hydrophilic and lipophilic
environments suitable for diverse bioactive compounds [31]. Owing to their tunable size,
multilamellarity, biocompatibility, and capacity to enhance bioavailability, liposomes are
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increasingly recognized as versatile and effective drug delivery vehicles in modern medical
research and therapy [32–34]. Liposomal delivery systems are particularly promising for
plant-derived phenolics due to their ability to enhance absorption and bioavailability, and
to protect sensitive compounds from premature degradation [35–37]. Apart from their
protective role, the influence of liposomes on improving the performance of encapsulated
compounds, decreasing toxicity and adverse effects, and enhancing controlled delivery
and activity is particularly important [38].

Therefore, this research aimed to develop and characterize liposomal formulations
encapsulating olive leaf extract to enhance the stability of its polyphenolic constituents,
thereby potentially maximizing their delivery and biological potential. The liposomal carri-
ers were designed to enhance the stability of phenolic compounds from olive leaf extract,
compounds known for their strong antioxidant and anti-inflammatory properties. These
properties are particularly relevant for preventing or managing oxidative stress-related
disorders. The primary envisioned route of administration is oral, aiming to develop a nu-
traceutical or functional food supplement for systemic antioxidant support and combating
oxidative stress-related diseases, such as metabolic syndrome, cardiovascular conditions,
and chronic inflammation. This approach addresses the challenges of low stability and poor
gastrointestinal absorption of phenolic compounds in their free form. Additionally, there is
potential for future topical applications, particularly in dermatological or cosmeceutical
formulations, where the antioxidant and anti-inflammatory properties may be beneficial for
skin protection against oxidative damage and aging. The specific objective was to optimize
the encapsulation of olive leaf extract in three liposomal formulations based on different
phospholipid sources: AL liposomes utilizing phospholipids from Avanti Polar Lipids,
PG90 liposomes employing granulated phospholipids from Lipoid, and PH90 liposomes
incorporating hydrogenated phospholipids from Lipoid. While liposomal delivery systems
have been previously explored for olive leaf extracts, existing studies typically rely on a
single phospholipid type, the addition of cholesterol, or using a more complex liposome en-
capsulation technique, such as the thin film method [39–42], limiting insight into how lipid
composition influences encapsulation behavior and functional performance. In contrast,
our study presents a systematic comparative evaluation of three distinct phospholipid ma-
trices, enabling the identification of how variations in lipid source and composition impact
the efficiency of encapsulation, compound selectivity, antioxidant activity, morphological
properties, and long-term stability. To our knowledge, this is the first study to directly
compare these specific phospholipid systems for encapsulating olive leaf extract, providing
valuable guidance for the rational design of plant-based nanocarriers. Furthermore, the
selection of phospholipid types was based on their differences in acyl chain saturation,
molecular packing behavior, and predicted interactions with polyphenolic compounds in
olive leaf extract. These structural variations can significantly influence liposomal proper-
ties, such as membrane fluidity, potential of encapsulation, and stability. AL phospholipids
are in the form of non-hydrogenated and well-defined solid flakes, predominantly com-
posed of unsaturated fatty acids (e.g., linoleic and oleic acids), offering high purity and
reproducibility. Their use provides a baseline system for comparison. PG90 is composed of
natural, unsaturated phosphatidylcholine, which provides a more fluid bilayer. This can
enhance interaction with hydrophilic and amphiphilic polyphenols, potentially improving
encapsulation of more polar compounds. PH90, being hydrogenated (i.e., fully saturated),
forms more rigid and stable bilayers, which are expected to improve retention of lipophilic
compounds, such as triterpenes, and to enhance oxidative stability. These phospholipids
were chosen to represent a spectrum of membrane characteristics, from fluid to rigid, and
to assess how these properties influence the encapsulation, protection, stability, and antiox-
idant potential of olive leaf polyphenols with varying polarity. Following encapsulation,
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the study will assess and compare the encapsulated profiles of bioactive compounds from
each liposomal type, identifying the most effective carrier system for the extract’s active
constituents. This includes the assessment of physicochemical properties, such as Fourier
Transform Infrared (FT-IR) spectra, density, surface tension, viscosity, liposome concen-
tration, and the chemical composition of the formulations, as well as the encapsulation
efficiency of compounds via qualitative and quantitative HPLC and GC-MS analyses. In
addition, transmission electron microscopy (TEM) and release kinetic study in the Franz
diffusion cell were performed. Furthermore, chemical profile, vesicle size, polydispersity
index (PdI), electrophoretic mobility, and zeta potential were monitored over a 60-day
storage period to evaluate the stability of liposomes.

2. Results and Discussion
2.1. Polyphenol Profile of Olive Extract and Extract-Loaded Liposomes and
Encapsulation Efficiency

The quantitative polyphenol profile of pure olive leaf extract and extract-loaded
liposomes was examined in the HPLC analysis (Table 1). The amounts of compounds in
extract-loaded liposomes represent the sum of values from both encapsulated and non-
encapsulated fractions of liposomes. In addition, values for encapsulating fractions of
the mentioned extract into liposomes and the efficiency of the liposomal encapsulation
process in entrapping the main bioactives from the olive leaf extract formulation were
presented (Table 2). Representative HPLC-DAD chromatograms of the olive leaf extract
and liposomal samples are provided as Supplementary Material (Figures S1 and S2). In
addition, the structural formulas of oleuropein, oleacein, ligstroside, oleuropein aglycone,
luteolin 7-O-glucoside, and apigenin-7-O-glucoside, detected and quantified in olive leaf
extract, are presented in Figure S3.

Among the quantified phytochemicals, oleuropein was identified as the most abundant
compound in both the olive leaf extract (11.18%) and extract-loaded liposomal formulations
(8.71–9.82%). Furthermore, oleanolic acid (4.28%) and maslinic acid (0.58%) were present
as major representatives of the pentacyclic triterpene class. In addition, notable concen-
trations were observed for luteolin 7-O-glucoside (0.98%) and apigenin-7-O-glucoside
(0.52%), representing the dominant flavonoid constituents. These compounds constituted
the majority of bioactive constituents in the extract, confirming their role as the principal
components of the formulation. The obtained results are in line with previously published
studies [22,43–45], as the levels of oleuropein and flavonoids identified in the ethanol
extracts were within the ranges reported in the literature. The predominance of oleuropein
aligns with literature data reporting it as the key bioactive compound in olive leaf extracts,
valued for its strong antioxidant and anti-inflammatory properties [28,43,45]. Similarly, the
presence of oleanolic and maslinic acids is consistent with earlier phytochemical profiles of
O. europaea by-products, where these triterpenes were also highlighted for their pharmaco-
logical relevance, particularly in anti-tumoral and hepatoprotective applications [43,44,46].
Importantly, the retention of these compounds in the liposomal formulations suggests
good encapsulation efficiency and stability, as previously reported for polyphenol-rich
plant extracts encapsulated in carriers [46], further supporting the suitability of liposomal
delivery systems for preserving and delivering complex phytochemical profiles.

The amount of all quantified compounds was lower in the extract-loaded liposomal
formulations compared to the pure extract. Upon liposomal encapsulation, a general re-
duction in phenolic compound concentrations was observed in all formulations, which is a
common phenomenon attributed to processing losses during hydration, purification, or
sonication steps [39]. Nevertheless, oleuropein remained the dominant compound in all
three liposome types: AL (98.28 µg/mg), PG90 (85.75 µg/mg), and PH90 (87.18 µg/mg).
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The corresponding EE for oleuropein was relatively high, ranging from 72.90% in AL lipo-
somes to 76.18% in PG90 liposomes, indicating that this compound possesses amphiphilic
properties favorable for its integration into the bilayer or aqueous core of liposomes [46].

Table 1. Quantitative analysis of olive leaf extract and extract-loaded liposomes.

Sample
Olive Leaf

Extract
Extract-Loaded Liposomes

AL PG90 PH90

Class of
Compounds Compound µg/mg Dry Extract

Secoiridoids

Oleuropein 111.8 ± 10.85 a,* 98.28 ± 3.50 a 85.75 ± 4.18 b 87.18 ± 2.18 d

Oleacein 3.75 ± 0.24 b 4.23 ± 0.15 a 4.25 ± 0.15 a 4.03 ± 0.10 ab

Ligstroside 1.06 ± 0.14 ab 0.98 ± 0.06 b 0.99 ± 0.04 b 1.28 ± 0.20 a

Oleuropein
aglycone 0.43 ± 0.08 a 0.24 ± 0.02 b 0.36 ± 0.05 a 0.31 ± 0.03 a

Pentacyclic
triterpenes

Oleanolic acid 42.88 ± 3.10 a 15.61 ± 1.10 c 20.94 ± 1.6 b 43.28 ± 2.10 a

Maslinic acid 5.76 ± 0.38 a 0.18 ± 0.03 d 0.31 ± 0.05 c 3.11 ± 0.20 b

Flavonoids
and flavonoid
glycosides

Luteolin
7-O-glucoside 9.84 ± 1.21 a 7.82 ± 0.60 b 7.04 ± 0.15 c 7.74 ± 0.31 b

Apigenin-
7-O-glucoside 5.21 ± 0.65 a 3.94 ± 0.80 ab 3.75 ± 0.20 b 4.40 ± 0.18 a

Quercetin 0.63 ± 0.08 a 0.50 ± 0.10 ab 0.45 ± 0.05 b 0.49 ± 0.07 ab

Quercitrin 0.18 ± 0.01 ab 0.20 ± 0.01 a 0.16 ± 0.03 ab 0.17 ± 0.01 b

Simple phenols
Hydroxytyrosol 1.56 ± 0.28 ab 2.15 ± 0.35 a 1.90 ± 0.10 a 1.60 ± 0.05 b

Chlorogenic acid 0.14 ± 0.03 a 0.08 ± 0.01 b 0.05 ± 0.01 c 0.09 ± 0.02 ab

* The results are expressed as the mean value ± standard deviation based on three independent replicates.
AL—liposomes prepared using phospholipids from producer Avanti, PG90—liposomes prepared using granulated
phospholipids from producer Lipoid, PH90—liposomes prepared using hydrogenated phospholipids from
producer Lipoid. Identical letters within each row indicate no statistically significant differences (for each
compound individually) based on one-way ANOVA followed by Duncan’s post hoc test, with significance set at
p > 0.05 (n = 3).

Table 2. Quantitative analysis of encapsulated extract fraction within liposomes and
encapsulation efficiency.

Sample
Encapsulated Extract Fraction in Liposomes

AL PG90 PH90

Class of
Compounds Compound µg/mg d.e. EE (%) µg/mg d.e. EE (%) µg/mg d.e. EE (%)

Secoiridoids

Oleuropein 71.65 ± 6.64 a,* 72.90 ± 2.76 a 65.18 ± 2.32 a 76.18 ± 1.29 a 50.65 ± 1.81 b 58.09 ± 1.45 b

Oleacein 3.63 ± 0.27 a 85.76 ± 2.03 a 3.63 ± 0.14 a 85.37 ± 2.81 a 3.17 ± 0.17 b 78.79 ± 1.51 b

Ligstroside 0.68 ± 0.05 a 69.62 ± 4.25 a 0.75 ± 0.09 a 75.70 ± 3.06 a 0.71 ± 0.17 a 55.40 ± 3.30 b

Oleuropein
aglycone 0.18 ± 0.02 a 80.62 ± 6.25 a 0.19 ± 0.05 a 73.47 ± 3.04 a 0.16 ± 0.02 a 79.87 ± 6.21 a

Pentacyclic
triterpenes

Oleanolic acid 13.96 ± 0.05 c 32.60 ± 6.30 b 16.66 ± 0.98 b 38.91 ± 8.22 b 42.79 ± 1.10 a 92.93 ± 4.27 a

Maslinic acid 0.06 ± 0.01 b 32.07 ± 0.18 b 0.07 ± 0.01 b 22.88 ± 0.27 c 3.06 ± 0.10 a 49.26 ± 0.11 a

Flavonoids
and flavonoid
glycosides

Luteolin
7-O-glucoside 6.90 ± 0.62 a 88.25 ± 6.77 a 6.32 ± 0.20 a 89.79 ± 1.62 a 5.47 ± 0.23 b 70.65 ± 3.39 b

Apigenin
7-O-glucoside 3.72 ± 0.36 a 94.38 ± 7.19 a 3.50 ± 0.14 a 93.36 ± 4.22 a 3.55 ± 0.17 a 80.69 ± 4.44 b

Quercetin 0.43 ± 0.03 a 86.40 ± 4.96 a 0.33 ± 0.02 b 74.33 ± 2.60 b 0.42 ± 0.05 a 86.53 ± 4.15 a

Quercitrin 0.15 ± 0.01 a 80.62 ± 4.63 a 0.12 ± 0.02 a 73.47 ± 4.69 a 0.14 ± 0.01 a 79.87 ± 4.84 a
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Table 2. Cont.

Sample Encapsulated Extract Fraction in Liposomes

AL PG90 PH90

Class of
Compounds Compound µg/mg d.e. EE (%) µg/mg d.e. EE (%) µg/mg d.e. EE (%)

Simple
phenols

Hydroxy
tyrosol 0.97 ± 0.07 a 45.14 ± 4.08 a 0.87 ± 0.08 a 45.68 ± 4.01 a 0.85 ± 0.06 a 52.92 ± 3.78 a

Chlorogenic
acid 0.02 ± 0.01 22.22 ± 2.00 n.d. 0.00 n.d. 0.00

* The results are presented as an average value and standard deviation of three repeated measurements.
EE—encapsulation efficiency, AL—liposomes prepared using phospholipids from producer Avanti,
PG90—liposomes prepared using granulated phospholipids from producer Lipoid, and PH90—liposomes pre-
pared using hydrogenated phospholipids from producer Lipoid, n.d.—not detected, d.e.—dry extract. The same
letter in each row refers to the absence of statistically significant differences (for each variable, i.e., concentration
and EE, separately) regarding the results of statistical analysis in one-way analysis of variance and Duncan’s post
hoc test at p > 0.05 (n = 3).

The encapsulation behavior of the triterpenes, particularly oleanolic acid and maslinic
acid, was strongly influenced by the type of phospholipids used in formulation. PH90
liposomes, which are based on hydrogenated saturated phospholipids, showed the highest
retention for both triterpenes, encapsulating 42.79 µg/mg of oleanolic acid with an EE
of 92.93%, and 3.06 µg/mg of maslinic acid with 49.26% efficiency. This suggests that
the saturated bilayer in PH90 creates a more favorable hydrophobic environment for the
retention of lipophilic molecules, an observation also highlighted in recent formulations
utilizing rigid vesicle systems for lipophilic drug delivery [40,41].

