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Nanomedicine has emerged as a powerful strategy to enhance both therapeutic efficacy and diagnostic
precision in oncology. Among the various nanoscale platforms, nanoemulsions have shown promising
potential as drug delivery systems, particularly in photodynamic therapy. However, the design of
effective nanoemulsions requires careful consideration of multiple formulation parameters, especially the
choice of the oil core, which remains insufficiently explored. In this study, we developed and compared
two nanoemulsions differing only in their oil phase, oleic acid or miglyol, both loaded with the
photosensitizer verteporfin, a clinically approved photosensitizer. We systematically evaluated their
physicochemical characteristics, loading capacity, encapsulation efficiency, storage stability, and
therapeutic efficacy in an ovarian cancer cell line. Our results demonstrate that the oil phase significantly
influences nanoemulsion performance. Verteporfin-loaded miglyol-based nanoemulsions exhibited

higher drug loading capacity, improved colloidal stability, and greater photodynamic cytotoxicity
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components in determining the functionality of nanocarriers and highlight the importance of rational
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Introduction

Nanomedicine is revolutionizing biomedicine by providing
next-generation tools for diagnostics and therapeutics, partic-
ularly for the treatment of complex diseases such as cancer. The
unique physicochemical properties of nanomaterials,
combined with their tunable surface characteristics, allow for
the design of multifunctional theranostic platforms that
outperform conventional clinical technologies.™*

In this context, nanomaterials are increasingly being devel-
oped to address the limitations of conventional biomedical and
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nanoemulsion design to maximize therapeutic outcomes in photodynamic therapy and broader

clinical approaches. Both inorganic (e.g,, metals or metal
oxides) and organic (e.g., liposomes, polymeric nanoparticles)
nanocarriers have been widely explored, each offering distinct
advantages in biomedical applications, such as minimizing side
effects, enhancing treatment efficacy, and overcoming drug
resistance.’*®

Importantly, in oncology, nanoparticles have facilitated
highly sensitive imaging and the development of targeted
therapies, including photothermal and photodynamic
approaches.”™®

Among nanocarriers, organic nanoparticles are preferred
due to their biocompatibility, biodegradability, and low toxicity.
Their chemical versatility enables surface modifications
tailored to specific applications, enhancing targeting and drug
delivery efficiency.” ™ More specifically, lipid-based nano-
particles (LNPs) have achieved regulatory approval and clinical
translation by the Food and Drug Administration (FDA)'*** and
the European Medicines Agency (EMA) with formulations like
Doxil®, Lipodox®, Onivyde®, Myocet®, demonstrating
improved pharmacokinetics and targeted delivery that mini-
mizes systemic toxicity.'®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Within the LNP family, nanoemulsions (NEs), oil-in-water
systems stabilized by surfactants, have emerged as promising
carriers for poorly water-soluble drugs."”

By incorporating hydrophobic compounds into their oil core,
NEs protect these agents from premature degradation, enable
controlled release, and enhance both therapeutic efficacy and
formulation stability."®?° Despite the confirmed feasibility of
designing and synthesizing NE-based drug delivery systems,
their success depends on several critical factors, including
colloidal stability, encapsulation efficiency (EE%), and the
physicochemical properties of the oil phase. These elements
collectively influence drug loading, release profiles, and overall
bioavailability.>*

Encapsulation efficiency, defined as the percentage of active
compound successfully incorporated into the NEs, is highly
dependent on the hydrophobic properties of the oil, such as
polarity, viscosity, saturation, and chain length.”® Oils with
appropriate characteristics can improve drug solubility and
retention in the core, maintaining high EE% and optimizing
delivery performance.>*** Accurate EE% quantification also
requires carefully selected purification strategies tailored to the
oil-drug interaction,?® as inappropriate purification can lead to
misleading measurements and limit clinical applicability.*”

Beyond EE%, the oil phase influences the biodistribution,
the solubility, the stability, and the cellular uptake of the
nanoformulation.”®* It also plays a decisive role in enabling co-
encapsulation of multiple agents, allowing for synergistic drug
combinations that can enhance therapeutic outcomes.***!
Moreover, formulation components may interact with biolog-
ical pathways, potentially leading to either beneficial or unin-
tended effects.?>*

Given these multifaceted roles, the rational design of lipid-
based nanocarriers is essential to advancing nanomedicine.
For example, nanomedicines derived from natural products
have demonstrated enhanced targeting, reduced toxicity, and
greater therapeutic efficacy.>® Likewise, fatty alcohol-modified
prodrug nanoassemblies have shown that longer alkyl chains
improve nanostructure stability and extend circulation time,
although this may lead to slower drug release.**

Despite these advances, comprehensive that
systematically investigate how oil composition affects NE
stability, drug loading, and therapeutic performance remain
limited. Gaining such insights is crucial for optimizing NE
systems and accelerating their clinical translation.

Verteporfin (VP) is a second-generation photosensitizer
approved by the FDA for use in photodynamic therapy (PDT).*®
Activated by near-infrared light (689 nm),* it enables deeper
tissue penetration than earlier photosensitizers, making it
particularly suitable for treating tumors in less accessible
locations. However, its pronounced hydrophobicity,
bioavailability, and off-target accumulation limit its clinical
efficacy and necessitate encapsulation strategies to improve
tumor specificity and therapeutic efficacy.

In this study, we formulated VP-loaded NEs using two
distinct oil cores: oleic acid (OA) and Miglyol (MG). OA,
a monounsaturated fatty acid, is amphiphilic and integrates
into cellular membranes, enhancing membrane fluidity and
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potentially facilitating intracellular delivery. Its endogenous
origin and involvement in both lipid metabolism and oxidative
stress make it especially attractive for targeting cancer-specific
lipid vulnerabilities.*®* In contrast, MG is a chemically stable
medium-chain triglyceride derived from caprylic and capric
acids, offering excellent solubilizing capacity, low viscosity, and
a well-established safety profile.*

Although VP has been previously incorporated into various
lipid-based systems, the effect of oil core composition on
encapsulation efficiency, stability, cytotoxicity, and photody-
namic performance has not been systematically studied.**-*

By directly comparing OA- and MG-based VP-loaded NEs,
this study provides new insights to guide the rational design of
safer and more effective nanoemulsion platforms for PDT. Our
findings demonstrate that the oil phase plays a central role in
determining both the physicochemical characteristics and
therapeutic behavior of these nanocarriers.

