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ABSTRACT: The cytotoxic activity of free and nanoencapsulated essential oil of Lavandula angustifolia (LEO) was 
evaluated in this study. The aim was to produce different nanoformulations (NF) of LEO to improve the 
physicochemical properties of NF and the cytotoxic activity of LEO in the DU145 cancer cell line. Essential oil-based 
liposomes (LEO-Lipoid S100, -Ph 85G, and -Ph 90H) and nanoemulsions (LEO-NE) were prepared by ethanol injection 
method and high-pressure homogenization, respectively. LEO demonstrates measurable in vitro cytotoxic activity 
against the DU145 cell line (IC50 75 μg/mL). NE and Ph90H LS significantly enhanced its cytotoxic activity, while LEO-
Lipoid S100 LS and LEO-Ph 85G LS showed no significant difference. LEO-Ph 90H LS and LEO-NE demonstrate stable 
nanosystems and enhanced cytotoxic potential against the DU-145 cancer cell line, suggesting promising therapeutic 
benefits for future application. Further studies involving in vivo experiments are necessary to validate and extend these 
findings. 

KEYWORDS: Lavandula angustifolia; essential oil; liposome; nanoemulsion; DU145; cancer cell line. 

 1.  INTRODUCTION 

Lavandula angustifolia, often called English lavender, is the prime species within the Lavandula genus of 
the Lamiaceae family, which comprises over 20 distinct species. These species are widely used in the 
pharmaceutical, cosmetic, and agricultural sectors. Specifically, the L. angustifolia plant species present a 
diverse composition, featuring terpenes (both monoterpenes and sesquiterpenes), phenolic acids, 
anthocyanins, and flavonoids, all contributing to its remarkable antioxidant, cytotoxic, and antimicrobial 
properties. Moreover, the essential oils (EOs) derived from these plants show a broad spectrum of biological 
effects, including sedative, anticonvulsant, cytotoxic, anesthetic, antibacterial, carminative, and anti-bloating 
properties, as highlighted in studies by the literature [1,2]. 

The biological activity of EOs is directly related to their phytochemical composition, which is 
influenced by several factors, including phytochemical diversity, climatic conditions, cultivation methods 
(wild versus cultivated), and geographical positioning. However, the practical application of EOs in 
medicine and pharmaceuticals is challenged by their inherent limitations, such as high volatility, sensitivity 
to light and oxygen, water insolubility, and low bioavailability. These constraints significantly restrict their 
broader utilization in therapeutic domains [2–4]. 

To overcome these challenges, encapsulating EOs within nanodelivery systems has emerged as a 
promising strategy to address these limitations, simultaneously enhancing their physicochemical properties, 
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bioavailability, stability, and biological activity. The technique of nanoencapsulation, utilizing nanodelivery 
systems such as liposomes (LS) and nanoemulsions (NE), provides a viable approach to overcome the 
inherent deficiencies of EOs while also boosting their biological activity and stability, as evidenced by the 
literature [3,5]. 

Utilizing LS and NE to encapsulate bioactive compounds, such as EOs, offers a significant advantage, 
enabling improved delivery and efficacy. 

Liposomes and nanoemulsions are two key nanosystems used in drug delivery, recognized for their 
ability to encapsulate hydrophobic and hydrophilic substances. Liposomes excel in interacting with cell 
membranes, while nanoemulsions enhance the solubility of lipophilic drugs without requiring organic 
solvents, making them safer and versatile for various applications, including the food industry. Both systems 
are non-toxic, biodegradable, and easy to prepare, offering effective delivery of anticancer agents and 
improved control over drug release profiles, which enhances stability and solubility [6–8]. 

The advancement of LS and NE for medical applications relied on developing methodologies capable 
of yielding homogeneous formulations of minimal size and showing high encapsulation efficiency. 
Achieving this is possible through specific preparation methods: the ethanol injection method for LS and the 
high-pressure homogenization method for NE. These methods are crucial in ensuring the nanosystem's 
desired physicochemical properties and efficacy for therapeutic purposes [9,10]. 