On the other hand, AL and PG90 formulations demonstrated better compatibility with
more polar compounds, such as flavonoid glycosides. Luteolin 7-O-glucoside was encapsu-
lated with an efficiency of 88.25% in AL liposomes and 89.79% in PG90 liposomes, while
apigenin-7-O-glucoside achieved 94.38% and 93.36% in the same formulations, respectively.
These results suggest that flavonoid glycosides, owing to their polar character and glycosy-
lated structure, preferentially localize within the aqueous interior or hydrophilic interface
of the bilayer, consistent with previous observations made in yogurt-enriched liposomal
matrices and nanoscale emulsions enriched with olive leaf polyphenols [42,47].

In contrast, low encapsulation efficiencies were observed for highly hydrophilic and
low-molecular-weight compounds, such as hydroxytyrosol and chlorogenic acid. Hydrox-
ytyrosol was encapsulated at 45.14% in AL liposomes and 52.92% in PH90 liposomes,
whereas chlorogenic acid showed minimal retention, with only 0.02 µg/mg in AL lipo-
somes (22.22%) and non-detectable levels in PG90 and PH90 liposomes. This inefficiency is
likely due to their limited affinity for liposomal bilayers, which reduces the likelihood of
stable entrapment and promotes diffusion during processing and storage [48,49].

Compared to the other types, the selection of phospholipid types had a significant
impact on encapsulation outcomes. AL liposomes exhibited the highest efficiency for
glycosylated flavonoids and moderately polar phenolics, suggesting optimal amphiphilic
balance. PG90 liposomes exhibited moderate performance across a range of compounds,
indicating a balanced system. In contrast, the PH90 formulation demonstrated exceptional
affinity for lipophilic triterpenes but lower compatibility with polar molecules, confirming
its preferential application for nonpolar compound delivery, as supported by structural
studies on rigid vesicle encapsulation [44,45].

The data suggest that the interplay of compound polarity, phospholipid composition,
and vesicle microenvironment influences the efficacy of olive leaf phenolics. High EE values
obtained for flavonoid glycosides and oleuropein demonstrate the potential of liposomal
systems to effectively stabilize and deliver olive phenolics, particularly when phospholipid
type is appropriately matched to compound properties. These findings are consistent
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with recent encapsulation studies emphasizing targeted design of carrier systems based on
compound-lipid compatibility [40–42,47].

After 60 days in the refrigerator, significant degradation was observed in oleuropein
and hydroxytyrosol, particularly in PG90 and PH90 formulations, indicating their limited
stability (Supplementary Materials, Tables S2 and S3). In contrast, flavonoids and triter-
penes, particularly quercetin and oleanolic acid, showed increased concentrations, likely
due to structural transformations or better retention in liposomal membranes. EE improved
for these stable compounds, while chlorogenic acid was completely degraded. These
findings highlight the protective role of liposomes for selected constituents during storage,
with detailed quantitative results presented in Supplementary Material (Tables S2 and S3).

2.2. FT-IR Spectra of Olive Leaf Extract-Loaded Liposomes

FT-IR spectroscopy was utilized to investigate the chemical composition of the de-
veloped extract-loaded liposomes. The corresponding spectra are shown in Figure 1. The
FT-IR spectra of plain liposomes and olive leaf extract are presented in Figure S4.

 

Figure 1. FT-IR spectra of olive leaf extract-loaded liposomes.

The FT-IR spectra of plain liposomes confirmed the characteristic absorption bands
of the phospholipid components (Figure S4A). Prominent peaks were observed around
2920 cm−1 and 2850 cm−1, corresponding to the asymmetric and symmetric stretching
vibrations of CH2 groups in the lipid alkyl chains. The carbonyl (C=O) stretching vibra-
tion of ester groups appeared near 1735 cm−1, while phosphate-related vibrations were
detected at ~1230 cm−1 (asymmetric PO2

− stretching) and ~1060 cm−1 (symmetric PO2
−

stretching). These spectral features are consistent with the presence of intact phospholipid
bilayers and indicate that the liposome preparation maintained the structural integrity
of the lipid components. Comparison with the spectra of olive leaf extract-loaded lipo-
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somes further allows the identification of characteristic peaks associated with encapsulated
bioactive compounds.

The FT-IR spectra of the olive leaf extract displayed characteristic peaks correspond-
ing to its major bioactive compounds (Figure S4B). Broad absorption around 3400 cm−1

indicated the presence of hydroxyl (–OH) groups, typical of phenolics such as oleuropein
and hydroxytyrosol. Peaks near 2920 cm−1 and 2850 cm−1 were attributed to CH2 stretch-
ing vibrations, while the strong band around 1735 cm−1 corresponded to carbonyl (C=O)
stretching of ester and carboxylic groups. Additional bands at ~1600 cm−1 and ~1510 cm−1

were assigned to aromatic C=C stretching, confirming the presence of flavonoid and phe-
nolic structures. Comparison of the FT-IR spectra of extract-loaded liposomes with those of
plain liposomes and pure extract demonstrated the successful incorporation of olive leaf
bioactives, as evidenced by the appearance of new peaks or shifts in characteristic bands,
without disrupting the structural integrity of the phospholipid bilayer.

The FT-IR spectra confirmed successful encapsulation of olive leaf extract in
phospholipid-based liposomes. Key peaks corresponding to the CH2 stretching vibra-
tions (~2920 and ~2850 cm−1), carbonyl stretching (~1735 cm−1), and phosphate group
vibrations (~1230 and ~1060 cm−1) were observed across all samples. Peaks at ~2920 cm−1

(asymmetric) and ~2850 cm−1 (symmetric) are presented due to CH2 stretching of lipid
tails [50,51]. Non-hydrogenated liposomes (AL and PG90 samples) exhibit peaks that tend
to be broader and may shift slightly due to the presence of unsaturated acyl chains, result-
ing in a more disordered bilayer. PH90 lipoosmes (hydrogenated) possess sharper peaks,
slightly shifted to lower wavenumbers, which indicates more ordered, saturated chains.
In AL and PG90 liposomes (non-hydrogenated), broader and slightly shifted CH2 peaks
indicated increased bilayer fluidity, facilitating stronger interaction with olive leaf extract.
This was further evidenced by shifts in the O–H and C=O regions, suggesting hydrogen
bonding between the extract and the lipid headgroups. Conversely, PH90 liposomes (hy-
drogenated) exhibited more rigid, ordered bilayer features with minimal shifts, indicating
limited interaction with encapsulated olive leaf extract due to tighter bilayer packing. Olive
leaf extract contains polyphenols like oleuropein, which contribute to specific FT-IR peaks,
including O–H stretching (3200–3500 cm−1), as the broad band due to hydrogen bonding in
phenolic and hydroxyl groups, and C=O stretching (~1700–1740 cm−1), as carbonyl of lipid
ester bonds and olive phenolic groups [52,53]. Encapsulation of olive extract’s bioactives
may broaden or shift the O–H stretching band due to H-bonding interactions occurring
with the lipid headgroups. Shift in the region of the C=O stretching suggests olive leaf
extract-lipid interaction, likely via H-bonding or van der Waals interactions. Asymmetric
PO2

− stretching at ~1230–1250 cm−1 and symmetric PO2
− stretching at ~1060 cm−1 are also

visible in the FT-IR spectra of the developed liposomes, and shifts or intensity changes may
indicate that olive leaf extract interacts with the polar head groups of phospholipids [50,54].
PH90 liposomes show a more ordered structure, leading to narrower C–H stretching bands
and a possible blue shift (toward higher wavenumbers) in the phosphate region due to
tighter packing, limiting olive bioactives’ penetration into the bilayer, therefore showing
weaker shifts in O–H or C=O region compared to AL or PG90 liposomes, as well as less
change in PO2

− bands [50,51]. On the other hand, the AL and PG90 liposomes bilayer
allows more interaction with olive leaf extract, a stronger shift in C=O, and a broader O–H
region, with possibly more change in the phosphate headgroup region. The presented data
of the FT-IR spectra of the developed liposomes with olive leaf extract show the liposome
composition via CH2 stretching bands, confirming lipid bilayers, and differences in these
peaks between PH90 and AL or PG90 liposomes, supporting the saturation differences.
Additionally, the data provide evidence of olive leaf extract encapsulation via the presence
of O–H, C=O, and possibly aromatic C=C stretches (around ~1600 cm−1), and shifts or
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intensity changes in these peaks. The interaction of olive biactives with lipids is shown due
to the shifts in phosphate and carbonyl regions, suggesting olive leaf extract-lipid head
group interaction, which is more pronounced in AL and PG90 liposomes, due to higher
fluidity and unsaturation. Regarding stability implications, PH90 liposomes may be more
rigid and stable, but less efficient at encapsulating hydrophilic or amphiphilic olive leaf
components (also proven in the HPLC analysis), while AL and PG90 liposomes may allow
better encapsulation, but possibly less physical stability.

2.3. Antioxidant Capacity of Liposomes

The antioxidant capacity of olive leaf extract and plain liposomes, as well as extract-
loaded liposomes, was investigated using ABTS and DPPH radical scavenging activity
assays. The antioxidant activity of the liposomal formulations was assessed using ABTS
and DPPH radical neutralization methods, which were selected for their simplicity, re-
producibility, and widespread use in polyphenol analysis. Both methods are effective
in detecting the free radical scavenging ability of hydrophilic and moderately lipophilic
antioxidants and are particularly suitable for plant-based extracts formulated in various
systems. The data from ABTS and DPPH tests are shown in Figure 2 (for olive leaf extract
and extract-loaded liposomes) and in Figure S5 (for plain liposomes).
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Figure 2. Antioxidant capacity of olive leaf extract and its liposomal formulations measured by ABTS
and DPPH assays. Values with the same letter (per assay) and the same number (within each sample)
show no statistically significant difference (p > 0.05; n = 3; one-way ANOVA with Duncan’s post hoc
test). AL—liposomes prepared with phospholipids from Avanti; PG90—liposomes with granulated
phospholipids (Lipoid); PH90—liposomes with hydrogenated phospholipids (Lipoid); ascorbic acid
in a concentration of 400 µg/mL was used as the positive control.

As can be seen from Figure 2, the anti-ABTS potential of the extract and liposomes with
extract follows the trend: AL and PG90 > PH90 > extract, while statistical analysis showed
the absence of significant differences. The highest antioxidant activity was provided by the
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extract-loaded PG90 liposomes (88.10%), followed by extract-loaded AL liposomes (87.76%).
The ABTS radical scavenging potential of plain liposomes (arising from phospholipid
manufacturer-added antioxidants) was 3.1–6.3% (Figure S5).

The DPPH radical neutralization capacity of both the olive leaf extract and liposomes
with encapsulated extract followed a similar trend to that observed in the ABTS assay, with
the order of activity being AL > PG90 > PH90 > extract, and no statistically significant
differences were detected among the samples (Figure 2). The highest anti-DPPH potential
was provided by the extract-loaded AL liposomes (83.20%), followed by extract-loaded
PG90 liposomes (82.14%). All developed extract-loaded liposomes, as well as pure olive
leaf extract, showed better radical scavenging capacity in the ABTS assay. As can be seen
from Figure S5, plain liposomes showed very low antioxidant activity (2.15–5.62%).

The pure olive leaf extract exhibits high radical-scavenging activity in both ABTS
and DPPH assays (ABTS: 86.92 ± 1.0%; DPPH: 81.44 ± 0.11%). These values reflect the
well-known potent antioxidant capacity of olive polyphenols, particularly oleuropein and
hydroxytyrosol, which are highly concentrated in olive leaves [55]. Polyphenols constitute
the principal contributors to the antioxidant capacity of the olive leaf extract [56]. Several
of these compounds have been individually assessed, and their antioxidant activity has
been associated with the nature of their functional groups, their abundance, and the
specific positioning of hydroxyl groups within their molecular structures, all of which
confer antioxidant potential. Moreover, evidence indicates that phenolic constituents can
exhibit synergistic interactions, enhancing overall antioxidant capacity when present in
combination, as observed in olive leaf extract, compared to their isolated effects [56,57].
Literature data confirm similar in vitro antioxidant effects of olive leaf extract against
diverse radical species, including peroxyl and superoxide radicals [56].

When the extract is incorporated into liposomal formulations, the ABTS results remain
at high values (87–88%), and DPPH values are also sustained (81–83%). In contrast, the
plain liposomes exhibit minimal radical scavenging activity, which clearly demonstrates
that antioxidant activity stems from the extract and not from the liposomal carriers. The
preservation of olive leaf extract’s antioxidant activity within liposomes aligns closely with
literature findings, where González-Ortega et al. [48] and Ilgaz et al. [58] demonstrated that
oleuropein-rich extracts encapsulated in soy phosphatidylcholine liposomes or niosomes
exhibit strong antioxidant protection against lipid peroxidation, while Yuan et al. [59] en-
capsulated hydroxytyrosol (a major olive antioxidant) in liposomes and observed enhanced
DPPH radical scavenging compared to free hydroxytyrosol, along with improved stability
and controlled release. In our case, the similar antioxidant efficacy of the extract (diluted as
in the case of liposomal formulation) and extract-loaded liposomes validates that the lipo-
somal matrix preserves the radical-scavenging function of olive phenolics. The literature
suggests two complementary mechanisms by which encapsulated olive phenolics confer
antioxidant protection: direct radical scavenging and membrane stabilization. Polyphe-
nols, such as oleuropein, donate hydrogen atoms to neutralize radicals, effectively halting
chain propagation in oxidation, and can also increase lipid bilayer ordering, reducing
the diffusion of radicals through the membrane and thereby offering steric and structural
defense [48,55,58]. These dual mechanisms may explain why liposomal preparations with
olive extract show maintained or slightly enhanced ABTS/DPPH scavenging compared
to the free extract. The slight variations in the antioxidant capacity of various liposomal
formulations were expected due to differences between phospholipid compositions, as well
as their affinity to encapsulate different bioactive components depending on compound
physicochemical properties (which is also shown through HPLC analysis, Section 3.1). Nev-
ertheless, the absence of statistically significant differences between the radical scavenging
potential of developed liposomes with encapsulated extract can be explained by the same
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amount of the extract (serving as the exclusive source of the observed antioxidant activity)
in all liposomal formulations.