2. Materials and methods

2.1. Materials

2.1.1. Reagents and solvents. Oleic acid = 99% (GC),
cholesterol = 99%, dimethyl sulfoxide (DMSO), verteporfin (VP)
= 94% (HPLC), phosphotungstic acid hydrate, and thiazolyl
blue tetrazolium bromide, 98% were purchased from Sigma-
Aldrich® (Darmstadt, Germany). Miglyol® 812 was purchased
from CREMER OLEO GmbH & Co. KG (Deutschland, Germany).
Ethanol (absolute) was purchased from Scharlab, S.L. (Barce-
lona, Spain). Lipoid® S100 PC (18:0/18 : 1) from soybean (94%)
was a gift from Lipoid GmbH (Ludwigshafen, Germany). McCoy
Medium was purchased from Gibco® (Grand Island, USA). MQ-
water was purified using a Millipore Direct-Q 3 system with a UV
detector. Tissue culture dishes (100 mm) were provided by VWR
International, LLC Avantor® (Barcelona, Spain). 96-well plates
and ultra-low-attachment 24-well plates were purchased from
Corning Inc. (NY, USA). Syringe filters were purchased from
Labbox (Barcelona, Spain).

2.1.2. Cell cultures. High-serous ovarian cancer carcinoma
SKOV-3 was purchased from Merck-Sigma-Aldrich® (Darm-
stadt, Germany) and cultured in McCoy's 5A media. The cell
culture medium was supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin. Cells were cultured at
37 °C in a humidified atmosphere containing 5% CO,. At 85%
confluence, cells were harvested using 0.05% Trypsin-EDTA
(5 min, 37 °C).

2.2. Synthesis and encapsulation procedures of pure NEs
and VP-loaded NEs

2.2.1. Formulation of NEs. NEs were prepared at a 1 mL
scale by the low-energy self-emulsification oil-in-water method,
following the publication of Carmona-Ule et al*® Briefly, the
stock solution of the lipids phosphatidylcholine (PC) (10 mg
mL %), cholesterol (CH) (10 mg mL™ "), and the oils, oleic acid
(OA) and miglyol 812 (MG) (100 mg mL ') were prepared in
ethanol and mixed in a ratio of 1:1:10. Then, the organic
phase (100 pL) was quickly injected into deionized water (900
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pL), under magnetic stirring at room temperature. After 15
minutes, stirring was stopped and NEs were obtained. The
formulations were stored at 4 °C.

Fluorescent NEs were prepared using TopFluor® PC (1-
palmitoyl-2-(dipyrrometheneborondifluoride ~ undecanoyl-sn-
glycero-3-phosphocholine)), which was added to the formula-
tion in a proportion of 4: 1000 v/v.

2.2.2. Formulation of VP-NEs. Verteporfin nanoemulsions
(VP-NEs) were prepared by adding the drug into the organic
phase. Firstly, the VP stock solution was prepared by dissolving
0.15 mg of the drug in a mixture of ethanol : DMSO (77 : 23%) at
a final concentration of 0.15 mg mL ™. After that, different VP-
NEs were prepared depending on the required theoretical VP
concentration (from 3 to 1.2 x 10~* mg mL™") by adding the
corresponding volume (from 2 to 8 uL, respectively) of the VP
stock to the organic phase. Then, the organic phase was injected
into the aqueous phase, under magnetic stirring at room
temperature.

After 15 minutes, stirring was stopped, and VP-NEs were
obtained. The formulations were stored at 4 °C.

2.2.3. Characterization of NEs

2.2.3.1. Dynamic light scattering (DLS). The NEs were char-
acterized by measuring their hydrodynamic diameter (size) and
polydispersity index (PDI) using Malvern® Zetasizer® (Nano
7890, Malvern). The zeta potential (Z-potential) was determined
using zeta cells (Malvern). All measurements were taken using
a 1:10 v/v dilution ratio in Milli-Q water.

2.2.3.2. Nanoparticle tracking analysis (NTA). The number of
nanoparticles per mL of each type of NEs sample was assessed
by using a Nanosight instrument (Malvern). All measurements
were taken using a 1:100 v/v dilution ratio in water.

2.2.3.3. Transmission electron microscopy (TEM). TEM
images were obtained on a Philips CM20 microscope at an
acceleration voltage of 100 kV. For the preparation of the
samples, NEs were previously stained with phosphotungstic
acid (PTA, 2%) in a dilution of Milli-Q water : phosphotungstic
acid (1:10); then a drop of the dispersion was placed on a Cu
grid, letting the liquid evaporate at room temperature.

2.2.3.4 Optical characterization. Absorbance spectrum of
verteporfin was recorded using a Jasco V-730 spectrophotometer
(Jasco, Spain) equipped with a Xenon lamp as the excitation
source, operating within the spectral range of 300-750 nm
(Fig. 1). All spectrophotometric analyses were conducted using
a quartz cuvette with a 1 cm optical path length. Importantly, in
these measurements, to eliminate noise from the organic
phase, a blank sample consisting of 100 pL of empty NEs mixed
with 800 puL of ethanol was used in all measurements.

Photoluminescence (PL) spectra of verteporfin were obtained
using a Cary Eclipse spectrometer with a Xenon lamp as light
excitation source and working in the spectral range of 190-
1100 nm. The control VP solution in EtOH had a concentration
of 5.7 x 10~°> mg mL " (SI1). All measurements on the solutions
were performed using a quartz Suprasil cuvette with an optical
path of 1 cm.

In both measurements, NEs-based on oleic acid and miglyol
oils were prepared according to Sections 2.2.1 and 2.2.2.
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Fig. 1 Verteporfin absorption spectrum showing a maximum absor-
bance peak at 425 nm.

2.2.4. Encapsulation efficiency of VP. The concentration of
VP loaded into NEs was determined after purification. VP
measurements were performed using spectrophotometric
measurements (see Section 2.2.3.4), and the concentration was
calculated based on a standard calibration curve. To generate
the calibration curve, 100 uL of VP solutions at known
concentrations (ranging from 0.1 to 1 x 10~° mg mL ") were
mixed with 800 pL of ethanol. The calibration curve was con-
structed by measuring the absorbance at 425 nm, the maximum
absorbance peak of VP, and plotting it against VP concentration
(Fig. 2A). The experimental VP concentration after VP-NEs
purification was then determined by measuring the absor-
bance at 425 nm and applying the previously established
equation. Finally, the encapsulation efficiency (EE%) was
calculated by comparing the experimental VP concentration
with the theoretical concentration (Fig. 2B):

Ct B Ce

EE(%) = —
t

x 100
where C; is the theoretical VP concentration in unfiltered VP-
NEs and C. is the experimental drug concentration in the
filtered VP-NEs.