Additionally, the development of resistance by specific cancer cells to diverse therapeutic agents has 
increased the complexity of treatment. Therefore, integrating complementary therapies is recommended to 
naturally enhance the immune response while reducing the adverse effects associated with conventional 
treatments. Consequently, an increasing interest is in investigating the potential of encapsulating EOs in LS 
and NE formats as novel anticancer nanocarrier strategies [11,12]. 

This study aimed to develop and characterize different LS and NE that could be used to encapsulate 
LEO to preserve and enhance its biological activities while improving the physicochemical properties as a 
promising, successful therapeutic approach. In particular, the effect and comparison of three different LS 
nanocarriers (LEO-Lipoid S100 LS, LEO-Ph 85G LS, and LEO-Ph 90H LS) and NE (LEO-NE) on the cytotoxic 
activity of LEO in DU145 cancer cell line was investigated. Moreover, the stability of these nanosystems was 
evaluated after storage at 25°C for 1, 3, and 6 months. 

2. RESULTS AND DISCUSSION 

2.1. Essential Oil Composition 

The analysis of Table 1 and Figure 1, employing GC/FID/MS, reveals that the predominant 
constituents in LEO include linalool (21.40%), linalyl acetate (17.40%), camphor (16.10%), 1,8-cineole 
(11.10%), and borneol (4.15%). This specific blend of components aligns with other research findings, 
highlighting linalool and linalyl acetate as consistently major elements in LEO from diverse geographical 
regions. The literature data confirms that linalool and linalyl acetate stand out as primary constituents in 
various species within the lavender genus (L. angustifolia, L. vera, L. hybrida Rev., and L. latifolia), even though 
presented at different concentrations (linalool in range of 10.0–57.5% and linalyl acetate in range of 4–55%). 
Conversely, in Brazilian L. angustifolia EO, borneol emerges as the principal component [2]. This confirms 
that the composition of EOs is influenced by various factors such as the plant's growth conditions, 
geographical origins, climate, genetic variances, extraction techniques, and the plant parts used [4]. These 
factors play a crucial role in defining the EO's biological characteristics. Thus, it is imperative to recognize 
that each EO chemical composition and biological effectiveness are distinct, necessitating individual 
assessment [2,13–15]. 

2.2. Characterization of liposomes and nanoemulsions 

Particle/droplet size, Polydispersity Index (PDI), and Zeta Potential (ZP) were evaluated for both 
blank and LEO-loaded nanosystems, and the results are presented in Table 2. 

Table 1. Chemical composition of L. angustifolia essential oil as determined by GC/FID/MS. 
Peak No. Compound RTa (min) RIb % 

1 α-Pinene 8.078 939 0.35 
2 Camphene 8.644 953 0.36 
3 β-Pinene 9.583 980 0.31 
4 Myrcene  9.869 988 1.57 
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5 p-Cymene 11.277 1020 0.33 
6 Limonene 11.471 1024 0.47 
7 1,8-Cineole 11.677 1033 11.13 
8 β-trans-Ocimene 12.060 1040 0.86 
9 Linalool oxide cis 13.131 1067 3.08 
10 Linalool 14.538 1098 21.38 
11 Thujone-cis 11.778 1101 0.18 
12 neo-allo-Ocimene  15.511 1142 0.14 
13 Camphor 16.638 1143 16.07 
14 Lavandulol 17.084 1165 0.99 
15 Borneol 17.611 1165 4.15 
16 Terpinen-4-ol 17.897 1177 0.68 
17 α-Terpineol 18.526 1189 1.32 
18 Verbenone 19.036 1204 0.15 
19 Nerol 19.711 1228 0.1 
20 Carvone 20.603 1243 0.12 
21 Linalyl acetate 20.941 1256 17.39 
22 Lavanduyl acetate 22.263 1288 2.51 
23 Neryl acetate 25.456 1365 0.58 

24 Geranyl acetate 26.314 1383 1.19 
25 Sesquithujene-7-epi 26.755 1390 0.2 
26 Sesquithujene 27.367 1405 0.15 
27 α-Bergamoten-cis  27.865 1411 0.19 
28 trans (E) -Caryophyllene 28.191 1418 2.87 
29 β-Duprezianene 29.123 1421 0.15 