The preservation of antioxidant activity within liposomes underscores their suitability
as delivery systems for olive leaf extract in formulations designed to combat oxidative stress,
while similar results across AL, PG90, and PH90 liposomes suggest formulation flexibility,
allowing selection based on encapsulation efficiency and stability without compromising an-
tioxidant potency. Given that olive leaf extract carries additional health-promoting activities
(e.g., anti-inflammatory, cardioprotective), liposomal encapsulation may support more ef-
fective delivery with improved bioavailability and stability. These findings are particularly
relevant for functional food and nutraceutical applications, where maintaining antioxidant
integrity during formulation and storage is critical. Furthermore, the consistent antioxidant
performance across different phospholipid types suggests that lipid composition can be
optimized based on other formulation goals, such as targeting specific release profiles
or enhancing gastrointestinal stability, without compromising bioactivity. Future in vivo
studies could further confirm whether this preserved in vitro antioxidant activity translates
into enhanced biological efficacy and systemic protection against oxidative damage.

2.4. Stability of Liposomes During Storage

The stability of liposomes during storage is a critical parameter for their suitability
as drug delivery systems. In the present study, the stability of liposomes prepared with
three different phospholipids, AL, PG90, and PH90, in both extract-loaded and empty forms,
was examined over 60 days. The stability of plain and olive extract-loaded liposomes
was monitored during storage in the refrigerator via measurements of their diameter,
size distribution, electrophoretic mobility, and zeta potential using photon correlation
spectroscopy. Thus, the results of liposome stability, in terms of size, size distribution, and
surface charge during storage, are presented graphically in Figure 3. The data related to
electrophoretic mobility are presented in Figure S6.
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Figure 3. Time-dependent evaluation of physical stability parameters of plain and olive leaf extract-
loaded liposomes over 60 days at 4 ◦C: (A) Z-average size, (B) polydispersity index (PdI), and
(C) zeta potential. AL—liposomes prepared with phospholipids from Avanti; PG90—liposomes with
granulated phospholipids (Lipoid); PH90—liposomes with hydrogenated phospholipids (Lipoid).
Data represent mean ± SD of triplicate measurements.

The diameter of all unloaded liposomes was significantly higher compared to extract-
loaded parallels (Figure 3A). Immediately after preparation, the size of AL liposomes was
1487.7 ± 20.2 nm (plain) and 598.8 ± 10.8 nm (liposomes with extract), while the vesicle
size of PG90 liposomes was 1204.0 ± 137.9 nm (plain) and 872.0 ± 46.7 nm (liposomes
with extract). The differences between the size of PH90 plain and liposomes with extract
were also significant, with values of 2494.3 ± 65.5 nm and 1896.7 ± 15.2 nm, respectively.
The occurrence of larger liposomal particles in both cases (empty and olive extract-loaded
liposomes, over 500 nm) was also expected since during the hydration stage in the proli-
posome technique, used in the development of these liposomes, the phospholipids swell
and become hydrated, and it was also expected due to energy cost resulting in the creation
of a closed lipid bilayer and very diverse multilamellar liposomes in terms of size and
lamellarity [31,38]. The size of liposomes also plays a critical role in modulating their phar-
macokinetic properties and half-life [31,33]. For example, smaller-sized lipid vesicles show
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a prolonged residence time in circulation compared to bigger particles that are eliminated
more quickly from the bloodstream [60]. Larger liposomes up to 1000 nm (as olive leaf
extract-loaded AL and PG90 liposomes) can be selectively absorbed by the reticuloendothe-
lial system, and a significant amount was quantified in the spleen and liver. Furthermore,
the observation that plain liposomes exhibited a larger particle size than extract-loaded li-
posomes can be attributed to several possible mechanisms, such as improved lipid packing,
altered surface charge, effect on lipid phase properties, and enhanced hydration dynamics.
This size discrepancy can be related to differences in membrane packing caused by the
encapsulated extract, which may stabilize the bilayer structure and reduce vesicle fusion.
Similar observations have been reported by Zhang et al. [61], who suggested that bioactive
compounds can insert into the bilayer and restrict lipid movement, leading to more stable
vesicle sizes. The bioactive constituents within the extract may integrate into the lipid
bilayer, promoting tighter lipid arrangement. This enhanced molecular packing can lead
to the formation of smaller, more stable vesicles by limiting membrane flexibility and
curvature [62]. Certain molecules present in the extract might influence the surface charge
(zeta potential) of the liposomes. A shift in surface charge can increase repulsive forces
between liposomes during formation, thereby preventing aggregation and resulting in a
smaller average size [63]. If the extract contains hydrophilic or amphiphilic components,
it may change the hydration process of the lipid film during liposome preparation and
therefore affect the usual high heterogeneity in size and lamellarity [38], i.e., it can provide
smaller vesicles. Previous studies have shown that phenolic compounds can significantly
impact the dynamics and organization of phospholipid assemblies. These effects stem
from the interactions between lipids and various bioactive molecules, such as polyphenols,
which can lead to modifications in liposome morphology, including changes in structural
forms, particle dimensions, and trans-bilayer molecular transport mechanisms [64–66].
Research findings suggest that the incorporation of phenolic substances into liposomal
carriers may reduce the availability of phospholipids for membrane formation, thereby
producing lipid vesicles with reduced diameters. Specifically, polyphenolic compounds
have been shown to enhance membrane fluidity, and this increased fluidity tends to sup-
port the formation of smaller liposomal structures [67]. Hence, these interactions between
the extract and the lipid components during the formulation process may account for the
reduced size observed in extract-loaded liposomes compared to the plain ones.

Additionally, a significant impact of the type of phospholipids on the size of the
developed plain and olive extract-loaded liposomes was also noticed (Figure 3A). The
phospholipid composition significantly influenced the initial vesicle size and its evolution
during storage. Liposomes prepared with PH90, which contains a higher proportion of
saturated phospholipids and is known for its high phase transition temperature, exhib-
ited the largest size (2494.3 nm for the plain sample and 1896.7 nm for the extract-loaded
sample). However, AL-based liposomes (likely rich in unsaturated phospholipids) dis-
played significantly smaller sizes (1487.7 nm for the plain sample and 598.8 nm for the
extract-loaded sample). Extract-loaded liposomes prepared from PG90, which has an inter-
mediate composition between AL and PH90, showed moderate initial sizes (~872.0 nm).
In comparison, plain PG90-based liposomes have the lowest diameter among liposomal
populations without extract (1204.0 nm). These findings align with previously reported
studies, which indicate that the size of liposomal vesicles is influenced by the bilayer
membrane composition as well as the properties and concentration of the encapsulated
substances [68–70].

During the 60-day storage study, significant alterations in the liposome diameters
can be noticed (Figure 3A). The phospholipid composition significantly influenced the
alterations of liposome diameter during storage. Liposomes prepared with PH90, which
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contains a higher proportion of saturated phospholipids and is known for its high phase
transition temperature, exhibited the largest sizes across all time points. On the 1st day, the
extract-loaded PH90 liposomes had an average diameter of 1896.7 nm, which increased to
2309.0 nm by the 60th day. This increase suggests a propensity toward vesicle fusion or
aggregation over time, consistent with previous studies highlighting the reduced fluidity
of saturated bilayers and their limited capacity to accommodate encapsulated material
without compromising structural integrity [71,72]. AL-based liposomes with extract (con-
taining polyunsaturated fatty acids) displayed significantly smaller sizes (598.8 nm at
the 1st day and 616.3 nm at the 60th day) and relatively stable size profiles, indicating
better colloidal stability. This is in agreement with the findings of Leekumjorn et al. [73],
who reported that unsaturated phospholipids maintain membrane fluidity and improve
stability against aggregation. Liposomes prepared from PG90 showed moderate initial
sizes (~872.0 nm for loaded liposomes) and a gradual increase over time (up to 1179.7 nm
on the 60th day). These findings align with previous reports showing that phospholipid
purity and saturation levels affect vesicle packing and long-term stability [71,72,74]. Empty
liposomes prepared with AL showed moderate size fluctuations over the 60-day storage
period. The vesicle size ranged from 1487.7 nm (day 1) to a maximum of 1990.0 nm (day 21),
followed by a decrease to 1541.7 nm (day 60). This transient enlargement, followed by
size reduction, suggests temporary aggregation or vesicle fusion, which later resolved,
possibly due to sedimentation or rearrangement of lipid bilayers. However, there was
no statistically significant difference between empty AL liposome sizes on the 1st and
60th days. These results align with prior studies showing that AL-based liposomes, rich in
unsaturated phosphatidylcholines, maintain good stability under storage, due to flexible
and fluid bilayers [71–73,75]. Empty PG90 liposomes exhibited more pronounced size
increases and variability. Starting from 1204.0 nm on the 1st day, vesicle size rose sharply
to 2761.7 nm by the 60th day (129% increase). The fluctuation suggests progressive ag-
gregation or fusion of vesicles, consistent with literature indicating that the purity and
partial saturation of PG90 phospholipids may predispose them to structural rearrangement
over time [76]. The monitoring of particle size of lipid-based nanocarriers is important
because the mentioned parameter plays a pivotal role in determining liposome stability,
encapsulation capacity, drug release behavior, biodistribution, mucoadhesive properties,
and cellular uptake [77]. The increase in vesicle size could also be attributed to oxidative
degradation of unsaturated lipids or insufficient electrostatic or steric stabilization in the
absence of encapsulated compounds [71]. Plain PH90 liposomes showed the largest initial
vesicle sizes (2494.3 nm) and highly dynamic changes throughout storage. Size decreased
to 2208.0 nm by the 21st day and then peaked at 2805.5 nm on the 28th day, followed by a
reduction to 2416.7 nm on the 60th day. These oscillations may result from fusion–fission
events, bilayer reorganization, or sedimentation of larger vesicle fractions [78]. Although
PH90 consists primarily of hydrogenated phospholipids, which typically form rigid bilay-
ers and improve shelf life, the large initial vesicle size and broad size variability suggest
poor initial dispersion or susceptibility to aggregation. Viscosity plays a crucial role in
the long-term storage stability of liposomal systems and is considered an important pa-
rameter for assessing their overall stability [79]. Hence, liposomes with higher viscosity
exhibit reduced sedimentation rates, which helps maintain a consistent size distribution
throughout storage, indicating enhanced formulation stability [80]. This relationship may
explain the observed differences in stability between unloaded and olive leaf extract-loaded
liposomes. Specifically, the increased viscosity observed in liposomes containing olive leaf
extract (as presented in Section 2.7) likely hinders the aggregation of lipid vesicles, thereby
minimizing significant changes in particle size over time.
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In dynamic light scattering analysis, the focus is commonly on determining the size
distribution of molecules, particles, or nanovesicles. This distribution reflects the relative
abundance of vesicles within specific size ranges. PdI values describe the heterogeneity of
particle sizes within liposomal formulations: PdI < 0.3 suggests monodisperse, uniform
size distribution (desirable), while PdI values ranging from 0.3 to 0.7 represent moderate
polydispersity [77,81]. Empty PH90 liposomes showed the lowest PdI, indicating the most
homogenous vesicle population, whereas empty PG90 and AL liposomes had higher PdI
values, suggesting more variability in vesicle sizes (Figure 3B). Significantly lower PdI of
plain PH90 liposomes in comparison to plain AL and PG90 liposomes can be explained
by a significantly higher Z-average size of the PH90 sample. Indeed, larger liposomal
vesicles possessed lower values of PdI than reduced-sized liposomes [82–84]. Compared to
the PdI value of AL unloaded liposomes (0.381 ± 0.062), AL liposomes with olive extract
possessed a similar PdI, i.e., without a statistically significant difference (0.390 ± 0.026)
(Figure 3B), indicating the presence of moderately heterogeneous dispersion (samples with
PdI higher than 0.3) [85]. The PdI values of plain and extract-loaded PH90 liposomes
were 0.131 ± 0.038 and 0.293 ± 0.085, respectively, indicating a high level of homogeneity
(samples with PdI lower than 0.3). The PdI values of plain and extract-loaded PG90
liposomal systems were 0.503 ± 0.092 and 0.268 ± 0.068, respectively, indicating that
the addition of olive leaf extract caused a decrease in the PdI value. As can be seen,
the addition of olive extract did not trigger changes in the size distribution of the AL
liposomal systems, which agrees with the literature data [64,77]. On the other hand, for
the PH90 and PG90 liposomal populations, the influence of the extract was substantial and
showed an opposite trend. Specifically, in the PH90 sample, the encapsulation of the extract
increased the PdI value (resulting in a broader particle size distribution). In contrast, in
the PG90 liposomes, the presence of the extract induced an increase in the homogeneity
(narrower size distribution). The type of phospholipid and the presence of plant extract can
significantly influence the PdI of liposomal formulations. PH90 formed the most uniform
empty liposomes, but this uniformity was compromised with the addition of olive leaf
extract. Conversely, AL and PG90, as more polydisperse in their plain forms, benefit from
extract loading, potentially due to favorable bilayer interactions with extract constituents.
The presence of the olive leaf extract may have destabilized the vesicle formation or caused
variable vesicle sizes, possibly due to less compatibility between the extract and the lipid
bilayer in PH90 liposomes, resulting in reduced homogeneity. Namely, interactions between
the extract and the saturated lipid bilayer may destabilize uniformity, perhaps through
partial bilayer disruption or altered packing [74,84]. On the other hand, the extract might
have interacted more favorably with the lipid components of PG90, possibly stabilizing the
vesicles or promoting uniform assembly. This contrast may stem from differences in lipid
composition, bilayer packing, or phase behavior between PH90 and PG90 formulations.