2.2.5. VP-NEs purification

2.2.5.1. Amicon100K ultra centrifugal devices. VP-NEs were
placed in the filtration chamber, and the centrifuge tubes were
placed into the (Eppendorf 5804 R) centrifuge at different
speeds and times (SI2). After centrifugation, the NEs retained in
the filtration chamber were resuspended in water, while the
aqueous phase containing the free VP was collected for
concentration quantification.

2.2.5.2. High-speed centrifugation. VP-NEs were placed in
tubes and centrifuged at 14 000 rpm for 8 hours at room
temperature. The obtained creamy upper part was isolated by
removing the water undernatant with the use of a needle.

2.2.5.3. Syringe filters. VP-NEs were passed through hydro-
philic PES (polyethersulfone) and hydrophobic PTFE (poly-
tetrafluoroethylene) membranes with 0.22 pm diameters. Then,
C. from the obtained filtered VP-NEs was measured using
spectrophotometry.

2.2.6. Stability studies. The different VP-NEs (VP-OA-NEs
and VP-MG-NEs) with VP concentrations between 2 and 4 X

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Scheme (A) illustrates the applied process to generate the
calibration curve, (B) spectra for 0.03 (blue), 0.04 (purple), and 0.05
(orange) mg per mL VP loaded into NEs, used to calculate the EE% of
VP-loaded NEs.

107" mg mL~"' (C.) were exposed to three environmental
conditions: light and room temperature (RT), RT with protec-
tion from light, and storage at —4 °C. For each condition, the VP
absorption spectrum, particle size, PDI, and Z-potential were
measured at three time points: the same day, one week later,
and three weeks after their formulation.

2.2.7. Cellular uptake assays

2.2.7.1 Fluoresce microscopy. SKOV3 cells were seeded at
a final concentration of 40 000 cells per mL in 0.5 mL per well on
Millicell® EZ Slide 8-well glass chambers. The cells were
allowed to attach overnight at 37 °C in a 5% CO, atmosphere
within an incubator. After 24 hours, the cells were treated with
NEs, 0.18 x 10~* mg per mL VP-OA-NEs and 1.2 x 10~* mg
per mL VP-MG-NEs for 24 hours before imaging. Following

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

treatment, the cells were harvested, washed, and fixed in 4%
cold paraformaldehyde for 15 minutes at room temperature.
The samples were then washed three times with PBS, and 4/,6-
diamidino-2-phenylindole (DAPI) was added for nucleus
staining.

The stained samples were then placed under the fluores-
cence microscope (Leica DMi8 automated microscope, Leica
Microsystems) for imaging. A 20x objective was used to capture
the 24-hour images. For tracking, fluorescent NEs (TopFluor®)
were used in these assays, which allowed for the visualization
and tracking of the NEs within the cells. The excitation and
emission wavelengths for DAPI staining were 359 nm and
461 nm, respectively. The fluorescence of TopFluor® was visu-
alized using excitation at 485 nm and emission at 512 nm.
These settings enabled the precise tracking of nanoemulsions
alongside cellular structures.

2.2.7.2 Flow cytometry. SKOV3 cells were seeded in p60-
plates at a final concentration of 0.8 x 10° cells per plate sup-
plemented with 3 mL per plate of culture medium, and they
were allowed to attach overnight at 37 °C in a 5% CO, atmo-
sphere within an incubator. After 24 h, culture media was
replaced with new media containing fluorescent NEs and VP-
NEs (0.18 x 10* mg mL™"). These were incubated for 24 h
and then, the cells were harvested and washed with PBS to
remove non-internalized NEs. The internalization of NEs was
assessed by using a Cytek Northern Lights flow cytometer. Laser
excitation and emission bandpass wavelengths were 488 nm
and 530 + 15 nm (FL1 channel), respectively. The results were
reported as the median of the distribution of cell fluorescence
intensity obtained by analyzing 10 000 events and were plotted
by using the free online software Floreada (Floreada.io).

2.2.8. Viability assays. SKOV-3 cells were seeded in 96-well
culture plates at a final concentration of 6000 cells per well
supplemented with 100 pL per well of culture medium, and they
were allowed to adhere overnight at 37 °C in a 5% CO, atmo-
sphere inside an incubator. After 24 hours, the medium was
replaced with media containing NEs, VP-NEs, and free VP at
different concentrations (calculated by spectrophotometry as
previously described): 0.5-2 x 10™* mg mL™" for VP-MG-NEs,
0.1-0.2 x 10~* mg mL™' for VP-OA-NEs, and 0.2-1.5 x
10~* mg mL ™" for free VP. Triton was used as a positive control
of cell death. The cells were treated for 24 hours, after which the
media were removed and replaced with media containing 3-(4,
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
at a concentration of 0.5 mg mL™'. Then, the medium was
removed, and the formed formazan crystals were dissolved in
100 pL of DMSO. After the dissolution of the salts, the absor-
bance of the wells was measured using a multiple plate reader
(Biotek, UK) at 540 nm. The cell viability was calculated from the
relative absorbance of control cells at 540 nm and expressed as
a percentage of 100% live cells. Three independent repeats were
performed for all conditions.

2.2.9. Photodynamic activity of VP, VP-OA-NEs and VP-MG-
NEs. SKOV3 cells were seeded in three 96-well culture plates on
each experiment at a final concentration of 6000 cells per well
supplemented with 100 pL per well of culture medium, and they
were allowed to adhere overnight at 37 °C in a 5% CO,

Nanoscale Adv., 2025, 7, 6972-6986 | 6975
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atmosphere inside an incubator. After 24 h, cells were incu-
bated with VP in three different forms: encapsulated into OA-
NEs (VP-OA-NEs), into MG-NEs (VP-MG-NEs) and its free form
(VP). After 24 h, two 96-well plates were put under two different
intensities (1.0 and 3.3 mW cm ™ ?) of near infrared light (NIR)
exposure by using a lamp with a 6 W bulb emitting at 670 nm
(Solux®) for 15 min. The third 96-well plate was used as
a control of no light by placing it next to the lamp, covered with
aluminium paper, for the same time (15 min) outside the
incubator. Then, viability assays were performed.

2.2.10. Statistical analysis. Statistical significance was
assessed using one-way ANOVA followed by Dunnett's or
Tukey's multiple comparisons test for single-factor analyses,
after confirming normality. For two-factor analyses, two-way
ANOVA followed by Sidak's multiple comparisons test was
applied. All statistical analyses were performed using GraphPad
Prism 8. Less than 0.05 for p-values were considered statistically
significant.

3. Results and discussion

3.1. Formulation and characterization of verteporfin-loaded
nanoemulsions

To investigate the influence of NE components on their
performance, we adopted a strategy involving two distinct
formulations. These include verteporfin-loaded oleic acid
nanoemulsions (VP-OA-NEs) and verteporfin-loaded miglyol
nanoemulsions (VP-MG-NEs).