30 Z-β-Farnesene 29.421 1440 0.39 

31 α-Humulene 29.638 1452 0.31 
32 Ar-Curcumene 30.634 1479 0.13 
33 Lavandulyl isovalerate 31.418 1509 0.58 
34 g-Cadinene 31.944 1513 0.3 
35 Caryophyllene oxide 34.702 1581 0.83 
36 α-Cadinol-epi 36.934 1638 0.14 
37 Triacontane 64.045 3000 0.66 

 Total:  92.31 
a RT (min) = Retention time 
b RI = Retention index 
c The percentages of compounds were obtained by FID peak-area normalization. The percentage composition of the oil was computed 
by the normalization method from the GC peak areas, calculated as the mean of three samples without correction factors. 

Significant size variations were observed among the blank LS prepared with different phospholipids 
(p<0.001). Blank LS with Lipoid S100 had a larger particle size (270 ± 1.50 nm) compared to Ph 90H LS (161 ± 
3.60 nm) and Ph 85G LS (81 ± 1.90 nm) (p<0.001). The blank NE had a smaller droplet size (114 ± 1.72 nm). 
Incorporating LEO increased the size of Lipoid S100 LS to 138 ± 2.75 nm (p<0.001), while Ph 85G LS size 
remained similar at 87 ± 2.97 nm (p>0.05). LEO-NE showed a size of 96 ± 0.71 nm (p<0.001). These size 
changes could be due to LEO's impact on the nanosystem membranes, potentially reducing cohesive forces 
among components [5,16]. 

The Polydispersity Index (PDI) data indicated that blank NE had the highest uniformity (0.19 ± 0.01), 
followed by blank Lipoid S100 LS (0.22 ± 0.05) and Ph 85G LS (0.30 ± 0.01). Ph 90H LS had less uniformity 
(0.38 ± 0.03), significantly different from blank Lipoid S100 LS (p<0.01) but not from blank Ph 85G LS 
(p>0.05). LEO-loaded Lipoid S100 LS had a PDI of 0.09 ± 0.01 (p<0.05), while LEO-Ph 85G LS and Ph 90H LS 
PDIs were similar to their blanks. LEO-NE showed improved PDI at 0.11 ± 0.01 (p<0.001). A PDI of 0.30 or 
below indicates satisfactory uniformity, ensuring consistent pharmacokinetics and distribution [17,18]. 
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Figure 1. GC/FID/MS chromatogram of L. angustifolia essential oil. 

Table 2 Characteristics of blank and L. angustifolia essential oil loaded liposomes and nanoemulsions regarding 
mean particle/droplet size, polydispersity index (PDI), zeta potential (ZP), and encapsulation efficiency (EE%). 

Nanoformulation 
batches 

Mean size (nm) PDIc ZPd (mV) EE%e 

Lipoid  
S100 LSa 

Empty LS 270 ± 1.50 0.22 ± 0.05 - 4.20 ± 0.70  

LEO-LS 138 ± 2.75 0.09 ± 0.01 - 9.10 ± 0.55 68.28 ± 4.43 

Ph 85G  
LS 

Empty LS 81 ± 1.90 0.30 ± 0.01 - 35.40 ± 0.90  

LEO-LS 87 ± 2.97 0.25 ± 0.01 - 35.70 ± 0.64 66.32 ± 2.50 

Ph 90H  
LS  

Empty LS 161 ± 3.60 0.38 ± 0.03 - 11.60 ± 0.10  

LEO-LS 159 ± 3.38 0.35 ± 0.08 - 12.90 ± 0.15 69.41 ± 1.31 

NEb 
Empty NE 114 ± 1.72 0.19 ± 0.01 - 7.51 ± 0.50  

LEO-NE 96 ± 0.71 0.11 ± 0.01 - 32.13 ± 1.36 75.43 ± 0.89 

a LS: liposome; b NE: nanoemulsion; c PDI: polydispersity index; d ZP: zeta potential.  
e EE%: encapsulation efficiency. 
Data are expressed as a mean value ± standard deviation (n = 3). 