Since liposomal stability during storage is a critical factor for their pharmaceutical
and cosmetic applications, one of the key parameters used to monitor liposomal stability
over time is the PdI, which reflects the size uniformity of vesicles. A low and stable PdI
(<0.3) indicates good physical stability, whereas increasing PdI values may suggest vesicle
aggregation, fusion, or leakage of contents. As can be seen in Figure 3B, over the 60-day stor-
age period, most formulations in the current study displayed relatively stable PdI values,
although some variability was noted depending on the lipid composition and the presence
of the plant extract. Empty AL liposomes exhibited higher PdI values throughout the
storage period (mean ~0.46), suggesting greater heterogeneity and lower physical stability.
Empty PH90 liposomes maintained low PdI values (~0.23–0.28), indicating better colloidal
stability, likely due to the saturated nature of the phospholipids and reduced bilayer fluidity,
which limits vesicle fusion [31]. PG90 formulations, particularly the empty PG90 liposomes,
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showed that PdI increases over time (up to ~0.65), suggesting the onset of destabilization,
possibly due to lipid oxidation or gradual aggregation. Incorporation of the plant extract
appeared to influence liposomal stability [72,85,86]. Namely, for AL formulation, the pres-
ence of extract reduced PdI values and helped maintain better uniformity over 60 days,
which suggests that extract constituents (e.g., polyphenols) may have stabilizing effects on
the lipid bilayer. These compounds may act as antioxidants or bilayer reinforces [87,88].
However, PG90 liposomes with extract showed a higher increase in PdI over time, while
the increase was lower in the extract-loaded PH90 liposomes, suggesting that extract-lipid
interactions might destabilize the bilayer in lipid systems. The obtained results of PdI
are in agreement with the changes in particle size. Hence, the loss of liposome stability
was exacerbated by the increase in PdIs, as almost all diversified vesicular systems tend
to aggregate during storage [89]. Over time, several physical processes can compromise
liposome stability, including aggregation or fusion of vesicles, which leads to increased
size and PdI, hydrolysis or oxidation of unsaturated phospholipids, which destabilizes
bilayers, leakage of encapsulated compounds due to bilayer fluidity or structural defects,
and reorganization of bilayer components (e.g., extract insertion or head group rearrange-
ment), which alters surface charge and colloidal stability [71,76,90]. Such changes are often
more pronounced at higher temperatures but may also occur at 425 ◦C over long durations.
The 60-day storage stability of the liposomal formulations varied with lipid type and the
presence of plant extract. Therefore, empty PH90 liposomes exhibited better stability in
terms of PdI, while AL liposomes with extract showed improved stability, highlighting the
protective effect of the extract. Moreover, empty PG90 and AL formulations were more
prone to size heterogeneity and possible fusion over time. Maintaining storage temperature,
utilizing antioxidants (such as polyphenols), and selecting suitable phospholipid types
(e.g., hydrogenated or saturated ones like PH90) are crucial for the long-term stability
of liposomes.

Due to their spherical and three-dimensional form, liposomes can provide higher
levels of mobility and fluidity across the natural cell membrane [91,92]. According to Duffy
et al.’s study [93], the movement of liposomes is a function of liposome composition, lipid
vesicle diameter, and charge, which can explain the electrophoretic mobility differences
between various developed liposomes in the present study. In addition, the mentioned
parameter represents an important characteristic for liposome behavior and distribution in
multiple formulations, simulated fluids, cell or animal models, as well as in the human body,
to allow the release of bioactive compounds on the target sites, thus avoiding undesigned
toxicity associated with the drug molecules [33,94–96]. Electrophoretic mobility correlates
directly with zeta potential, a key predictor of colloidal stability. More negative values of
electrophoretic mobility (e.g., <−1.5 µm/cm/Vs) usually indicate a higher surface charge,
stronger repulsion, and better dispersion stability. Less negative or near-zero values suggest
weaker electrostatic repulsion and a higher risk of aggregation. Therefore, it is important to
investigate the electrophoretic mobility of developed liposomes.

Electrophoretic mobility is directly related to the surface charge of liposomes and
serves as the basis for calculating zeta potential, a key indicator of colloidal stability. Mon-
itoring electrophoretic mobility over time allows us to detect subtle changes in surface
properties that may not be evident from size or zeta potential alone. In our study, elec-
trophoretic mobility trends supported stability data and contributed to distinguishing
differences between liposomal formulations during storage. AL with extract formulation
consistently showed highly negative electrophoretic mobility values (from −1.87 µmcm/Vs
to −2.33 µmcm/Vs, Figure S6), suggesting electrostatic stabilization similar to that of the
empty AL formulation (from −1.94 µmcm/Vs to −2.70 µmcm/Vs). This may result
from the natural presence of phosphate groups in soy-derived lecithin in AL, which con-
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tribute a negative surface charge [97] and incorporation of anionic compounds from the
plant extract, further enhancing charge density on the vesicle surface [63]. Formulation
with PG90 and extract also showed high negative electrophoretic mobility values (up to
~−2.58 µmcm/Vs, Figure S6), indicating a high surface charge and good electrostatic stabi-
lization. This may be attributed to the inherent anionic nature of some extract components
(e.g., flavonoids and phenolic acids) and improved bilayer organization or insertion of sta-
bilizing molecules [84]. PH90 liposomes with extract showed less negative electrophoretic
mobility (from ~−1.35 µmcm/Vs to ~−1.74 µmcm/Vs), suggesting moderate colloidal
stability, which may result from the saturated nature of PH90 phospholipids, creating a
rigid bilayer and may limit insertion of charged extract components, as well as possible
surface shielding by extract molecules, leading to partial charge neutralization [98]. Empty
PH90 liposomes had poor electrostatic stability and may require stabilizers for long-term
use, while extract incorporation improves their stability, likely due to charge enhancement
from phenolic compounds. Specifically, the lowest electrophoretic mobility values were
seen in empty PH90 formulation during storage (as low as −0.37 µmcm/Vs), suggesting
weak electrostatic repulsion, increasing the risk of aggregation and sedimentation, and the
lack of negatively charged head groups or stabilizing agents in saturated phospholipids.
This is consistent with observations that neutral or saturated lipids (e.g., hydrogenated soy
phospholipids) alone provide minimal surface charge, compromising long-term colloidal
stability [71]. Extract loading improved electrophoretic mobility (i.e., made values more
negative) for PH90 liposomes. In the case of AL liposomes, the electrophoretic mobility
decreased upon the extract encapsulation (from ~−2.70 µmcm/Vs to ~−2.09 µmcm/Vs).
Schlieper et al. [99] have found that bound compounds decrease liposome electrophoretic
mobility. The fraction of olive extract compounds not encapsulated within the liposomes
may adhere to the exterior surface of the lipid bilayer, owing to established interactions
between lipids and polyphenols [89,100]. This surface association can lead to a decrease in
liposome electrophoretic mobility. Ruozi et al. [89] reported that the interactions among
phospholipid head groups and compounds, as well as compounds’ absorption on the lipo-
some surface, can restrict their electrophoretic mobility. The extract’s effect on the increase
in electrophoretic mobility of PG90 liposomes suggests better compatibility or insertion
of extract molecules into the rigid bilayer. Smaller and more fluid liposomal vesicles also
show a higher electrophoretic mobility because of the increased deformability of the bilayer
membrane [101]. Nevertheless, the more significant contribution of zeta potential to the
liposomal electrophoretic mobility than that of the liposome size was demonstrated by
Chen & Arriaga [102]. The movement of liposomes also depends on the surrounding
temperature [94].

Over 60 days, empty PH90 liposomes demonstrated a marked decrease in elec-
trophoretic mobility (absolute value), from approximately −1.02 µmcm/Vs to
−0.37 µmcm/Vs, suggesting progressive destabilization due to surface charge reduc-
tion. This may be attributed to lipid oxidation or hydrolysis, which can disrupt bilayer
integrity and cause the release or rearrangement of surface-exposed groups [71,103]. Simi-
larly, empty PG90 liposomes showed a gradual decline in electrophoretic mobility, from
−2.54 µmcm/Vs to −1.89 µmcm/Vs, indicating moderate surface charge attenuation. This
trend may stem from the partial degradation of unsaturated phospholipids, leading to
decreased electrostatic repulsion among vesicles [76]. Empty AL liposomes also showed a
decrease in electrophoretic mobility but maintained highly negative electrophoretic mo-
bility values (−2.70 µmcm/Vs to −1.94 µmcm/Vs), suggesting moderate storage stability.
Despite the presence of unsaturated fatty acids in soy-derived lecithin, the surface charge
appears to be more resistant to decay, possibly due to its natural phosphatidylcholine
composition, which provides both electrostatic and steric stabilization [104]. The incorpo-
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ration of olive leaf extract attenuated the electrophoretic mobility decay, particularly in
PH90 and AL formulations. For instance, extract-loaded PH90 liposomes retained higher
(more negative) electrophoretic mobility values (−1.74 µmcm/Vs to −1.69 µmcm/Vs)
compared to their empty counterparts (−1.02 µmcm/Vs to −0.37 µmcm/Vs), suggesting
that anionic compounds from the extract (e.g., phenolic acids or flavonoids) contributed
to maintaining surface charge [63,105]. This phenomenon supports the hypothesis that
bioactive plant constituents enhance colloidal stability via surface interactions. PG90 li-
posomes with olive extract exhibited consistent electrophoretic mobility values across the
storage period (ranging from −2.48 µmcm/Vs to −1.69 µmcm/Vs), further affirming the
stabilizing influence of extract constituents. AL liposomes with extract also demonstrated
good charge retention (electrophoretic mobility values ranging from −2.09 µmcm/Vs to
−2.06 µmcm/Vs), slightly more stable than empty AL liposomes (−2.70 µmcm/Vs to
−1.94 µmcm/Vs). This suggests some degree of electrostatic reinforcement by extract
components even in soy-derived systems. A drop in the electrophoretic mobility values
during storage can be attributed to changes in liposome sizes, specifically their increase [94].
Additionally, in the case of plain liposomes, the population with the highest electrophoretic
mobility also possessed the highest zeta potential value (Figure 3C and Table S6).

The incorporation of the plant extract into PH90 liposomal formulation resulted in
increased (i.e., more negative) zeta potential values, indicating enhanced electrostatic sta-
bilization. In the PH90 formulation, the zeta potential increased from −13.1 mV in the
empty system to around −22.2 mV upon loading (Figure 3C). A different shift was ob-
served in AL and PG90 formulations, with extract-loaded AL liposomes maintaining a zeta
potential around −26.6 mV compared to −34.4 mV in the empty system. In comparison,
there was no statistically significant difference between plain and extract-loaded PG90
liposomes (~−32 mV). The differences may be attributed to the presence of anionic phyto-
chemicals in the extract, such as phenolic acids, which can insert into or adsorb onto the
liposome surface, changing surface charge density [77,106]. Previous studies have shown
that phenolic-rich extracts can significantly increase the negative surface charge of lipid
vesicles, contributing to enhanced repulsive forces and colloidal stability [88,107]. The type
of phospholipid also considerably influenced the zeta potential values of the developed
liposomes. Specifically, empty AL and PG90 liposomes both exhibited highly negative
zeta potential values (−34.4 mV and −32.4 mV, respectively), consistent with their natural
content of phosphate head groups and unsaturated fatty acids, which contribute to surface
charge and fluid bilayer structures [74]. Empty PH90-based liposomes exhibited signifi-
cantly less negative zeta potential (−13.1 mV), likely due to their saturated phospholipid
composition, which results in more rigid bilayers and less surface-exposed charge groups.
These trends are in agreement with literature data showing that saturated lipids (such
as hydrogenated phosphatidylcholine in PH90) result in tighter bilayer packing, reduced
exposure of ionizable head groups, and lower zeta potential, while unsaturated lecithin in
AL or PG90 liposomes confers a greater surface charge [71].

During 60 days of storage, zeta potential values declined in absolute values, particu-
larly for the PH90 and AL formulations, suggesting a gradual reduction in colloidal stability.
Empty PH90 liposomes showed the largest decline, dropping from ~−13.1 mV initially to
as low as −4.7 mV, indicating possible vesicle aggregation, oxidation, or surface ion desorp-
tion over time. Plain AL and PG90 formulations also exhibited declines (from ~−34.4 mV
to ~−24.8 mV, and from ~−32.4 mV to ~−24.1 mV, respectively), which could be attributed
to oxidation of unsaturated phospholipids or rearrangement of surface components [71].
Interestingly, extract-loaded PG90 maintained relatively stable zeta potential values until
the 28th day (~−33 mV), while the AL system with extract maintained same zeta potential
value until the 60th day (~−26 mV) suggesting a protective effect of the extract, possibly
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through antioxidant activity stabilizing the bilayer or by maintaining surface charge via
persistent binding of anionic compounds [108]. The zeta potential of PH90 liposomes
with encapsulated extract varied in a very narrow range during storage (~−22.2 mV to
~−21.6 mV). These findings align with reports that liposomes with zeta potential values
more negative than −30 mV are stable, while a decline below −15 mV can increase the
likelihood of aggregation due to reduced electrostatic repulsion [77]. Despite relatively
high values of the zeta potential of all AL and PG90 liposomes, according to the literature
data, neutral or positively charged unilamellar or nanoliposomal particles are removed
from the blood more slowly compared to giant and unmodified liposomal spheres [109].
Nevertheless, the presence of a strong electrostatic charge (positive or negative) can facil-
itate the interaction of opsonin-producing compounds, such as proteins, with liposomal
particles and enhance their elimination from the bloodstream [110]. The charge character-
istics of the liposomal membrane surface can significantly affect the potential interaction
among liposomal vesicles and target cells. The alterations in the lipid composition of the
liposomes can modify the surface charge, and the overall charge of liposomal particles may
be adjusted by the implementation of charged compounds, resulting in a negative, positive,
or neutral charge. Neutral liposomal vesicles (particles lacking surface charge) exhibit
a greater tendency to aggregate, which restricts the physical stability of liposomes and
minimizes their interactions with cells, leading to the extracellular release of bioactives [33].
On the other hand, charged liposomal particles, such as olive leaf extract-loaded liposomes,
possess various advantages compared to neutral lipid vesicles. Due to a surface charge,
electrostatic repulsion between liposomal particles prevents their aggregation and floccula-
tion, facilitated by the presence of a zeta potential with either positive or negative values.
Additionally, lipid particles with a high value of electrostatic surface charge exert a larger
potential to provide interactions with target cells [33,111].

The observed differences in EE and stability among the AL, PG90, and PH90 liposomal
formulations can be attributed to the structural and physicochemical properties of the
phospholipids used. Similarly, the antioxidant activity in our study correlates with the
retention of key polyphenols in the liposomal matrix, further highlighting the importance
of tailoring lipid composition to the physicochemical properties of encapsulated bioactives.
Phospholipid matrices differ in terms of saturation level, chain length, and packing behav-
ior, which affect bilayer fluidity and permeability, key factors in the retention and protection
of polyphenolic compounds. For example, the hydrogenated phospholipids in PH90 form
more rigid and ordered bilayers, which likely contributed to the improved retention of
lipophilic triterpenes. In contrast, unsaturated phospholipids (PG90 and AL samples) form
more fluid bilayers, which can favor encapsulation of more polar flavonoid glycosides
but may lead to greater permeability and compound leakage over time. These findings
are consistent with the literature on phospholipid complex-based delivery systems, where
lipid matrix rigidity and chain composition directly influence drug encapsulation, release
kinetics, and bioavailability. Additionally, while doping with certain soft or transition
metal ions has been reported in the literature to influence encapsulation efficiency in some
systems, its effect is highly dependent on the type of bioactive compound, the metal, and
the liposomal composition [112,113]. Investigating such strategies could be an interesting
direction for future research to potentially enhance encapsulation performance.
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2.5. Nanoparticle Tracking Analysis of Developed Liposomes

NTA was employed to assess both the size distribution and particle concentration of
blank and extract-loaded liposomal formulations. The resulting data are shown in Figure 4.