The formulation methodology selected was the oil-in-water
(O/W) method previously reported by our group.* The organic
phase is based on the lipids phosphatidylcholine (PC) and
cholesterol (CH), which are key structural components of cell
membranes. PC is the major phospholipid in eukaryotic
membranes, comprising 40-60% of the lipid bilayer, and plays
a crucial role in maintaining membrane fluidity and integrity.**
Additionally, CH modulates membrane stability and perme-
ability, contributing to the membrane structure.*® Due to their
natural presence in cell membranes, both PC and CH are highly
biocompatible and enhance cellular uptake.*® Oleic acid (OA)
and Miglyol® 812 (MG) were chosen as the core components for
NEs formulations due to their distinct chemical structures and
complementary properties such as biocompatibility, which
make them ideal for encapsulating hydrophobic drugs.*”*®

Verteporfin was selected as the encapsulated drug because it
is FDA-approved for photodynamic therapy (PDT) in age-related
macular degeneration,” simplifying its adaptation for cancer
treatments. Its ability to absorb both visible light (~400 nm)
and near-infrared (NIR) light (650-690 nm) (Fig. 1 and SI1)
allows flexible use: (a) visible light targets surface-level tissues,
(b) NIR penetrates deeper to treat tumors buried under skin or
organs. Interestingly, due to its characteristic dark green, opa-
que color, VP can be easily detected by eye when present at high
concentrations.*

The preparation process of VP-NEs involved dissolving VP at
3 x 107" mg mL™" (as testing concentration) in the organic
phase containing the selected oil. Characterization by DLS of
the formulated NEs revealed that both types exhibited a particle
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size between 120 and 150 nm, a negative surface charge, and
a polydispersity index (PDI) below 0.3. Moreover, around 1.2
and 1.64 x 10'" nanoparticles per mL were produced on the VP-
OA-NEs and VP-MG-NEs samples, respectively (Fig. 3A). The
similarity in size, charge and number of particles between both
formulations proves the reproducibility of the employed
methodology. The particle size measurements obtained by
dynamic light scattering (DLS) (Fig. 3A) revealed larger sizes for
both VP-OA-NEs and VP-MG-NEs compared to those observed in
the transmission electron microscopy (TEM) images (Fig. 3B).
This difference is expected, as DLS measures the hydrodynamic
diameter, which includes the solvation layer around particles,
whereas TEM reflects the actual physical size in the dry state. A
similar trend was observed for the empty OA-NEs and MG-NEs
(SI3), confirming that the discrepancy is inherent to the
measurement techniques rather than the payload. These find-
ings are consistent with previous reports comparing DLS and
TEM measurements in lipid-based nanoparticles.>*

3.1.1. Impact of purification strategy on the isolation of
verteporfin-loaded nanoemulsions. Once VP-NEs were formu-
lated, a purification step was performed to separate free VP
from its encapsulated form. This step is critical to remove the
unencapsulated VP, as this detrimentally impacts the accuracy
of dosing and therapeutic efficacy of the NEs. Three different
purification techniques tested: (A) Amicon®ultra-
centrifugal filters, (B) ultracentrifugation, and (C) syringe filters.

3.1.1.1 Amicon® ultra-centrifugal filters. Amicon® filters
were selected because they are widely used for molecular
weight-based filtration due to their high efficiency. These
devices utilize ultrafiltration to retain larger particles, such as
NEs, while allowing smaller molecules, like free VP, to pass
through. Our previous experience successfully separating
peptide-functionalized NEs from free peptide further supported

were

A) Physico-chemical characteristics

VP-OA-NEs VP-MG-NEs
Parsmeters VP (3 x 10 mg/mL) VP (3x10*mg/mL)
Dynamic Light Scattering (DLS)
Size (nm) 144+2 120+ 6
PDI 0.11£0.08 0.10+0.01
Charge (mV) -28.00 £ 8.55 -28.70 £ 0.96
Nanoparticle Tracking Analysis (NTA)
N® nanoparticles 1" "
(nps/mL) 1.2x10 1.6x10
B) Transmission Electron Microscopy (TEM)
o
* -
e 7
-
- v
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Fig. 3 (A) Physico-chemical characterization of VP-OA-NEs and VP-
MG-NEs. (B) Transmission Electron Microscopy (TEM) analysis of VP-
OA-NEs and VP-MG-NEs.
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the use of this method for separating free VP from encapsulated
VP in our VP-NEs.*” To optimize the separation process, various
centrifugation speeds and durations were tested (SI2). The
separation efficiency was assessed by evaluating the integrity of
the NEs, focusing on their size and PDI to ensure stability and
uniformity after purification.

Our results showed that Amicon® filters were unsuitable for
separating VP-OA-NEs, as significant destabilization occurred
after filtration. Initially, the NEs exhibited a size of approxi-
mately 140 nm with a PDI of 0.1-0.2; however, after filtration,
the size increased dramatically, exceeding 1000 nm, with a PDI
of 1 (SI2).

This destabilization aligns with previous studies showing
that high centrifugal speeds using Amicon® filters can induce
nanoparticle aggregation, compromising stability and physical
characteristics.>® These findings highlight the limitations of
Amicon® filters in applications requiring precise control over
nanoparticle size and stability.>* In our case, the need for high
centrifugal speeds arose from the retention of VP within the
filter membrane, due to its hydrophobic nature and strong
affinity for the filter material. This hindered complete separa-
tion, as also reported in previous studies.> As a result, free VP
was observed floating on the surface upon recovery, further
underscoring the inadequacy of this purifying approach for
hydrophobic molecules like VP.

3.1.1.2 Ultracentrifugation. The methodology is based on the
separation of two phases using differences in density between
free VP and VP-OA-NEs. Various centrifugation times and
speeds were assessed, but 8 hours at the maximum speed of 14
000 rpm was required to achieve two distinct phases: an upper
creamy phase containing the VP-OA-NEs and a clear bottom
phase with VP droplets, which appeared green due to the optical
properties of VP. Applying this methodology, VP-OA-NEs did not
show an increase in size or PDI, indicating that the NEs
remained stable throughout the process (SI2). However, it was
observed that the purification was not entirely successful.
Indeed, after separation, small green droplets, indicative of free
VP, were still visible in the supernatant where the NEs were
suspended. This suggests that while centrifugation helped to
separate the phases partially, the retention of free VP in the
supernatant limited the overall effectiveness of this method for
purifying the VP-OA-NEs.