The literature reveals that LS containing LEO exhibited low ZP values: -3.73 mV. This crucial stability 
indicator suggests values around -30 mV were mainly observed in all Ph 85G LS and NE after LEO 
encapsulation. ZP measurements showed blank Ph 85G LS had favorable results (-35.40 ± 0.90 mV), followed 
by Ph 90H LS (-11.60 ± 0.10 mV), blank NE (-7.51 ± 0.50 mV), and Lipoid S100 LS (-4.20 ± 0.70 mV). LEO 
encapsulation did not significantly alter ZP for Ph 85G- and Ph 90H-LS. However, Lipoid S100 LS showed a 
lower ZP of -9.10 ± 0.55 mV after LEO encapsulation, and LEO-NE had a significant change to -32.13 ± 1.36 
mV (p<0.001). Negative ZP values suggest colloidal stability, which is crucial for preventing aggregation and 
extending circulation time [19–21]. 

This study's results show that NE and LS achieved high EE%, as illustrated in Table 2. Specifically, 
LEO-Lipoid S100 LS achieved an EE% of 68.28% ± 4.43, while LEO-Ph 85G LS had an EE% of 66.32% ± 2.50, 
and LEO-Ph 90H LS reached an EE% of 69.41% ± 1.31, with no significant differences among them (p>0.05). 
NE exhibited an EE% of 75.43 ± 0.89. These findings align with previous literature, indicating that when EOs 
are encapsulated sufficiently within nanosystems, the EE% typically approaches a value of around 60%, 
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depending on the type of EO used. This observation aligns with and extends the current literature, 
suggesting that the EE% may be influenced by the nanosystems composition and the specific type of EO 
incorporated, as suggested by previous studies [18,22,23]. 

2.3. Cytotoxic potential 

The cytotoxic effects of LEO and its nanosystems were assessed in vitro on the DU145 cancer cell line, 
and the results are presented in Figure 2. This study found that LEO had measurable in vitro cytotoxic 
activity against the DU145 prostate cancer cell line. The IC50 of LEO was determined to be 75 μg/mL. Our 
results align with previous studies that reported the cytotoxicity of LEO against various cell lines, indicating 
that LEO from different countries exhibited different cytotoxic activities—EO from L. angustifolia exhibits, in 
some cases, unsatisfactory cytotoxic effects [1,2]. The literature reported that linalyl acetate demonstrated a 
more potent cytotoxic effect than LEO. This indicates that other factors in the EO may be inhibiting its 
cytotoxic activity. Furthermore, LEO (originating from Palestine), with the main components linalool and 
linalyl acetate, exhibited potent cytotoxic effects on DU145 and PC-3 cells [24]. 

 
Figure 2. Cytotoxicity of free L. angustifolia essential oil (LEO) and nanoencapsulated LEO on DU145 cancer cell 
line. The chart shows cell viability post-treatment with free essential oil and essential oil encapsulated in Lipoid 
S100 liposomes, Phospholipon 85G liposomes, Phospholipon 90H liposomes, and nanoemulsion, as assessed by 
the MTT method. 
** indicates a statistically significant value of p<0.01 
* indicates a statistically significant value of p<0.05 
Each bar represents ± SD (n = 3). 

It is indicated that the cytotoxic action of EOs is not solely dependent on the components with the 
highest concentrations, suggesting an interaction among the phytochemical components of EOs at various 
concentrations. Consequently, even components present in trace amounts could play a role in the overall 
cytotoxic effect of EOs. Therefore, the cytotoxic effect of each EO from the same genus cannot be generalized 
and should be determined individually [25–27]. 

The integration of LEO into LS and NE modified the viability of the cancer cell line examined in this 
research. The findings indicated that LEO-NE demonstrated enhanced cytotoxic activity in vitro compared to 
the free LEO. As far as we know, the cytotoxic impacts of different LEO LS and NE nanosystems on the 
DU145 cancer cell line have not been previously explored.  