Figure 4. Nanoparticle tracking analysis (NTA) of liposomal formulations: (A–C) size distribu-
tion profiles, (D) particle concentration (particles/mL), and (E) representative video frame cap-
tures. Data represent mean values of three independent NTA measurements. AL—liposomes
prepared with phospholipids from Avanti; PG90—liposomes with granulated phospholipids (Lipoid);
PH90—liposomes with hydrogenated phospholipids (Lipoid).

NTA of size distributions showed that developed liposome preparations exhibited
similar size heterogeneity. Additionally, vesicle concentrations among the empty lipo-
somes were relatively uniform, with plain AL, PG90, and PH90 showing 2.13 × 1012,
2.57 × 1012, and 2.00 × 1012 particles/mL, respectively. The extract-loaded AL and PG90
liposome preparations demonstrated the highest particle concentrations (6.87 × 1012 and
6.80 × 1012 particles/mL, respectively), while extract-loaded PH90 liposomes showed a
lower concentration (2.70 × 1012 particles/mL), similar to the plain PH90 liposome prepara-
tion. All liposome formulations were prepared using the same concentrations of phospho-
lipids and olive leaf extract. However, due to inherent differences in the physicochemical
properties of the phospholipid types used (e.g., chain saturation, molecular packing), and
resulting variations in vesicle size, the final liposome concentrations (number of parti-
cles/mL) differed between formulations. This data is important as it reflects the structural
output of each lipid system, helping to evaluate how phospholipid composition affects
vesicle formation and potential dose uniformity in delivery applications.

Broad size distributions are characteristic of conventional liposome preparations, par-
ticularly when using passive loading techniques, such as thin-film hydration or a modified
passive loading approach, such as the proliposome method, which often result in vesicle
heterogeneity due to variable encapsulation efficiencies and lamellarity. Upon incorpo-
ration of olive leaf extract, a discernible shift toward larger vesicle concentrations was
observed, particularly in the AL and PG90 formulations. This shift may be attributed to the
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integration of olive bioactive compounds into the lipid bilayer or aqueous core, which can
induce membrane changes or alter bilayer curvature [39,78,81]. Notably, the differences
in the concentration increase between various samples indicate a formulation-dependent
response to extract inclusion. The changes in the liposome vesicle concentration (as well
as alterations of liposome size shown in the dynamic light scattering method) further
corroborate the structural modifications induced by the extract. While all plain liposomes
exhibited comparable concentrations (2.00–2.57 × 1012 particles/mL), extract-loaded AL
and PG90 liposomal formulations showed significantly higher concentrations (6.87 × 1012

and 6.80 × 1012 particles/mL, respectively). This suggests that the incorporation of extracts
in these systems promotes vesicle formation or stability during the preparation process.
Demir et al.’s study [114] also demonstrated that the addition of the extract resulted in
increased stability of the formulation compared to plain liposomes. Namely, improved
colloidal stability provides reduced aggregation, thus maintaining a higher concentra-
tion of liposomes, i.e., a larger number of particles [115]. Conversely, the extract-loaded
PH90 liposomal preparation demonstrated only a modest increase in particle concentra-
tion (2.70 × 1012 particles/mL), implying that the extract–lipid interaction may be less
favorable in this composition, potentially due to differences in lipid phase behavior or
bilayer packing density. According to the literature data, saturated PH90 showed very low
loading rates and the absence of the influence of the encapsulated compound on the vesicle
size compared to the unsaturated lipids [116,117]. These findings suggest that PH90 may
interact poorly with certain compounds and does not promote significant extract-induced
vesicle formation or higher count. Namely, the NTA data confirm that vesicle concentration
is modulated by extract inclusion in a lipid-type-dependent manner, which could critically
influence the biological behavior, release kinetics, and stability of the liposomal formula-
tions. These observations are crucial for dose standardization in liposomal formulations,
as vesicle count directly impacts the amount of encapsulated bioactive delivered per unit
volume. The ability of unsaturated phospholipids (such as AL and PG90) to form higher
numbers of vesicles upon extract loading is consistent with prior findings showing greater
membrane fluidity and flexibility in unsaturated systems, which favor vesicle formation
and encapsulation efficiency [71–74]. Future studies exploring the thermodynamic behavior
of these lipid systems could further clarify the mechanisms driving these differences and
optimize formulation strategies for targeted delivery applications.

The apparent discrepancies between the size values obtained by DLS and NTA can
be explained by the fundamental differences in their measurement principles. DLS pro-
vides an intensity-weighted hydrodynamic diameter based on fluctuations in scattered
light from the entire particle population, which inherently favors larger particles and may
overestimate size in heterogeneous samples. In contrast, NTA tracks individual particle
movements to generate a number-weighted distribution with higher resolution for poly-
disperse samples. Therefore, the larger sizes observed by DLS likely reflect the influence
of a small fraction of larger vesicles or aggregates, while NTA more accurately represents
the predominant particle population. These complementary results are consistent with the
known methodological bias of DLS toward larger particles.

2.6. Transmission Electron Microscopy of Olive Leaf Extract-Loaded Liposomes

TEM analysis of olive leaf extract-loaded liposomes (AL, PG90, and PH90 formulations)
demonstrated well-defined vesicles with intact structural features (Figure 5).
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Figure 5. Representative transmission electron microscopy images of olive leaf extract-loaded
liposomes: (A) liposomes prepared using phospholipids from producer Avanti (AL), (B) liposomes
prepared using granulated phospholipids from producer Lipoid (PG90), and (C) liposomes prepared
using hydrogenated phospholipids from producer Lipoid (PH90).

TEM images (Figure 5) reveal that liposomes prepared with AL phospholipids are the
smallest vesicles with a higher heterogeneity, as already shown in the photon correlation
spectroscopy measurement (Section 3.4). Those prepared using granulated phospholipids
(PG90) show noticeably higher size and probably the occurrence of multilamellar structures,
with well-defined spherical morphology. Liposomes based on hydrogenated phospholipids
(PH90) are also larger, often with thicker bilayers or multiple concentric lamellae. These
morphological differences are consistent with literature reports showing that higher lipid
saturation (such as hydrogenated phospholipids) leads to increased bilayer rigidity, reduced
curvature, and thus formation of larger vesicles [71]. The presence of the olive leaf extract
may also influence morphology by inserting into or interacting with the lipid bilayer;
however, the pronounced differences among AL, PG90, and PH90 are most likely driven by
the lipid backbone saturation, purity, and the ability of lipids to pack tightly or allow bilayer
bending, as shown in studies of hydrogenated vs. unsaturated phospholipids [71,118,119].

2.7. Rheological Characteristics of Developed Liposomes

The rheological characteristics of both blank and liposomes with extract were assessed
immediately after preparation and following 60 days of refrigerated storage by measuring
viscosity, surface tension, and density. The corresponding results are summarized in Table 3.

Table 3. Rheological properties of plain and olive leaf extract-loaded liposomes, examined on the 1st
and 60th days of storage in the refrigerator.

Day Liposomes Viscosity (mPa·s) Surface Tension
(mN/m)

Density
(g/cm3)

1st

Plain AL 2.63 ± 0.04 h,* 26.4 ± 1.0 b 0.999 ± 0.001 c

Plain PG90 2.68 ± 0.05 h 15.6 ± 1.3 d 0.999 ± 0.002 c

Plain PH90 3.07 ± 0.08 g 18.3 ± 0.9 c 1.002 ± 0.003 bc

AL with extract 6.04 ± 0.03 c 29.6 ± 2.0 b 1.007 ± 0.002 ab

PG90 with extract 6.78 ± 0.05 b 27.2 ± 0.7 b 1.018 ± 0.011 a

PH90 with extract 4.49 ± 0.12 e 37.3 ± 1.8 a 1.005 ± 0.002 ab

60th

Plain AL 2.64 ± 0.05 h 17.9 ± 2.4 cd 1.001 ± 0.03 bc

Plain PG90 3.05 ± 0.11 g 16.0 ± 1.2 d 1.000 ± 0.02 bc

Plain PH90 3.57 ± 0.06 f 20.3 ± 1.3 c 1.000 ± 0.03 bc

AL with extract 7.70 ± 0.07 a 28.8 ± 1.5 b 1.008 ± 0.01 a

PG90 with extract 5.44 ± 0.07 d 28.1 ± 1.0 b 1.011 ± 0.02 a

PH90 with extract 4.36 ± 0.11 e 39.4 ± 1.9 a 1.004 ± 0.02 b

* The identical letter within each column indicates no statistically significant difference for the respective variable,
based on one-way analysis of variance followed by Duncan’s post hoc test at p > 0.05 (n = 3). AL—liposomes
prepared using phospholipids from producer Avanti, PG90—liposomes prepared using granulated phospholipids
from producer Lipoid, PH90—liposomes prepared using hydrogenated phospholipids from producer Lipoid.
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The viscosity of liposomal formulations differed significantly depending on the phos-
pholipid composition (Table 3). On the 1st day, among plain liposomal formulations,
PH90-based liposomes exhibited the highest viscosity (3.07 mPa·s), followed by PG90
(2.68 mPa·s) and AL (2.63 mPa·s). This pattern that different types of phospholipids signifi-
cantly affected the mentioned parameter can be attributed to the higher degree of saturation
and longer fatty acid chains in PH90, which promote tighter lipid packing and a more
rigid bilayer structure, resulting in increased viscosity, while AL and PG90 liposomes
contain unsaturated phospholipids with greater bilayer fluidity and disorder, contributing
to reduced viscosity [74,120]. These findings align with previous reports indicating that
bilayer rigidity and phase transition behavior directly influence the rheological properties
of liposomal dispersions [76]. As shown in Table 3, the viscosity values of all unloaded
liposomes were significantly lower than those of the liposomes loaded with olive leaf
extract. Incorporation of the extract into the liposomal formulations resulted in an increase
in viscosity from approximately 2.6 mPa·s to around 6 mPa·s (for AL and PG90 liposomes)
and from 3.57 mPa·s to 4.49 mPa·s (for PH90 liposomes). Namely, the incorporation of
the extract significantly increased the viscosity of all liposomal systems, regardless of
phospholipid type; therefore, on the 1st day, extract-loaded PG90 liposomes exhibited the
highest viscosity (6.78 mPa·s), followed by AL liposomes with extract (6.04 mPa·s) and
PH90 liposomes with extract (4.49 mPa·s). This rise in viscosity may be attributed to the
interaction of phenolic compounds from the extract with the lipid bilayers, which could
promote bilayer stiffening or induce partial cross-linking within the vesicle matrix. Further-
more, the extract may increase the internal content viscosity or induce slight aggregation,
contributing to higher resistance to flow. These findings support the notion that bioactive
incorporation can significantly modify the physical properties of liposomal systems [121].
The viscosity of the prepared liposomes remained within a narrow range, as anticipated,
since liposomal flow behavior is primarily influenced by temperature [122]. Shashidhar and
Manohar noted that higher viscosity in liposomal systems typically reflects the presence of
smaller liposome particles [79]. Accordingly, the olive extract-loaded liposomes exhibited
significantly smaller diameters compared to the unloaded counterparts (Figure 3A) and
also showed higher viscosity values (Table 3). Furthermore, PH90 liposomes with extract
had larger particles (Figure 3A) and lower viscosity (Table 3) than AL and PG90 liposomes
with extract. Nevertheless, previous findings have also shown that an increase in liposome
diameter can trigger an increase in viscosity values. In this case, higher viscosity of the
liposome system is caused by the establishment of complex linkage and crystallinity of
particles in the central core due to their solid character [123]. These results emphasize
the dual influence of both phospholipid composition and extract incorporation on the
rheological behavior of liposomal systems, which can be crucial for optimizing formulation
performance in topical or oral delivery routes. Namely, increasing bilayer rigidity through
lipid saturation or bioactive loading leads to higher viscosities due to restricted vesicle mo-
bility and enhanced inter-vesicular interactions. Moreover, controlling viscosity is not only
important for processing and stability but also for ensuring appropriate release profiles, as
more viscous systems may exhibit slower diffusion of encapsulated compounds, thereby
prolonging bioactive availability.

After 60 days of storage, viscosity values changed for nearly all liposomal formula-
tions, except for the plain AL liposomes and the extract-loaded PH90 liposomes (Table 3).
Specifically, over 60 days, plain liposomes remained largely stable, with AL-based for-
mulations showing negligible change (2.64 mPa·s), and PG90 and PH90 showing slight
increases (3.05 mPa·s and 3.57 mPa·s, respectively). These modest changes may re-
sult from minor vesicle aggregation, slow fusion processes, or oxidative stress leading
to altered bilayer organization [71,98]. Moreover, extract-loaded liposomes displayed
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formulation-dependent changes in viscosity during storage as well. AL-based liposomes
with extract exhibited a marked increase in viscosity during storage (from 6.04 mPa·s to
7.70 mPa·s), suggesting progressive molecular interaction or bilayer tightening over time,
possibly due to further integration of extract components, water loss, or hydrolysis [124].
PG90-based extract-loaded liposomes showed a notable decrease during 60 days (from
6.78 mPa·s to 5.44 mPa·s), which may reflect vesicle destabilization, partial leakage, or
bilayer disruption [80]. PH90-based extract-loaded liposomes remained relatively stable
during storage in the refrigerator, i.e., the viscosity varied from 4.49 mPa·s to 4.36 mPa·s,
likely due to the high membrane integrity provided by saturated phospholipids [125].
These findings demonstrate that both the lipid matrix and the presence of bioactive com-
pounds significantly influence the rheological behavior and long-term stability of liposomal
systems. Such variations in viscosity over time are critical for predicting the shelf-life
and handling properties of liposomal formulations, especially for applications requiring
consistent flow behavior and dosing accuracy. The long-term stability of liposome viscosity
is closely tied to lipid composition and storage conditions, with saturated lipids providing
superior structural retention. These results suggest that choosing the appropriate phos-
pholipid type not only affects initial formulation properties but also plays a key role in
preserving functional characteristics during extended storage.