3.1.1.3 Syringe filters. Syringe filters are used to remove
particles from a liquid sample before analysis or injection. We
used polyethersulfone (PES) syringe filters, which were shown to
be effective in separating free VP from encapsulated VP in OA-
NEs while maintaining sterility. The hydrophilic PES filters
allowed the VP-OA-NEs to pass through while retaining the
hydrophobic free VP. After centrifugation, the NEs retained
their properties, with only a slight decrease in size and an
improvement in PDI. The VP spectrum remained unchanged,
confirming that the encapsulated VP was successfully separated
from the free VP (Fig. 4).

The previously mentioned minor decrease in particle size is
likely due to mechanical stress during filtration, which may
have disaggregated larger NEs. However, the PDI showed no
significant change, indicating that the size distribution
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Fig. 4 At the top, a scheme showing the use of PES filters and the
spectrum of VP-OA-NEs before and after filtration. At the bottom, data
showing the size and PDI of VP-OA-NEs before and after
centrifugation.

remained stable. Additionally, Nanoparticle Tracking Analysis
(NTA) showed minimal variation in particle number after
filtration (SI8), suggesting that the filtration removed larger NEs
without compromising the stability and the integrity of the
formulations.

Based on these results, it is evident that the effectiveness of
the methodology used to separate VP-NEs from free VP is highly
dependent on the nature of the separation technique and the
physicochemical properties of the drug to be encapsulated. Our
findings highlight that for hydrophobic molecules like VP,
purification challenges are primarily driven by the affinity of the
drug for the filter material, rather than the composition of the
oil phase. Since the drug remains unchanged across different
nanoemulsion formulations, we applied the same purification
strategy to VP-MG-NEs.

3.2. Encapsulation efficiency of OA-NEs and MG-NEs and
strategies for improvement

Once the purification methodology for VP-loaded NEs was
selected, the encapsulation efficiency (EE%) was determined
using a theoretical VP concentration of 3 x 10~* mg mL™". The
amount of encapsulated VP was quantified directly by UV-Vis
absorbance measurements, using a previously constructed
calibration curve (Fig. 2, Section 2.2.4). The concentration of VP
encapsulated in the NEs was calculated, giving an average EE%
of 35.59 =+ 5.36% for VP-OA-NEs and 34.16 + 5.20% for VP-MG-
NEs (SI4).

To increase the EE%, we modified: (a) the experimental
procedure by modulating the injection method and (b) the ratio
of the organic phase during the formulation process, as
explained in the following scheme (Scheme 1).

3.2.1 Effect of the injection method on VP encapsulation
efficiency. It is well known that the method used to formulate
lipid nanoparticles has a significant impact on EE%,*® however,
there is limited information available regarding the experi-
mental procedures employed. It is worth noticing that in this
work, initially, during the formulation process, as explained in
paragraph 3.1, the organic phase was injected from above into
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Scheme 1 Schematic representation of the two-step strategy to
increase the encapsulation efficiency of verteporfin in nanoemulsions:
(a) optimization of the injection method, and (b) adjustment of the
organic phase proportion.

the aqueous phase, without contact between the needle and the
aqueous phase. However, when the needle is inserted directly
into the aqueous phase, the EE% was almost doubled from
35.59 up to 68.55 for VP-OA-NEs and 36.16 up to 71.48 for VP-
MG-NE:s (SI5).

The differences observed in the EE% results highlight the
importance of evaluating all parameters involved in developing
a drug delivery system. In this case, the low EE% observed with
the first injection method is not attributed to poor nanoparticle
formation, but rather to inefficient drug encapsulation. This is
likely due to the limited ability of the solvent-lipid interface
(organic phase) to diffuse rapidly into the aqueous phase, which
affects the incorporation of the drug into the forming nano-
particles, despite successful particle assembly.*”*® In contrast,
the rapid and controlled injection, during the second injection,
facilitates better mixing, promoting the formation of smaller
droplets and enhancing the encapsulation of hydrophobic
molecules like VP within the oil core of the nanoemulsion.

3.2.2 Effect of organic phase proportion on VP encapsula-
tion efficiency in nanoemulsions as a function of the oil core.
The second step involved modifying the oil-to-water ratio. The
ratio utilized in the standard formulation was 10% of the
organic phase to 90% of the aqueous phase.*® Here, in a way to
improve the EE% VP into the oil core, six different organic
phase percentages were tested for each type of VP-loaded NEs
(OA-VP-NEs and MG-VP-NEs): 10% (the standard), 12.5%, and
15% (above the standard), and 7.5%, 5%, and 2.5% (below the
standard). The results are presented in Fig. 5.

As shown in Fig. 5, a decrease in EE% was observed when the
organic phase was reduced from 10% to 7.5% for both VP-OA-
NEs and VP-MG-NEs. However, this reduction was not statisti-
cally significant, indicating that encapsulation -efficiency
remained relatively stable within this range. A further decrease
to 5% led to a slight, non-significant increase in EE%. Notably,
when the organic phase was reduced to 2.5%, VP-OA-NEs
exhibited a significant drop in EE% to approximately 18% (p <
0.0001), while VP-MG-NEs remained unaffected. Conversely,
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Fig. 5 Encapsulation efficiency VP as a function of the organic phase
percentage in VP-OA-NEs (grey) and VP-MG-NEs (black). All formu-
lations were prepared with a fixed VP concentration of 0.3 x 107 mg
mL~1. Measurements were done in triplicate. Differences in encap-
sulation efficiency within each formulation at different organic phase
concentrations were assessed using one-way ANOVA. ***p < 0.0005,
****¥p < 0.0001. Differences in VP encapsulation between the two
formulations at each concentration were assessed using two-way
ANOVA. ***p < 0.0005, ****p < 0.0001.

increasing the organic content to 12.5% and 15% did not yield
any significant improvement in VP loading for either formula-
tion. These findings suggest that a 10% oil phase provides an
optimal balance, maintaining high encapsulation efficiency
without the need for further increases in organic content.

Previous studies have also reported 10% as the optimal
proportion of the organic phase to achieve the highest EE% of
hydrophobic drug encapsulation. For instance, Hassanzadeh
and colleagues observed that the EE% of garlic oil decreased
from 92% to 77% as the oil-to-emulsion ratio increased from
10% to 25%. Interestingly, at 5% oil, matching the concentra-
tion tested in our study, the EE% was slightly lower than at 10%,
consistent with our results.” Additionally, it has been reported
that increasing the oil percentage (e.g., flaxseed oil) from 10% to
40% results in emulsions with larger droplet sizes and higher
viscosity, which negatively affects surface oil content.®® Simi-
larly, Mazloom and Farhadyar demonstrated that the encapsu-
lation efficiency declined as the concentration of blueberry
essential oil increased in nanoemulsion formulations.®* There-
fore, the superior encapsulation efficiency of VP observed at
10% oil content in our formulations aligns well with previous
findings reported in the literature.