The encapsulation of LEO into NE markedly enhanced its cytotoxic activity, decreasing the cell 
viability of DU145 cancer cells to 33.34% ± 2.55 (p<0.01). This increase in cytotoxic activity post-
encapsulation in NE aligns with findings documented in earlier research [7]. As illustrated in Figure 2, LEO-
Ph90H LS exhibited significantly higher cytotoxicity than the unencapsulated LEO (p<0.05), with reduced 
cell viability to 38.72 % ± 1.98. Conversely, the cytotoxic effects of LEO-Lipoid S100 LS and LEO-Ph 85G LS 
were not significantly different from those of the free LEO (p>0.05), with cell viability 53.07% ± 2.87 and 
57.78% ± 5.10, respectively (p>0.05). The control formulations without active ingredients displayed no 
cytotoxic activity. 
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The enhanced cytotoxic activity of LEO-NE and LEO 90H can be attributed to their increased ability to 
be trapped inside cells compared to non-encapsulated LEO. Studies have shown that encapsulation in NE 
enhances intracellular accumulation and stability of LEO, leading to sustained release and improved 
cytotoxicity. LEO-NE significantly improved cytotoxic activity (p<0.001) without affecting the viability of 
normal cell lines, highlighting the suitability of EOs as anticancer agents. Additionally, nanodelivery 
systems increase intracellular uptake and accumulation, enhancing cytotoxic activity compared to free EO. 
Furthermore, the differences observed among the three LS formulations and NE may be attributed to LS's 
physical and chemical instability containing unsaturated components, which can reduce efficacy [28–30]. 

2.4. Stability Studies 

Variables such as particle size, ZP, and storage conditions influence the stability of LS and NE [18,22]. 
This study examined the particle size, PDI, and ZP of LEO-encapsulated nanosystems before and after 1, 3, 
and 6 months of storage at 25 °C (Table 3). LEO-NE showed a significant change in droplet size at 172 ± 18.17 
nm (p<0.001), with a PDI of 0.61 ± 0.03 (p<0.001) and a ZP of -28.16 ± 0.16 mV (p<0.05). The viscosity 
increased significantly at 1.66 ± 0.07 mPa.s (p<0.001). 

Table 3. Characteristics of blank and L. angustifolia essential oil-loaded liposomes and nanoemulsions in terms of 
mean droplet size, PDI, and zeta potential. 

 
Time interval Mean size (nm) PDIc ZPd (mV) 

Lipoid  
S100 LSa 

Day 1 138 ± 2.75 0.09 ± 0.01 - 9.10 ± 0.55 
After 1 month 168 ± 3.80 0.23 ± 0.02 - 20.55 ± 1.08 
After 3 months 288 ± 3.60 0.40 ± 0.04 - 14.8 ± 0.62 
After 6 months 1687 ± 19.80 0.49 ± 0.06 - 8.50 ± 0.41 

Ph 85G  
LS 

Day 1 87 ± 2.97 0.25 ± 0.01 - 35.70 ± 0.64 
After 1 month 125 ± 2.77 0.44 ± 0.06 - 38.70 ± 2.03 
After 3 months 297 ± 4.20 0.53 ± 0.02 - 15.3 ± 0.22 
After 6 months 5479 ± 28.28 0.71 ± 0.04 - 13.00 ± 0.42 

Ph 90H  
LS 

Day 1 159 ± 3.38 0.35 ± 0.08 - 12.90 ± 0.15 
After 1 month 121 ± 0.72 0.30 ± 0.01 - 10. 50 ± 

0.05 
After 3 months 142 ± 2.59 0.33 ± 0.01 - 21.5 ± 0.15 
After 6 months 164 ± 22.16 0.68 ± 0.05 - 20.64 ± 0.62 

NEb 

Day 1 96 ± 0.71 0.11 ± 0.01 - 32.13 ± 1.36 
After 1 month 89 ± 0.545 0.21 ± 0.01 - 26.30 ± 2.21 
After 3 months 93 ± 0.22 0.43 ± 0.02 -28.40 ± 0.55 
After 6 months 172 ± 18.17 0.61 ± 0.03 - 28.16 ± 0.16 

a LS: liposome; b NE: nanoemulsion; c PDI: polydispersity index; d ZP: zeta potential.  
Data are expressed as a mean value ± standard deviation (n = 3). 