The surface tension measured immediately after liposome formation amounted to
26.4 mN/m for plain AL liposomes, 15.6 mN/m for plain PG90 liposomes, and 18.3 mN/m
for plain PH90 liposomes (Table 3). The type of phospholipid used had a pronounced effect
on the surface tension of plain liposomes. The liposomes prepared with PG90 exhibited the
lowest surface tension, and these differences can be attributed to the degree of saturation
and head group composition of the phospholipids. PG90 contains unsaturated phospho-
lipids with a more fluid bilayer structure, allowing greater interfacial rearrangement and
consequently reducing surface tension [73,125]. On the other hand, PH90 is fully saturated
and forms more rigid bilayers with reduced dynamic flexibility at the interface, while AL
contains both saturated and unsaturated lipids but with different proportions and origins,
resulting in intermediate interfacial behavior [126,127]. These results are in agreement with
previous findings, showing that surface tension correlates inversely with bilayer fluidity
and interfacial lipid mobility [71]. Since plain PH90 liposomes had a large amount of foam,
their significantly lower surface tension than that of plain AL liposomes can be caused by
bubbles, which may disrupt the system of hydrogen bonds at the surface of the liquid [128].
The values of surface tension were significantly higher after the addition of olive extract:
29.6 mN/m for AL liposomes, 27.2 mN/m for PG90 liposomes, and 37.3 mN/m for PH90
liposomes (Table 3). Namely, the incorporation of the extract statistically significantly in-
creased the surface tension of all liposomal types. In the case of augmented lipid packing (a
smaller amount of interfacial water molecules), higher values of surface tension occur [129].
Hence, polyphenols from the extract can be incorporated between phospholipids within
the liposome bilayer, creating smaller vesicles (as shown in Figure 3A) and explaining
the higher values of surface tension of olive extract-loaded liposomes in comparison to
their unloaded counterparts. The presence of plant extract (particularly rich in phenolic
compounds) or plant-origin compounds can modify the surface activity of the system by
interacting with the polar head groups and altering the bilayer packing and orientation at
the interface [130,131]. Phenolics may either intercalate into the lipid membrane or adsorb
to the surface, leading to increased intermolecular forces and reduced interfacial freedom,
thereby elevating surface tension [121]. Similar effects have been reported with other
polyphenol-loaded liposomes, where extract incorporation increased interfacial rigidity
and disrupted surface packing. For example, Fathi-Azarbayjani et al. [132] also showed that
an increase in the concentration of encapsulated compounds, without changing the concen-
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trations of lipids/sterols, caused an increment in the liposome surface tension. As can be
seen from Table 3, different phospholipids and entrapped bioactive molecules significantly
influenced the surface tension of the liposome system, which agrees with the literature data
where properties and content of phospholipids and encapsulated ingredients affected the
mentioned variable [132], as in the case of viscosity.

Over 60 days, plain liposomes exhibited variable trends in surface tension (Table 3).
PG90- and PH90-based plain liposomes showed minor changes (remaining around
16.0 mN/m and 20.3 mN/m, respectively), suggesting relatively stable interfacial organiza-
tion in these systems. However, plain AL liposomes experienced a marked reduction (from
26.4 mN/m to 17.9 mN/m), which could be attributed to lipid degradation or reorientation
of head groups, leading to altered interfacial properties [39,131]. Extract-loaded liposomes,
on the other hand, largely maintained their surface tension values over the 60 days. AL
and PG90 extract-loaded formulations showed only slight changes (from 29.6 mN/m to
28.8 mN/m and 27.2 mN/m to 28.1 mN/m, respectively), indicating good interfacial stabil-
ity. Notably, extract-loaded PH90 liposomes showed a slight increase (from 37.3 mN/m
to 39.4 mN/m), suggesting further surface structuring or bilayer condensation during
storage. The stabilizing effect of the extract could be due to persistent binding of phenolic
compounds to the lipid head groups or their antioxidant role in preserving bilayer integrity,
as shown in previous studies [59,109]. Collectively, these findings demonstrate that both
lipid composition and extract presence significantly influence interfacial properties, and
extract-loaded liposomes show better surface tension stability during long-term storage.
These interfacial stability trends are especially important for applications where surface
behavior influences bioavailability, such as mucosal delivery or emulsification in food and
cosmetic systems. It should also be highlighted that phenolic–phospholipid interactions
can lead to the formation of more ordered interfacial films, contributing to prolonged
stability and enhanced protection against environmental stressors. Therefore, maintaining
or even slightly increasing surface tension in extract-loaded liposomes over time supports
the hypothesis that polyphenols contribute not only to bioactivity but also to structural
stabilization of the liposomal membrane.

The density of the plain and olive extract-loaded liposomal particles was measured
on the 1st and 60th days of storage (Table 3). On the 1st day, all plain liposomes displayed
density values near that of pure water (~0.999–1.002 g/cm3), reflecting their aqueous
dispersion and the relatively low mass contribution of the lipid bilayers. On the other
hand, the density of plain AL and PG90 liposomes was the same (0.999 g/cm3), while
PH90 liposomes showed a higher value of density (1.002 g/cm3) but without a statistically
significant difference; thus, no specific trend in the influence of phospholipids on the
density of liposomal formulation was observed. The addition of extract notably increased
the density of the systems, most markedly in the PG90 liposomes population with extract
(1.018 g/cm3), suggesting successful encapsulation of higher-molecular-weight or denser
extract constituents within or associated with the lipid bilayers. The AL and PH90 extract-
loaded systems also showed increased density (1.007 g/cm3 and 1.005 g/cm3, respectively),
indicating some formulation-dependent interaction with the bioactive components, which
is in agreement with the literature data [28]. The addition of olive extract to liposomal
formulations increases their density through several tightly interwoven molecular mecha-
nisms. Rich in polyphenolic compounds such as oleuropein, the extract interacts with lipid
bilayers by integrating into the membrane structure, enhancing lipid packing and reducing
membrane fluidity, which results in a denser organization. Moreover, the olive extract’s
hydrophilic and amphiphilic constituents are efficiently encapsulated within the aqueous
core or bilayer, increasing the internal mass and contributing to overall density [48].
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Density measurements offer an indirect but informative view of liposomal structural
integrity and potential compositional rearrangements during storage. Across the 60 days,
liposomes exhibited subtle but interpretable trends in density values based on phospholipid
composition and the presence of the olive leaf extract. After 60 days of storage, the plain
liposomes maintained density values close to their initial state (~1.000–1.001 g/cm3), with
only minimal deviations. This suggests that no major structural breakdown or lipid loss
occurred in the unloaded systems, supporting their physical stability over time. Addition-
ally, extract-loaded liposomes maintained higher densities than the plain controls, with
slight decreases observed in PG90 liposomes (from 1.018 g/cm3 to 1.011 g/cm3). This
minor reduction could be indicative of partial release or rearrangement of the encapsulated
extract compounds or modest bilayer reorganization [133]. Interestingly, PG90 liposomes
with extract remained the most dense throughout the study, possibly due to good struc-
tural integrity and minimal disruption by the extract, which may enhance the retention
of encapsulated compounds [134]. Conversely, PH90- and AL-based systems exhibited
slightly lower densities and marginally more fluctuation, which may reflect their greater
bilayer dynamics and permeability [71,90]. This reduction may reflect differences in lipid
packing, bilayer rigidity, or interaction with the encapsulated compounds. Hydrogenated
phospholipids (such as PH90), due to their saturated nature, tend to form more rigid
bilayers that could entrap less extract or water, thus lowering density. Similarly, the less
compact structure of soy-derived phospholipids might contribute to lower mass per unit
volume. From a statistical perspective, while some values shifted between groups (e.g.,
significant differences noted between PG90 and AL or PH90 liposomes), the overall den-
sity changes remained within ±0.02 g/cm3, suggesting that all systems retained general
structural cohesion. This supports the utility of liposomes, particularly extract-loaded
ones, for maintaining encapsulation over extended periods, with PG90-based formulation
emerging as the most robust under the studied conditions. These findings are in line
with the facts that denser liposomal systems often correlate with improved encapsulation
efficiency and long-term retention of hydrophilic and amphiphilic bioactives. Furthermore,
the relatively stable density values observed over storage support the structural resilience
of the formulations, reinforcing the suitability of liposomes, particularly those based on
PG90, as effective carriers for polyphenol-rich extracts. Future studies could combine
density analysis with release kinetics and permeability assays to better understand how
internal structural changes correlate with bioactive retention and delivery performance.

2.8. Release of Olive Leaf Extract Polyphenols Under Simulated Physiological Conditions

The release behavior of polyphenols from both the pure olive leaf extract and selected
encapsulated formulation (PG90 liposomes with extract, due to the highest EE of oleuropein
as the most dominant compound of the extract, Table 2) was assessed under simulated
physiological conditions (PBS, pH 7.4, 37 ◦C) and measured spectrophotometrically [135].
Polyphenol release was investigated using a Franz diffusion cell to evaluate the mass trans-
fer resistance presented by the liposomal membrane. The release profiles are illustrated in
Figure 6, where the release profiles are presented as the percentage of released polyphenols
over time, monitored for 24 h. Analysis of the polyphenol release data allowed for the
calculation of diffusion coefficients and diffusion resistances associated with the liposomal
formulation; the methodology for these calculations is detailed in the Supplementary Mate-
rial. The resulting diffusion coefficients and resistances are summarized in a table within
Figure 6.
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Figure 6. Polyphenol release curves from pure olive leaf extract and encapsulated liposomal formula-
tion (PG90 liposomes) in simulated physiological conditions (phosphate-buffer saline, pH 7.4, 37 ◦C)
over 24 h; PG90 liposomes were prepared using granulated phospholipids from producer Lipoid;
D—diffusion coefficient and R—diffusion resistance.

The release behavior of polyphenols from liposomes containing PG90 phospholipids
was compared to that of the free olive leaf extract, which served as a control at the same
polyphenol concentration used during liposome formulation. Only the liposome sample
with the highest encapsulation efficiency was selected for the release study. As illustrated
in Figure 6, polyphenols from the free olive leaf extract exhibited rapid diffusion, reaching
peak concentrations in the acceptor compartment after approximately 240 min in the PBS
medium. In contrast, the release from liposomal formulation was markedly slower, as
anticipated. After 24 h, 69.8 ± 1.7% of polyphenols were released from the pure extract,
compared to only 37.1 ± 1.9% from the olive leaf extract-loaded liposomes. These find-
ings indicate that liposomes effectively retain polyphenols and are therefore promising
candidates for sustained release applications [28,136,137]. To better understand the mass
transport behavior of polyphenols from different formulations (extract and liposomes with
extract), the diffusion coefficients (D) and corresponding diffusion resistances (R) were
evaluated under simulated physiological conditions. The obtained values, as summarized
in a table in Figure 6, clearly reflect the impact of liposomal encapsulation on the transport
properties of polyphenols. For the free olive leaf extract, the diffusion coefficient was
calculated to be 5.09 × 10−9 m2/s, with an associated resistance of 4.00 × 105 s/m. These
values indicate a relatively fast diffusion rate and low mass transfer resistance, consistent
with the observed rapid release profile in the tested medium. The absence of a physical
barrier (such as a lipid membrane) allows polyphenols to freely diffuse through the donor-
acceptor system, resulting in quicker saturation of the acceptor compartment. In contrast,
the olive polyphenol-loaded liposomal formulation exhibited a significantly lower diffusion
coefficient of 8.70 × 10−10 m2/s and a correspondingly higher resistance of 2.34 × 106 s/m.
This substantial reduction in D and increase in R demonstrates the restrictive nature of the
liposomal bilayer, which imposes a significant barrier to polyphenol diffusion. These values
correlate well with the delayed and prolonged release profiles observed in the graphs of
Figure 6. The lipid bilayer acts as a diffusion-limiting structure, reducing the mobility of
encapsulated compounds and effectively modulating their release kinetics. The elevated
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resistance (R) in liposomes can be attributed to both the physical encapsulation of polyphe-
nols within the vesicular structure and the potential reorganization or tightening of the lipid
bilayer, which may undergo additional membrane stabilization or crosslinking [28,136–138].
This controlled release behavior is advantageous in pharmaceutical applications where
a sustained delivery of active compounds is desired. Furthermore, the difference in D
and R between the free extract and liposomal formulations underlines the importance of
the delivery system in controlling bioactive release. While rapid diffusion (high D, low
R) is suitable for immediate therapeutic effects, liposomal encapsulation (low D, high R)
offers a more sustained, protective, and targeted release profile, reducing degradation and
enhancing bioavailability in complex biological environments.

The liposomal encapsulation of olive leaf extract presents promising opportunities
across several fields. In functional foods and nutraceuticals, liposomes can enhance the
bioavailability and stability of polyphenols, enabling the development of value-added prod-
ucts with antioxidant and health-promoting benefits. Additionally, topical delivery systems
may benefit from liposomal formulations by improving skin penetration and sustained
release of active compounds for cosmetic and therapeutic applications. A recent study
investigated the gastrointestinal stability of olive leaf phenolic compounds, which incorpo-
rated co-administration with inulin and microencapsulation techniques, by using in vitro
digestion models [139]. The results revealed that both strategies significantly influenced
the degradation profile of phenolics. Inulin enhanced the stability of these compounds
by forming protective interactions under digestive conditions, particularly improving the
gastric and intestinal resilience of oleuropein and modulating the breakdown of hydrox-
ytyrosol precursors, favoring the preservation of its glucoside form. Microencapsulation
further strengthened this protective effect, offering improved compound retention despite
minor degradation in the gastric phase. Complementary studies by Paulo and Santos [140]
and Flammini et al. [141] further support the value of microencapsulation in preserving
olive-derived phenolics from environmental degradation and enabling their sustained
release in enriched foods. Flammini et al. [141] demonstrated that microencapsulation of
olive leaf extract influenced the release rate of phenolics depending on system pH. Together,
these findings underscore the potential of tailored encapsulation approaches to improve
the stability, delivery, and nutritional impact of olive leaf extracts in functional food ap-
plications. However, several challenges remain for industrial implementation, including
scalability of liposome production, cost-effectiveness, long-term stability under varying
storage conditions, and regulatory considerations related to food and pharmaceutical ap-
provals. Addressing these hurdles will be critical to translating these promising laboratory
findings into commercially viable products.