A remarkably consistent difference between the two formu-
lations was observed at oil phase proportions below 7.5%,
where the graph lines diverge and remain separated across this
range (Fig. 5). This sustained divergence highlights the funda-
mental physicochemical differences between OA, and MG.
These statistical differences (p < 0.0005) play a critical role in the
formulation and behavior of NEs, particularly at lower oil
contents, where maintaining an appropriate balance between
the hydrophobic core and the total formulation volume
becomes essential. The consistent performance gap under-
scores the importance of oil phase composition in determining
EE% and overall NE stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The fluid core morphology of OA facilitates greater molec-
ular mobility of VP (VP, log P = 7.1), promoting drug leakage
when the oil content drops below a critical threshold. Its
unsaturated structure decreased packing density and lower core
rigidity, compromising encapsulation. Additionally, OA-based
systems require higher surfactant concentrations to stabilize
the interface, further diluting the effective drug-loading
capacity and increasing variability in particle size.®>*

In contrast, MG forms more tightly packed, cohesive
hydrophobic cores due to its saturated triglyceride structure.
This leads to improved structural integrity even at oil contents
as low as 5-7%, effectively limiting VP diffusion.®* As a result,
VP-MG-NEs exhibit higher EE%, narrower particle size distri-
bution, and greater resistance to leakage under stress condi-
tions.”” These characteristics make MG-based formulations
particularly advantageous for achieving stable encapsulation
performance when operating under reduced oil content
constraints.

3.3. Assessment of NE loading capacity and its impact on
encapsulation efficiency by increasing theoretical verteporfin
concentration as a function of the oil core

Once the optimal physicochemical parameters for maximizing
EE% were established, the next step was to evaluate the ability
of the NEs to encapsulate higher concentrations of VP. This was
achieved by progressively increasing the VP concentration in
both oleic acid- and miglyol-based formulations. Subsequently,
the actual VP concentration encapsulated and the correspond-
ing EE% were measured for each formulation condition. To
ensure the stability of the obtained formulations during
loading, their physicochemical properties, including particle
size, polydispersity index, and Z-potential, were monitored. The
results summarized in SI6 show no significant differences in
size, polydispersity index, or Z-potential, indicating stable
physicochemical properties regardless of the VP concentration
loaded into OA- and MG-based NEs.

The plotted results show that increasing the theoretical
concentration of VP leads to a corresponding rise in the actual
encapsulated amount for both VP-OA-NEs and VP-MG-NEs
(Fig. 6A). However, VP-OA-NEs exhibit a modest increase in VP

A) B)

[VPJOA-NEs(mg/mL)
— [VPIMG-NEs(mg/mL)

20 VP (EE%)OA-NEs(mg/mL)
— VP (EE%)MG-NEs(mg/mL)
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Fig. 6 (A) Comparison of theoretical vs. real VP concentrations loaded
into OA-NEs (grey) and MG-NEs (black). (B) Encapsulation efficiency
(%) of VP in OA-NEs and MG. Measurements were performed in trip-
licate. Differences in VP encapsulation and EE% within each formula-
tion at different concentrations were assessed using one-way ANOVA.
*p < 0.05. Differences in VP encapsulation and EE% between the two
formulations two-way ANOVA. *p < 0.05.
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loading, from 0.21 x 10> mg mL " to a maximum of 0.36 x
107 mg mL™', even when the theoretical concentration is
raised from 0.3 x 107> mg mL ™" to 1.2 x 10> mg mL " (SI6),
suggesting early saturation. In contrast, VP-MG-NEs show
a more linear and pronounced increase, reaching 0.88 x
107 mg mL ™' at the same theoretical concentration (SI6). A
statistically significant difference in encapsulated VP was
observed between the two formulations at theoretical concen-
trations above 0.7 x 10~ mg mL ™", indicating that MG-based
NEs can accommodate higher drug loads.

Analysis of encapsulation efficiency (EE%) further supports
this observation. In VP-OA-NEs, EE% declines as the theoretical
VP concentration increases, reflecting saturation of the oleic
acid-based system. This likely results from structural
constraints in OA that limit the number of hydrophobic
compartments available to incorporate VP. Conversely, VP-MG-
NEs maintain a relatively stable EE% between 65-80%, even as
VP input increases, enabling greater drug loading. This differ-
ence may be attributed to the oil core properties of MG, such as
lower polarity, greater fluidity, or favorable molecular packing,
which allow more efficient encapsulation.

Importantly, regardless of loading levels, VP retains its
characteristic photophysical properties in both NEs systems
(SI1). Fluorescence spectra display the typical VP emission band
near 700 nm under 425 nm and 652 nm excitation (Fig. 7), with
negligible fluorescence from unloaded NEs. This confirms that
photodynamic potential of VP is preserved upon encapsulation
in both OA- and MG-based NEs.

Several studies have reported significant variations in drug
loading efficiency based on the composition of the oil core in
NEs.* The choice of oil phase is primarily determined by the
solubility of the drug, a key factor influencing encapsulation
efficiency and stability.®” Optimization of the oil core is there-
fore critical for achieving optimal performance in drug delivery
applications. Key parameters affecting drug solubility within
the oil core include degree of saturation, viscosity, hydropho-
bicity, and oxidation resistance.®®*”° In our study, MG, a mixture
of medium-chain triglycerides predominantly composed of
saturated fatty acids such as caprylic acid (C8) and capric acid
(C10), is highly hydrophobic due to its saturated triglyceride
structure, providing excellent stability. In contrast, OA,
a monounsaturated fatty acid with 18 carbon atoms and
a double bond at the 9th position, possesses a free carboxyl
group, introducing some polarity and making it less hydro-
phobic than MG. Our data revealed that the higher hydropho-
bicity and apolarity of MG enhance the EE% of VP in NEs,
leading to increased drug loading capacity and improved
formulation stability. Thus, MG is a more suitable choice for
NEs requiring enhanced drug loading and stability.