The study found that LEO-Ph 90H LS remained stable over six months, averaging 164 ± 22.16 nm 
(p>0.05). The PDI and ZP were significantly adjusted to 0.68 ± 0.05 and -20.64 ± 0.62 mV (p<0.001), 
respectively, but remained within acceptable ranges for stability. After six months of storage, LEO-Lipoid 
S100 LS and LEO-Ph 85G LS demonstrated fewer stable results. The particle size of LEO-Lipoid S100 LS and 
LEO-Ph 85G LS increased significantly to 1687 ± 19.80 nm and 5479 ± 28.28 nm (p<0.001), respectively. PDI 
values increased to 0.49 ± 0.06 and 0.71 ± 0.04 (p<0.001), respectively, while ZP values were - 8.50 ± 0.41 mV 
and - 13.00 ± 0.42 mV (p<0.001). The viscosity was found to be 1.43 ± 0.71 mPa.s (p>0.05) and 2.31 ± 0.18 
mPa.s (p<0.001). These results show that these two LSs were unstable for six months of storage. 

The stability of LS and NE is attributed to the composition of the nanoformulation, which includes the 
ratio of the respective LS components, size, and ZP. Larger particles tend to aggregate because they are more 
susceptible to the influence of Brownian motion, giving them more chances to collide. ZP is also essential for 
LS's stability and aggregation behavior. This could explain previous data indicating that nanosystems with 
smaller vesicles are sometimes less stable [31]. 

Regarding NE, they remained stable after six months of storage with no significant differences in size: 
172 ± 18.17 nm, PDI: 0.35 ± 0.08, and ZP: - 28.16 ± 0.16 mV (p>0.05). 
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3. CONCLUSION 

Our investigation marks a pioneering step in exploring the LS and NE's cytotoxic of LS and NE 
encapsulating LEO, particularly on wild species. This study is the first to evaluate and compare the effects of 
LEO on different nanosystems, highlighting the enhanced cytotoxic activity of LEO-NE and LEO-Ph 90H LS 
against prostate cancer cell lines. The encapsulation of LEO within Ph 85G LS and Lipoid S100 LS was able to 
maintain cytotoxic properties compared to their unencapsulated counterparts. These findings underscore the 
significance of stable LS and NE in improving the effectiveness of LEO as a potential future anticancer agent. 

By demonstrating LEO's cytotoxic potential against prostate cancer cells and the benefits of its 
nanosystem encapsulation, our research contributes valuable insights to the ongoing quest for effective 
cancer therapy candidates. The promising outcomes suggest that LEO, mainly when delivered through NE 
and LS, merits further investigation and development as a potential candidate for cancer treatment. This 
endeavor could pave the way for innovative, more effective therapeutic strategies against cancer, harnessing 
the power of nanotechnology and natural compounds. 

4. MATERIALS AND METHODS 

4.1. Chemicals 

MTT (thiazolyl blue tetrazolium bromide), hexane, 95% cholesterol, and absolute ethanol (HPLC 
grade) were obtained from Sigma-Aldrich (Germany). Additionally, DMSO (Dimethyl sulfoxide), Trypsin-
EDTA, and cell nutrient medium composed of Dulbecco's Minimum Essential Medium (DMEM) and HAM'S 
F12 in a 1:1 ratio were sourced from Sigma-Aldrich (Germany). Lipoid S100, Phospholipon 85G, and 
Phospholipon 90H were acquired from Lipoid (Germany). Polysorbate (Tween 80) and Lecithin were 
sourced from Caelo and ROTH (Germany). Medium Chain Triglycerides (MCT) were purchased from Herba 
Chemosan Apotheker (Austria). The dialysis membranes ZelluTrans/ROTH T1 (MWCO: 3500) were 
supplied by Zellu Carl Roth (Austria). The human cell line (DU145) was obtained from the American Type 
Culture Collection (ATCC). 