3. Materials and Methods
3.1. Chemicals

The following phospholipids were used for the liposome formation: (1) soy L-
α-phosphatidylcholine (fatty flakes, purity >95%, Avanti Polar Lipids, Alabaster, AL,
USA)—AL, (2) Phospholipon ® 90 G (fatty flakes, ≥94%, soybean unsaturated diacyl-
phosphatidylcholine, Lipoid GmbH, Ludwigshafen, Germany)—PG90, and (3) Phospolipon
® 90 H (fatty powder, ≥ 90%, hydrogenated soybean phospholipids, Lipoid GmbH, Lud-
wigshafen, Germany)—PH90. Olive leaves were purchased from the Institute for Medicinal
Plant Research “Dr Josif Pančić” (Belgrade, Serbia). Ethanol (96%, REAHEM D.O.O., Sr-
bobran, Serbia) was used for the extract preparation. For the HPLC and GC-MS analyses,
the following reagents and standards were employed: oleuropein (>95%), oleacein (90%),
oleuropein aglycone (95%), hydroxytyrosol (95%), tyrosol (98%), luteolin-7-O-glucoside
(94%), maslinic acid (>95%), oleanolic acid (>95%), and quercitrin (98%) from LGC Stan-
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dards (Teddington, UK); ligstroside (96%) from Toronto Research Chemicals (Toronto, ON,
Canada); apigenin-7-O-glucoside (93%, Sigma-Aldrich, Strasbourg, France); chlorogenic
acid and quercetin (Sigma-Aldrich, St. Louis, MO, USA); and trans-androsterone (>97%,
Fluka, Buchs, Switzerland). Ethanol (HPLC grade, JT Baker, Phillipsburg, NJ, USA), acetic
acid (Merck KGaA, Darmstadt, Germany), ultrapure water (LiChrosolv® grade, Merck
KGaA, Darmstadt, Germany), and acetonitrile (ACN, HPLC grade, Merck KGaA, Darm-
stadt, Germany) were used as solvents for preparing the mobile phase. Ethyl acetate
and BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) were from Merck KGaA (Darm-
stadt, Germany). ABTS (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)), DPPH
(2,2-diphenyl-1-picrylhydrazyl), paraformaldehyde, glutaraldehyde, and ascorbic acid
were obtained from Sigma Aldrich (Steinheim, Germany), while potassium persulfate
(K2S2O8) was obtained from Centrohem (Stara Pazova, Serbia). PBS (phosphate-buffered
saline, Sigma Aldrich, Darmstadt, Germany, 10 mM, pH 7.4) was used for the release
kinetic study.

3.2. Olive Leaf Extract Preparation

Olive extract was prepared using 16 g of the intensively grinded leaves (particle size
lower than 0.3 mm) and 80% v/v ethanol (20 mL) in an ultrasound extraction (ultrasound
bath SONOREX™ SUPER, BANDELIN electronic, Berlin, Germany) for 30 min. The process
was repeated three times to achieve the maximal utilization of the plant’s raw materials.
The sample was filtered through filter paper, and ethanol was evaporated in the Hei-VAP
(Heidolph, Heidelberg, Germany) at 50 ◦C in a vacuum for 30 min. The obtained dried
extract was stored at 4 ◦C until further analysis.

3.3. Olive Leaf Extract-Loaded Liposome Preparation

The liposomes with ethanol olive leaf extract were formed in the proliposome
procedure [34]. All liposomal formulations were prepared using the same phospholipid
concentration and hydration method to ensure comparability. No cholesterol or additional
membrane stabilizers were included in any of the formulations to ensure proper and un-
biased comparison across the different phospholipid types. The dried olive extract was
dissolved in 80% ethanol to achieve a concentration of 100 mg/mL. A total volume of
8 mL of the prepared extract solution was combined with 2 g of selected phospholipids
(AL, PG90, or PH90) and heated at 60 ◦C for 30 min to facilitate ethanol evaporation and
promote the formation of a uniform lipid mixture. Subsequently, 40 mL of aqueous medium
(ultrapure water) was gradually introduced in small aliquots, with continuous stirring at
1000 rpm for 2 h at room temperature. Since, after ethanol evaporation, 40 mL of aqueous
medium was gradually added to the lipid-extract mixture, the final liposomal dispersion
had a total volume of approximately 40 mL, containing 20 mg/mL of olive leaf extract and
50 mg/mL of phospholipids. The liposomes were prepared using a conventional hydration
method, where the lipid mixture was hydrated directly using a micropipette and tip. All
formulations were prepared using identical concentrations of extract and lipids, and the
procedure provided comparability. Control liposomes (blank formulations) were prepared
using the same procedure, with 8 mL of 80% v/v ethanol added in place of the olive leaf
extract. All liposomal dispersions were stored at 4 ◦C until further characterization. The
solution, in a volume of 8 mL, was mixed with 2 g of phospholipids (AL, PG90, or PH90)
and heated to 60 ◦C for 30 min to evaporate ethanol and obtain a homogeneous.

3.4. HPLC and GC-MS Chemical Composition Analysis and Encapsulation Efficiency

Pure olive leaf extract and its liposomal encapsulates were subjected to HPLC and
GC-MS analyses. Before analysis, to separate the non-encapsulated fraction of olive extract
from the liposomes with encapsulated compounds, the centrifugation of liposomes with
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extract was performed at 4 ◦C and 17,500 rpm for 45 min in a Thermo Scientific Sorval WX
Ultra series ultracentrifuge (Thermo Fisher Scientific, Waltham, MA, USA). The amount
of individual compounds was determined in the supernatants and centrifuged liposomes,
where phospholipids were dissolved using 96% ethanol. The pellet obtained after centrifu-
gation was dissolved in 96% ethanol, and the entire volume was used for HPLC analysis to
ensure that all analytes released from the liposomes were quantitatively assessed. Although
formal validation of the dissolution step was not conducted, complete volume analysis
minimized the risk of analyte loss. The analyses were performed on the 1st and 60th days
of storage.

HPLC analysis of secoiridoids, flavonoids, flavonoid glycosides, and simple phenols
was performed using an Agilent 1100 apparatus (Agilent Technologies, Santa Clara, CA,
USA). A Zorbax Eclipse XDB-C18 column (150 × 4.6 mm, particle size of 5 µm) (Agilent
Technologies, Santa Clara, CA, USA) was used. Identification was performed using a DAD
detector (photodiode array detector) at 250 nm (oleuropein, oleuropein aglycone, oleacein,
ligstroside, quercetin, and quercitrin), 330 nm (apigenin-7-O-glucoside and chlorogenic
acid), and 350 nm (luteolin 7-O-glucoside). The test was performed with an appropriate
gradient flow of the mobile phase (0.8 mL/min, 25 ◦C); mobile phase A: 2.5% acetic
acid in water, and mobile phase B: acetonitrile (ACN). The gradient flow was as follows:
0 min 95% A, 5% B; 0–20 min 75% A, 25% B; 20–40 min 50% A, 50% B; 40–50 min 20%
A, 80% B; 50–60 min 95% A, 5% B, and 65 min 95% A, 5% B. The volume of injection
was 5 µL. The compounds were identified by comparing their UV spectra and retention
times with those of chemical standard substances, while quantification was performed
using external calibration curves obtained from standard solutions analyzed under the
same experimental conditions. The HPLC method was developed based on a previously
described procedure [12] and validated by evaluating its selectivity, linearity, precision,
reproducibility, accuracy, and recovery (Supplementary Materials, Table S1).

GC-MS method, as previously described [142], was used for the quantification of
oleanolic and maslinic acids, and was carried out using an Agilent Technologies 6890 N
gas chromatograph equipped with an Agilent 7683 autosampler and coupled to an Agilent
5973 mass selective detector (MSD) (Agilent Technologies, Santa Clara, CA, USA) operating
with electron impact (EI) ionization (70 eV). In brief, 200 µL of each sample was mixed with
100 µL of internal standard solution (trans-androsterone, 100 µg/mL in methanol), diluted
with water, and extracted with 5 mL of ethyl acetate for 5 min at room temperature. The
organic phase was evaporated to dryness, and the residue was weighed and reconstituted
in 100 µL of BSTFA. Silylation was performed at 60 ◦C for 20 min. A volume of 3 µL of
the derivatized sample was injected into the GC–MS system. Chromatographic separation
was achieved using a DB–5MS capillary column (30 m × 0.25 mm i.d., 0.25 µm film
thickness; J&W Scientific, Folsom, CA, USA). The oven temperature program was as
follows: initially held at 250 ◦C for 1 min, ramped at 22 ◦C/min to 280 ◦C, and maintained
at 280 ◦C for 34.00 min. Total run time was 36.6 min. The injector temperature was set
at 250 ◦C, with a 1.0 min splitless injection (purge off), using helium as the carrier gas at
a constant flow rate of 54.1 mL/min. The transfer line and detector temperatures were
set at 280 ◦C. Mass spectrometry conditions included EI ionization at 70 eV, operating in
selected ion monitoring (SIM) mode for targeted quantification (m/z = 73). Quantification
was performed using the ratio of peak areas of the target analytes to the internal standard
(trans-androsterone) and applying a calibration curve constructed with chemical standard
substances analyzed under the same experimental conditions.
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3.5. Fourier Transform Infrared Spectroscopy

FT-IR analysis was used to characterize the chemical composition of three different
olive leaf extract-loaded liposomes, as well as pure olive leaf extract and plain liposomes.
Spectra were recorded using the ATR mode on a Nicolet IS35 FTIR-ATR spectrometer
(Thermo Fisher Scientific, Uppsala, Sweden) over a wavelength range of 500–4000 cm−1.
As the analytical device required water-free samples, liposomal formulations were sub-
jected to freeze-drying using an Alpha 2–4 LSCplus lyophilizer (Christ, Osterode am Harz,
Germany). Before lyophilization, the liposomal samples, after centrifugation to remove
the non-encapsulated fraction of the olive leaf extract, were frozen and then dried under
vacuum conditions (0.011 mbar) at −75 ◦C for 24 h. The same procedure was performed
for the plain liposomes, but without the centrifugation step.

3.6. Evaluation of the Antioxidant Activity of Liposomes

The antioxidant properties of the prepared liposomal formulations with olive leaf
extract and pure extract (diluted to achieve the same concentration as in the case of extra-
loaded liposomal formulations) were assessed employing two distinct assays: ABTS and
DPPH radical scavenging tests. Additionally, the antioxidant efficacy of the plain liposomes
was examined as well.

3.6.1. ABTS Radical Scavenging Assay

The ability of developed liposomes and olive leaf extract to scavenge ABTS radicals
was determined following the procedure adapted from Mohammadi et al. [143] with minor
modifications. Briefly, ABTS solution was prepared by mixing 0.019 g of ABTS powder
in 5 mL of water, followed by the addition of 88 µL potassium persulfate. This mixture
was allowed to react for 24 h at 4 ◦C. The resulting ABTS•+ solution was then diluted with
ethanol until an absorbance of approximately 0.700 at 734 nm was achieved. The assay was
performed by mixing 2 mL of the prepared ABTS•+ working solution with 20 µL of the
liposomal formulation, and absorbance was measured using a UV-1800 spectrophotometer
(Shimadzu, Kyoto, Japan). After a 6-min incubation period, the absorbance was recorded,
and the radical scavenging activity was calculated as follows (Equation (1)):

% inhibition = 100 × (A0 − Ax)

A0
(1)

where A0 represents the absorbance of the ABTS•+ solution alone, and Ax is the absorbance
after the addition of the liposomes/extract. Ascorbic acid (400 µg/mL) served as the
positive control. The results are presented as the percentage of the inhibition.

3.6.2. DPPH Radical Scavenging Assay

The antioxidant potential of liposomal formulations and extract was further evaluated
based on their capacity to donate hydrogen atoms to stable DPPH• radicals [143]. Different
concentrations of the liposomal samples (200 µL) were mixed with 2 mL of ethanol-based
DPPH• solution, adjusted to an absorbance near 0.800 at 517 nm. Following a 20-min
incubation, the absorbance was measured, and the percentage inhibition was calculated
using the formula (Equation (2)):

% inhibition = 100 × (A0 − Ax)

A0
(2)

where A0 denotes the absorbance of the control DPPH• solution, and Ax is the absorbance
in the presence of the liposomes/extract. Ascorbic acid (400 µg/mL) was used as a reference
antioxidant. The results are presented as the percentage of the inhibition.
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3.7. Monitoring of Liposome Stability

The particle size, polydispersity index (PdI), electrophoretic mobility, and zeta poten-
tial of both blank and olive extract-loaded liposomal formulations were evaluated over a
60-day storage period at 4 ◦C. The liposomal formulations were stored at 4 ◦C to reflect the
intended application conditions, as their high water content prevents safe storage at room
temperature, and the formulations are designed for direct use in liquid form for future
animal studies without exposure to elevated industrial temperatures. These parameters
were assessed using dynamic light scattering (DLS), based on photon correlation spec-
troscopy, with a Zetasizer Nano Series instrument (Malvern Instruments, Malvern, UK).
Measurements were carried out at regular intervals (days 7, 14, 21, 28, and 60) with each
sample analyzed in triplicate at 25 ◦C. Before analysis, the samples were diluted 1:500 (v/v),
and 1 mL of the diluted dispersion was used per measurement.

3.8. Nanoparticle Tracking Analysis

The concentration and size distribution of the liposome preparations (unloaded
and olive extract-loaded liposomes) were evaluated using the ZetaView Quatt PMX-430
nanoparticle tracking analyzer (NTA), operated with ZetaView software version 8.05.16
SP3 (Particle Metrix, Inning am Ammersee, Germany). Before measurement, the system
performed an automatic cell check, followed by camera and laser alignment. Instrument
calibration was confirmed using 100 nm polystyrene beads, in accordance with the manu-
facturer’s instructions. Liposome preparations were diluted in deionized water to ensure
an optimal number of particles per frame. A cleaning step was included between individual
measurements. Analyses were carried out in light scatter mode (LSM) using a 488 nm blue
laser. Video recording parameters were set to a shutter speed of 100 and a frame rate of
30 frames per cycle, with a sensitivity level of 78. Post-capture analysis settings included a
minimum area of 10, a maximum area of 1000, and a minimum brightness threshold of 30.
Each sample was measured in triplicate at up to 11 positions.