3.4. Study of the stability of VP-loaded OA and MG-NEs
under different conditions

Once the VP-loaded NEs were formulated, the stability of both
VP and the NEs (loaded with VP), under different storage
conditions, was assessed. To evaluate VP stability, changes in its
spectrum were monitored at three different theoretical
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Fig. 7 Photoluminescence spectra of (A) VP-OA-NEs and (B) VP-MG-
NEs with increasing VP nominal concentrations at 3 x 107, 4 x 1074,
and 6 x 10~* mg mL™? (solid lines from the darkest to the lightest blue
(OA) and red (MG) colors, respectively) in EtoH under 425 nm and
652 nm (insets) excitation is presented. All the spectra are normalized
to their maxima.

concentrations (C,) (3, 4, and 5 x 10™* mg mL ') and three
different conditions: (1) room temperature under normal light
conditions, (2) room temperature in darkness, (3) refrigerated at
—4 °C. Additionally, the physicochemical properties of the
VP-OA-NEs and VP-MG-NEs, including size, zeta potential, and
polydispersity index (PDI), were measured SI7. Comparative
graphics showing changes in the VP spectra over time under
various storage conditions (C 4 x 10~* mg mL ') are shown
in Fig. 8, while data for C;: 3and 5 x 10~ mg mL ™" are provided
in SI7.

The spectra obtained from VP-loaded OA-NEs show degra-
dation of the drug after three weeks (z,) under all tested
conditions. In contrast, the VP spectra from MG-NEs main-
tained their absorbance signal, except under condition 1 (light
and room temperature), where complete degradation also
occurred. These results highlight the crucial role of the oil
phase in protecting VP from degradation, as well as the signif-
icant impact of light exposure in accelerating VP degradation
over time. Additionally, storage temperature influenced
stability, with VP-NEs stored at 4 °C (assumed to be in the dark)
showing less degradation compared to those stored at room
temperature. Physicochemical characterization over time
revealed only minor differences between each formulation.
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Fig. 8 The graphs display the degradation of the VP absorption
spectra for OA-VP-NEs (A) and MG-VP-NEs (B) (4 x 107* mg mL™Y
under three different conditions: (1) light and room temperature, (2) no
light and room temperature, and (3) fridge (—4 °C), each measurement
was taken at three different times (to; 1 day after preparation, grey), t; (1
week after preparation, red) and t, (3 weeks after preparation, blue).

Notably, both maintained stable PDI and zeta potential values
throughout the study, indicating consistent surface charge and
particle distribution. However, VP-OA-NEs exhibited a slight
increase in particle size over time, particularly at room
temperature with light exposure, suggesting some structural
instability. In contrast, VP-MG-NEs maintained a consistent
particle size, indicating better structural integrity.

The observed increase in particle size for VP-OA-NEs may be
attributed to VP degradation under these storage conditions
(Fig. 9A and B), which likely destabilizes the NE formulation by
altering its chemical structure. Moreover, as previously noted,
the presence of a double bond in oleic acid renders it more
susceptible to oxidation, further compromising the stability of
the NEs. Based on these findings, VP-NEs formulated with a MG
core are likely to exhibit greater stability due to their reduced
susceptibility to oxidation.

3.5. Qualitative and quantitative analysis of VP-NEs uptake
in ovarian cancer cells

The potential internalization of VP-OA-NEs and VP-MG-NEs in
SKOV-3 cells was assessed using fluorescence microscopy and
flow cytometry.

3.5.1. Qualitative analysis of NEs uptake by fluorescence
microscopy. From the fluorescent images shown in Fig. 10,
successful internalization of OA-NEs, VP-OA-NEs, MG, and VP-
MG-NEs into SKOV-3 cells can be observed. The intracellular

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Changes in particle size of VP-loaded NEs over a 3-week
period: (A) VP-OA-NEs and (B) VP-MG-NEs.
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Fig. 10 Fluorescent images of SKOV3 cells treated with NEs and VP-
NEs. On the left, cells were incubated with NEs, whereas on the right,
they were incubated with VP-NEs (0.18 x 107 mg mL™ in VP-OA-
NEs and 1.2 x 10~* mg mL™* in VP-MG-NEs). NEs are visualized in
green while cell nuclei in blue.

fluorescence signal is predominantly localized in the cytoplasm,
indicating efficient cellular uptake and reinforcing the potential
of these NEs as effective delivery systems for VP. Notably, the
MG-based formulations display a more intense fluorescence
signal than the OA-based counterparts. This is likely due to both
a higher internalization efficiency (3.5.2) and the use of a higher
concentration of MG-NEs in the experiment. The lower intrinsic
toxicity of MG formulations (3.6) allowed us to apply a greater
amount of NEs without compromising cell viability, thereby
enabling clearer visualization under fluorescence microscopy.

3.5.2 Qualitative analysis of nanoemulsion uptake by flow
cytometry. The internalization of VP-OA-NEs and VP-MG-NEs in
SKOV-3 cells was assessed by using flow cytometry. After incu-
bation with the VP-NEs, cells were harvested and analyzed to
quantify fluorescence intensity, which reflects the extent of NEs
uptake.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 On the right, FITC fluorescence histograms showing the
uptake of VP-OA-NEs (red) and VP-MG-NEs (green) in SKOV-3 cells
compared to untreated control cells (blue). A clear fluorescence shift
confirms the higher cellular internalization of VP-MG-NEs compared
to VP-OA-NEs. On the left, quantification of FITC mean fluorescence
intensity (MFI) in SKOV-3 cells treated with VP-OA-NEs or VP-MG-NEs
nanoemulsions were labelled with TopFluor® PC, allowing detection
via FITC-A channel.

Flow cytometry analysis confirmed the internalization of
both VP-loaded-NEs by SKOV-3 ovarian cancer cells. However,
a noticeable rightward shift in the FITC fluorescence peak,
along with increased mean fluorescence intensity (MFI), was
observed in cells treated with VP-MG-NEs compared to VP-OA-
NEs (Fig. 11). The use of TopFluor® PC as a membrane-
inserted fluorescent tracer allowed us to track the surface-
associated NEs, reinforcing that the observed signal shift
corresponds to actual uptake and not just surface binding.

This indicates a significantly higher cellular uptake of VP-
MG-NEs. The enhanced internalization is likely influenced by
the physicochemical properties of the oil core: Miglyol 812,
produces NEs with lower viscosity, more compact droplet size,
and greater colloidal stability, which are favorable characteris-
tics for efficient endocytosis by cancer cells.” In contrast, oleic
acid, due its long-chain unsaturated fatty acid, may affect
membrane, particle interactions differently due to its confor-
mational flexibility and surface activity.

These findings are consistent with prior studies showing that
nanocarrier uptake can be modulated by lipid composition,
surface fluidity, and particle elasticity, which together influence
membrane wrapping and internalization dynamics.”> This
highlights the critical importance of formulation parameters,
such as oil phase selection, in optimizing nanomedicine design
to enhance drug delivery and improve the therapeutic index. By
promoting higher cellular uptake, increased intracellular
accumulation of VP can significantly influence therapeutic
outcomes, as photodynamic efficacy strongly depends on both
intracellular drug availability and its subcellular localization.