4.2. Plant material and essential oil extraction 

Aerial parts of L. angustifolia were collected from Albania's northern region for EO extraction. 
Professor Skerdilaid Xhulaj identified the specimens, and voucher specimens were deposited at the 
University of Tirana Herbarium. The plant materials were air-dried at room temperature before 
hydrodistillation using a Clevenger-type apparatus. The EO was then dried using anhydrous sodium sulfate 
and stored at four °C, following the methodology detailed in the literature [18,32]. 

4.3. Essential oil analysis by GC/FID/MS 

The composition of the LEO was determined using an Agilent 7890А Gas Chromatography system 
equipped with an FID detector and an Agilent 5975C Mass Quadrupole detector. The setup used an HP-5 ms 
capillary column (30 m × 0.25 mm, film thickness 0.25 μm) with specific conditions: Starting at 60 °C (0 min). 
The oven temperature was gradually increased at a rate of 3 °C/min and then to 280 °C at a rate of 10 
°C/min for another minute; helium served as the carrier gas at a flow rate of 1 mL/min; the injector and FID 
detector temperatures were kept at 220 °C and 270 °C, respectively, with a 1:1 split ratio for sample injection. 
For mass spectrometry, settings included an ionization voltage of 70 eV, an ion source temperature of 230 °C, 
a transfer line temperature of 280 °C, and a mass range of 50–550 Da, with the spectrometer set to scan mode. 
Compound identification was accomplished by comparing mass spectra to those in the Adams, NIST, and 
Wiley databases, as well as literature mass spectra, using homologous series of normal alkanes (C9–C25) 
under AMDIS conditions and Kovat's indices from literature [33]. The normalization method was used to 
quantify GC-FID peak areas, with no correction factors applied. 

4.4. Liposome preparation 

The ethanol injection method was used to prepare both blank and LEO-loaded LS, as described in the 
literature [5,18]. This entailed dissolving phospholipids (either Lipoid S100, Phospholipon 85G, or 
Phospholipon 90H) at a concentration of 10 mg/mL, LEO at 2.5 mg/mL, and cholesterol at 5 mg/mL in 10 
mL of absolute ethanol. The solution was mixed with a magnetic stirrer. The organic phase was then slowly 
injected into 20 mL of Milli-Q water at a 1 mL/min rate with a syringe pump. This process led to the 
spontaneous formation of LS. After injection, the LS were stirred for 15 minutes to ensure uniformity. 
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Ethanol was removed through dialysis using ZelluTrans/ROTH T1 membranes for 16 hours, stirring 
continuously in 1000 mL of dialysis medium. Batches without LEO served as blank LS. Each LS batch was 
prepared three times. Before any further analysis, all LS batches were kept at four °C. 

4.5. Nanoemulsion preparation 

An optimized NE formulation method was developed with Prof. Dr. Andreas Zimmer's team at the 
University of Graz, Austria. This method required separate preparation steps for the oil and water phases. 
The oil phase combined 1.5 g of lecithin with 8.5 g of MCT for a total of 10 g. Simultaneously, the water 
phase involved dissolving 1.5 g of Polysorbate 80 dissolved in distilled water, yielding 150 g of solution. 
Both phases were heated to 75 °C and homogenized separately. The NE formulation began with a pre-
homogenization blend of the two phases at 8,000 rpm using an IKA T25 Ultra–Turrax for a set duration. The 
NE was then homogenized at 800 bar for eight cycles with a GEA Niro Soavi NS1001L2K machine. LEO was 
then added and stirred for two hours. The completed LEO-NEs were stored at four °C for subsequent 
evaluations alongside control samples of blank NEs without EOs. 

4.6. Particle size, PDI, and zeta potential 

The study investigated the properties of LEO-loaded nanosystems, such as particle/droplet size, 
polydispersity index (PDI), zeta potential (ZP), and encapsulation efficiency (EE%). A Malvern Zetasizer 
Nano ZS (Model ZEN3500) was used to measure the mean particle/droplet size, PDI, and ZP of the blank 
and LEO-loaded nanosystems. After 2 minutes of equilibration time, 1 mL of the sample was inserted into 
the folded capillary cell (provided by Malvern), and the ZP measurements were obtained using 
Smoluchowski's equation. The analyses were performed thrice at a constant temperature of 25 °C, with a 2 
min equilibration time. Results are reported as means ± SD (n = 3). 