3.9. Transmission Electron Microscopy

For morphological analysis, 10 µL of each liposomal formulation was placed onto
200-mesh formvar-coated copper grids and left to adsorb at room temperature for 30 min.
The samples were then fixed by floating the grids on a 2% paraformaldehyde solution
for 10 min, followed by three rinses with ultrapure water. A secondary fixation step was
carried out using 2.5% glutaraldehyde for 5 min, after which the grids were rinsed again
with ultrapure water for 5 min. Finally, the samples were air-dried at room temperature
and imaged using a Philips CM12 transmission electron microscope (Philips, Eindhoven,
The Netherlands).

3.10. Examination of Rheological Characteristics

Plain and extract-loaded liposomal formulations (6.7 mL) were placed in a chamber
equipped with a spindle (Rotavisc lo-vi, IKA, Staufen, Germany) to assess their viscosity at
25 ◦C, using a rotational speed of 200 rpm. Each measurement was conducted in triplicate
and repeated following 60 days of storage. Additionally, the surface tension and density of
both unloaded and extract-loaded liposomes (20 mL) were determined in a glass beaker
using a Force Tensiometer K20 (KRÜSS, Hamburg, Germany). Density measurements were
performed via the immersed body method, whereas surface tension was evaluated using
the Wilhelmy plate technique. These assessments were also performed in triplicate and
repeated after 60 days of storage.
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3.11. In Vitro Release Kinetics Using Franz Diffusion Cell

The release kinetics of polyphenols from the pure olive leaf extract and selected
liposomal formulation were evaluated using a Franz diffusion cell system (PermeGear,
Inc., Hellertown, PA, USA). The experiments simulated physiological conditions at 37 ◦C,
employing an acetate cellulose membrane to separate the donor and receptor compartments,
while PBS was used as the receptor medium [133]. The donor compartment was filled with
2 mL of either the extract (dissolved to achieve the same concentration as in the liposomes)
or liposomal sample, applied directly onto the membrane. The receptor compartment was
filled with PBS, maintained at 37 ◦C with continuous magnetic stirring at 850 rpm using a
water-jacketed system and a peristaltic pump. Polyphenol release into the receptor medium
was monitored over 24 h. At defined time intervals, 500 µL of aliquots was withdrawn from
the receptor compartment, and the concentration of released polyphenols was measured
spectrophotometrically at 270 nm.

3.12. Statistical Data Processing

All statistical analyses were performed using STATISTICA 7.0 software (StatSoft Inc.,
Tulsa, OK, USA). Data are presented as mean ± standard deviation from three independent
experiments (n = 3). Before applying parametric tests, data were assessed for normality
using the Shapiro–Wilk test and for homogeneity of variance using Levene’s test. Upon
confirming these assumptions, one-way analysis of variance (ANOVA) was conducted to
determine statistically significant differences between groups. For post hoc multiple com-
parisons, Duncan’s multiple range test was applied to identify pairwise differences among
group means. Statistical significance was set at p < 0.05. This approach allowed for robust
comparison between liposomal formulations across all measured parameters, including EE,
antioxidant activity, particle size, PdI, zeta potential, and electrophoretic mobility.

4. Conclusions
This study focused on determining the formulation and thorough physicochemical

and morphological characterization and release kinetics of liposomal delivery systems de-
veloped to enhance the solubility and stability of bioactive compounds extracted from olive
leaf. The chemical composition analysis, conducted via HPLC and GC-MS, confirmed that
oleuropein is the dominant compound in the ethanolic olive leaf extract. Additionally, the
analysis confirmed that oleuropein is efficiently encapsulated in all liposomal types, with
PG90 liposomes achieving the highest encapsulation efficiency. Triterpenes such as oleano-
lic and maslinic acids showed the highest retention in PH90 liposomes, indicating that
saturated phospholipids favor lipophilic compound encapsulation. Flavonoid glycosides
like luteolin and apigenin were most effectively encapsulated in AL and PG90 liposomes,
demonstrating that unsaturated phospholipids better accommodate polar compounds.
FT-IR analysis indicated that liposomes containing non-hydrogenated phospholipids (AL
and PG90 samples) show broader CH2 stretching bands, greater shifts in the O–H and C=O
regions, and more pronounced changes in phosphate headgroup vibrations, i.e., signs of
stronger interaction with olive leaf extract, whereas hydrogenated phospholipids (PH90
formulation) produce more defined, less shifted bands, consistent with a more ordered,
less interactive bilayer. The consistently high radical-scavenging capacity of olive leaf
extract-loaded liposomes, contrasted with the minimal activity of empty carriers, indicates
that the liposomal matrix functions solely as a protective delivery vehicle, ensuring reten-
tion of the extract’s phenolic-derived antioxidant potential and supporting its applicability
in pharmaceutical formulations aimed at mitigating oxidative stress. Stability analysis
revealed that extract-loaded liposomes had smaller particle sizes and more negative zeta
potential than unloaded ones, suggesting improved colloidal stability due to extract incor-
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poration. Over 60 days, PG90 liposomes with extract maintained consistent electrophoretic
mobility and zeta potential, indicating long-term stability. Nanoparticle tracking analysis
revealed that extract-loaded liposomes had narrower size distributions and higher particle
concentrations, indicating that they exhibited structural uniformity. The lipid composi-
tion, particularly saturation level and purity play a critical role in determining liposome
morphology, with hydrogenated phospholipids promoting the formation of larger, mul-
tilamellar vesicles due to increased bilayer rigidity and reduced curvature. Rheological
evaluations demonstrated that extract-loaded liposomes had higher viscosity and surface
tension compared to plain liposomes. Finally, density measurements indicated that extract
incorporation increased liposome density across all formulations, reflecting tighter lipid
packing and enhanced structural integrity. Based on the stability and encapsulation profiles
observed, PG90 liposomes are preferred for oral delivery due to their superior EE and
long-term colloidal stability. In contrast, PH90 liposomes, with enhanced retention of
lipophilic triterpenes, may be more suitable for topical applications targeting skin-related
oxidative stress. Collectively, these findings highlight the significance of phospholipid
selection in tailoring liposomal systems for optimal encapsulation, stability, and delivery of
olive leaf bioactives, which is crucial for their future biological efficacy and applications.
The markedly lower diffusion coefficient and higher resistance observed in liposomal
formulations highlight the role of the lipid bilayer as a diffusion-limiting barrier, effectively
modulating polyphenol release. These findings confirm that liposomes are suitable delivery
systems for sustained and controlled release applications, offering enhanced protection and
bioavailability of encapsulated compounds. A comprehensive thermodynamic analysis of
developed liposomal formulations, including parameters such as Gibbs free energy and
temperature-dependent stability, is planned for future experiments to further understand
their physicochemical behavior and stability under application-relevant conditions. Regard-
ing the degradation of oleuropein under microbial metabolism, particularly in the colon,
where gut bacteria such as Lactobacillus and Bifidobacterium contribute to the enzymatic
transformation of oleuropein into bioactive metabolites, and given the complexity of micro-
bial testing and its dependence on advanced in vitro or in vivo gut models, this important
direction will be considered in future experiments to complement the initial formulation
work presented here. Furthermore, recognizing the limitations of in vitro testing alone,
future studies will include in vivo investigations to evaluate the bioavailability and phar-
macodynamic performance of the optimized liposomal formulation under physiological
conditions, in accordance with ethical regulations and following the principles of the 3Rs
(Replacement, Reduction, and Refinement) to ensure responsible use of animal models.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ph18111639/s1, Table S1: Results of analytical method vali-
dation. Figure S1: HPLC-DAD chromatograms of olive leaf extract with detection at 280 nm
(blue line), 250 nm (red line), 330 nm (green line), and 350 nm (purple line). Identified
compounds: 1—Hydroxytyrosol, 2—Chlorogenic acid, 3—Luteolin-7-O-glucoside, 4—Quercitrin,
5—Apigenin-7-O-glucoside, 6—Oleuropein, 7—Oleacein, 8—Ligstroside, 9—Quercetin, 10—Oleuropein
aglycone. Figure S2: HPLC-DAD chromatograms of encapsulated extract liposome fractions
with detection at 250 nm. Identified compounds: 1—Hydroxytyrosol, 2—Chlorogenic acid,
3—Luteolin-7-O-glucoside, 4—Quercitrin, 5—Apigenin-7-O-glucoside, 6—Oleuropein, 7—Oleacein,
8—Ligstroside, 9—Quercetin, 10—Oleuropein aglycone. AL—liposomes prepared using phospho-
lipids from producer Avanti (red line), PG90—liposomes prepared using granulated phospho-
lipids from producer Lipoid (green line), and PH90—liposomes prepared using hydrogenated
phospholipids from producer Lipoid (blue line). Table S2: Quantitative analysis of olive leaf ex-
tract and extract-loaded liposomes after the 60th day in the refrigerator. Table S3: Quantitative
analysis of encapsulated extract fraction in liposomes and encapsulation efficiency after the 60th
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day in the refrigerator. Figure S3: Structural formulas of the main compounds in olive leaf ex-
tract: Oleuropein (Methyl (2S,3E,4S)-4-{2-[2-(3,4-dihydroxyphenyl)ethoxy]-2-oxoethyl}-3-ethylidene-2-
{[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}-2H-pyran-5-carboxylate); Ligstro-
side (Methyl (4S,5E,6S)-5-ethylidene-4-[2-[2-(4-hydroxyphenyl)ethoxy]-2-oxoethyl]-6-{[(2S,3R,4S,5S,6R)-
3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}-4H-pyran-3-carboxylate); Oleacein (2-(3,4-dihydro-
xyphenyl)ethyl (4Z)-4-formyl-3-(2-oxoethyl)hex-4-enoate); oleuropein-aglycone (Methyl (4S,5E,6R)-4-
[2-[2-(3,4-dihydroxyphenyl)ethoxy]-2-oxoethyl]-5-ethylidene-6-hydroxy-4H-pyran-3-carboxylate);
Luteolin-7-O-glucoside (2-(3,4-dihydroxyphenyl)-5-hydroxy-7-{[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-
6-(hydroxymethyl)oxan-2-yl]oxy}-4H-chromen-4-one); Apigenin-7-O-glucoside (5-hydroxy-2-(4-
hydroxyphenyl)-7-{[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}-4H-chromen-
4-one). Figure S4. FT-IR spectra of plain liposomes and olive leaf extract; AL—liposomes prepared
using phospholipids from producer Avanti, PG90—liposomes prepared using granulated phospho-
lipids from producer Lipoid, PH90—liposomes prepared using hydrogenated phospholipids from
producer Lipoid. Figure S5. Antioxidant potential of plain liposomes; values with the same letter
for each assay separately and the same number in each sample separately showed no statistically
significant difference (p > 0.05; n = 3; analysis of variance, Duncan’s post hoc test); AL—liposomes
prepared using phospholipids from producer Avanti, PG90—liposomes prepared using granulated
phospholipids from producer Lipoid, and PH90—liposomes prepared using hydrogenated phos-
pholipids from producer Lipoid. Figure S6: Electrophoretic mobility of plain and olive leaf extract-
loaded liposomes over 60 days at 4 ◦C; AL—liposomes prepared with phospholipids from Avanti;
PG90—liposomes with granulated phospholipids (Lipoid); PH90—liposomes with hydrogenated
phospholipids (Lipoid). Data represent mean ± standard deviation of triplicate measurements.
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Vidaković, M.; et al. Liposome Encapsulation Enhances the Antidiabetic Efficacy of Silibinin. Pharmaceutics 2024, 16, 801.
[CrossRef]

30. Lee, M.-K. Liposomes for Enhanced Bioavailability of Water-Insoluble Drugs: In Vivo Evidence and Recent Approaches.
Pharmaceutics 2020, 12, 264. [CrossRef] [PubMed]

https://doi.org/10.3389/fnut.2022.1008349
https://doi.org/10.1016/j.jddst.2025.107026
https://doi.org/10.3390/beverages11030066
https://doi.org/10.1590/0001-3765202020190810
https://doi.org/10.1021/jf051647b
https://www.ncbi.nlm.nih.gov/pubmed/16417301
https://doi.org/10.1016/S0308-8146(99)00221-6
https://doi.org/10.1002/ptr.6511
https://doi.org/10.1089/jmf.2017.0070
https://doi.org/10.1016/S2222-1808(14)60481-3
https://doi.org/10.1111/jfpp.15697
https://doi.org/10.1038/s41598-022-27119-5
https://www.ncbi.nlm.nih.gov/pubmed/36635360
https://doi.org/10.1039/b515312n
https://www.ncbi.nlm.nih.gov/pubmed/16741586
https://doi.org/10.1039/b810774m
https://doi.org/10.3390/nu14030623
https://doi.org/10.3390/nu14183773
https://doi.org/10.1016/j.tifs.2018.11.005
https://doi.org/10.3390/pharmaceutics16121504
https://doi.org/10.1021/acs.jafc.1c00737
https://www.ncbi.nlm.nih.gov/pubmed/33908772
https://doi.org/10.3390/nano13243147
https://www.ncbi.nlm.nih.gov/pubmed/38133044
https://doi.org/10.3390/nu13010273
https://doi.org/10.3390/foods13233747
https://doi.org/10.3390/plants13182608
https://doi.org/10.3390/pharmaceutics16060801
https://doi.org/10.3390/pharmaceutics12030264
https://www.ncbi.nlm.nih.gov/pubmed/32183185


Pharmaceuticals 2025, 18, 1639 37 of 41

31. Nsairat, H.; Khater, D.; Sayed, U.; Odeh, F.; Al Bawab, A.; Alshaer, W. Liposomes: Structure, Composition, Types, and Clinical
Applications. Heliyon 2022, 8, e09394. [CrossRef]

32. Kashapov, R.; Ibragimova, A.; Pavlov, R.; Gabdrakhmanov, D.; Kashapova, N.; Burilova, E.; Zakharova, L.; Sinyashin, O.
Nanocarriers for Biomedicine: From Lipid Formulations to Inorganic and Hybrid Nanoparticles. Int. J. Mol. Sci. 2021, 22, 7055.
[CrossRef]

33. Paramshetti, S.; Angolkar, M.; Talath, S.; Osmani, R.A.M.; Spandana, A.; Al Fatease, A.; Hani, U.; Ramesh, K.V.R.N.S.; Singh, E.
Unravelling the in Vivo Dynamics of Liposomes: Insights into Biodistribution and Cellular Membrane Interactions. Life Sci. 2024,
346, 122616. [CrossRef]
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