4.7. Determination of encapsulation efficiency 

The method for determining EE% (encapsulation efficiency) was slightly adjusted from the literature 
[34,35]. This involved centrifuging the LS and NE suspension at 4,000 rpm for 30 minutes. Then, 2 mL of the 
supernatant was combined with an equal volume of hexane. The encapsulated LEO quantity was measured 
using a UV 1800 UV-Vis spectrophotometer at a wavelength of λ = 306 nm. The process was repeated three 
times to ensure accuracy. A standard curve was created to determine LEO concentration using various 
concentrations of LEO dissolved in hexane. The encapsulation efficiency was calculated using the formula: 

𝑬𝑬% =  
(𝑻𝒐𝒕𝒂𝒍 𝒐𝒊𝒍 − 𝑭𝒓𝒆𝒆 𝒐𝒊𝒍)

𝑻𝒐𝒕𝒂𝒍 𝒐𝒊𝒍
 × 𝟏𝟎𝟎 

4.8. Determination of Cytotoxicity with an MTT Assay 

The DU145 cell line, obtained from the American Type Culture Collection (ATCC®), was cultured in a 
1:1 mixture of Dulbecco's Modified Eagle Medium (DMEM) and HAM's Nutrient Mixture F12 nutrient 
medium, which contained 10% fetal bovine serum (FBS), 100 IU/mL penicillin, 10 mg/mL streptomycin, 
and 1% L-glutamine. The cultures were maintained in a 5% CO2 incubator. DU145 cells were seeded in 96-
well plates at 7x103 cells per well (180 μL) density and incubated for 24 hours at 37 °C in a 5% CO2 
atmosphere. LEO was initially solubilized in DMSO to create a 100 mg/mL stock solution, diluted with 
culture medium before being added to the wells. After 24 hours of incubation, 20 µL of the LEO solution 
(0.39 to 200 µg/mL) was dispensed into the wells to determine the IC50. 

Separately, 20 μL of LEO-loaded nanosystems were applied to the cells. After 24 hours of incubation, 
MTT solutions (20 μL/200 μL per well of a 5 mg/mL solution) were pipetted into each well. The plates were 
then incubated for another four hours at 37 °C. Subsequently, 200 μL of DMSO was introduced to each well. 
The optical density of each well was measured at a wavelength of 492 nm using a microplate reader. Based 
on these absorbance readings, the percentage of cell viability and the IC50 were calculated using the 
following formula: 

𝑪𝒆𝒍𝒍 𝑽𝒊𝒂𝒃𝒊𝒍𝒊𝒕𝒚 (%) =  
𝑺𝒂𝒎𝒑𝒍𝒆 𝒂𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒗𝒂𝒍𝒖𝒆

𝑪𝒐𝒏𝒕𝒓𝒐𝒍 𝒂𝒃𝒔𝒐𝒓𝒃𝒂𝒏𝒄𝒆 𝒗𝒂𝒍𝒖𝒆
 × 𝟏𝟎𝟎 

In each analysis, the baseline for comparison was established by normalizing the untreated control 
group to 100%, with the results from treated samples being presented as a percentage relative to this control. 
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This cytotoxicity assay was carefully repeated three times using the protocol described in previous research. 
The findings were documented as mean ± SD (n = 3). 

4.9. Stability 

The stability of LEO-loaded nanosystems was assessed after 1, 3, and 6 months of storage at 25 °C, 
including particle/droplet size, PDI, and ZP measurements. The prepared nanosystems were stored under 
specific conditions in a Memmert Climate Chamber ICH110, which maintained a temperature of 25 °C ± 2 °C 
and a relative humidity of 60% ± 5%. 

4.10. Statistical analysis 

All analyses were carried out in triplicate and expressed as a mean value ± SD (n = 3). Statistical 
analyses were performed using GraphPad Prism 9 (GraphPad Software Inc., USA), specifically using one-
way ANOVA and Tukey multiple comparison tests for all study groups. Values of p<0.05 were considered 
statistically significant. 
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