3.6. Comparative cytotoxicity of OA and MG based NEs and
their verteporfin-loaded versions in ovarian cancer cells

The initial step involved evaluating the intrinsic cytotoxicity of
the NEs in the absence of VP. To this end, increasing concen-
trations of OA-NEs and MG-NEs, relative to the number of
nanoparticles per milliliter (SI8), were added to SKOV-3 cells,
and cell viability was assessed. As shown in Fig. 12, OA-NEs
induced notable toxicity at 6.1 x 10° particles per mL, while
MG-NEs were well tolerated even at concentrations as high as
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Fig. 12 Cell viability of SKOV-3 ovarian cancer cells following treat-
ment with increasing concentrations of (OA-NEs, left) and (MG-NEs,
right). Viability is expressed relative to untreated control cells (set at
100%). Data are presented as a function of no. particle (n = 3).
Statistical significance was assessed using two-way ANOVA followed
by Dunnett's post hoc test. **p < 0.005; ***p < 0.0001.

441 x 10° particles per mL. This observation aligns with
previous studies showing that unsaturated fatty acids such as
OA can disrupt membrane integrity, induce lipid peroxidation,
and activate stress pathways in cancer cells by modulating
membrane fluidity and promoting oxidative stress.”*”> Mecha-
nistically, the monounsaturated structure of OA may facilitate
stronger interactions with cellular membranes and potentially
alter lipid raft composition, sensitizing cells to damage even in
the absence of an active drug. In contrast, MG-based NEs
exhibited significantly lower cytotoxicity, which can be attrib-
uted to the saturated, chemically inert nature of Miglyol® 812,
a medium-chain triglyceride recognized for its biocompatibility
and minimal interaction with cellular membranes.””” Con-
trasting OA, MG lacks unsaturation and therefore does not
disturb membrane fluidity or induce oxidative stress, resulting
in a more inert carrier that preserves cellular viability at higher
concentrations. This enhanced stability and reduced biological
activity make MG a favorable oil phase for formulations where
minimal carrier-associated cytotoxicity is desired.

To evaluate the cytotoxic potential of the complete formu-
lations, VP-OA-NEs and VP-MG-NEs were tested in SKOV-3 cell
line, using empty OA-NEs and MG-NEs as controls. Free VP di-
splayed an ICs, of 0.25 x 10 * mg mL ™", while VP-OA-NEs
exhibited a lower IC5, of 0.2 x 10~* mg mL ™, suggesting that
encapsulation in OA-based nanoemulsions lightly enhances the
cytotoxic effect of VP. This enhancement may be attributed to
the bioactive nature of OA, as previously observed in our control
experiments, where OA-NEs showed higher intrinsic cytotoxicity
than MG-NEs. In agreement with this low cytotoxicity of MG-
NEs, data showed how VP-MG-NEs exhibited minimal cytotox-
icity across all tested concentrations (Fig. 13), with only a slight
reduction in viability at the highest dose (1.25 x 10™* mg
mL ™). This low pre-activation toxicity proves again, the limited
interaction of Miglyol® 812 with biological membranes. These
results also suggest that MG-based formulations offer a protec-
tive carrier environment for VP, preventing off-target effects
prior the activation of the VP with the specific light.

Additionally, in SKOV-3 cells, VP-OA-NEs triggered a sharp
loss of viability between 0.18 and 0.2 x 10 % mg mL ",
comparable to the Triton X-100 control, indicating a narrow
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Fig. 13 Cell viability of SKOV-3 cells following treatment with
increasing concentrations of VP-loaded nanoemulsions: VP-OA-NEs
and VP-MG-NEs. Corresponding blank nanoemulsions (OA-NEs and
MG-NEs) were included as controls and administered at volumes
equivalent to those used to achieve the highest VP concentration.
Viability is expressed relative to untreated control cells (set at 100%).
Differences between free VP and VP-loaded nanoemulsions were
analyzed using two-way ANOVA. **p < 0.005; ***p < 0.0005; ***p <
0.0001. Data represent mean + SD (n = 3).

therapeutic window. These findings underscore the importance
of evaluating each nanoemulsion component individually,
particularly the oil core, as it significantly influences both
formulation stability and biological activity. The marked
differences between VP-MG-NEs and the other groups (free VP
and VP-OA-NEs) highlight the critical role of the oil phase in
modulating cytotoxicity and guiding therapeutic applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Previous studies have shown that oleic acid-based formula-
tions, including ozonized nanoemulsions (OZNEs), can exert
anticancer effects through oxidative stress and membrane
destabilization mechanisms.” OA has also been linked to
enhanced endocytosis, pro-apoptotic signaling, and modula-
tion of intracellular trafficking.” Importantly, OA-based nano-
carriers have shown efficacy even in non-photoactivated
contexts: enzyme-responsive OA nanocapsules have enabled
efficient intracellular payload release, and Pt(i1)-loaded OA-NEs
achieved effective tumor targeting and therapeutic benefit in
vivo.®® These data support the use of OA-containing nano-
emulsions in light-independent anticancer strategies where
baseline cytotoxicity is advantageous.

In contrast, VP-MG-NEs demonstrated negligible cytotoxicity
in the absence of light, consistent with the established
biocompatibility of Miglyol® 812-based systems.**** This low
background toxicity is particularly favorable for photodynamic
therapy, which relies on light-triggered activation to ensure
therapeutic selectivity. MG-NEs have previously been used in
biomedical applications such as site-specific drug delivery and
diagnostic imaging, valued for their excellent tolerability and
stability in biological environments.** However, to our knowl-
edge, no prior studies have emphasized their potential to shield
cells from premature drug-induced cytotoxicity. Our findings
suggest that MG may not only serve as a safe carrier but also
facilitate a more controlled activation of VP, enhancing the
precision and safety profile of PDT.

Altogether, these results reveal a strategic divergence in
therapeutic use: VP-OA-NEs may be more suitable for light-
independent or combinatorial therapies requiring inherent
cytotoxicity, whereas VP-MG-NEs represent a promising plat-
form for PDT where safety and spatial control are paramount.
This emphasizes the importance of tailoring NEs composition
to specific clinical goals, whether enhancing potency through
carrier bioactivity or enabling selective, light-guided drug
activation.

3.7. Photodynamic activity of free VP and VP-loaded NEs

To assess the light-dependent cytotoxicity of our formulations,
SKOV3 cells were treated with free VP, VP-OA-NEs, and VP-MG-
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Fig. 14 Cell viability of SKOV-3 cells after light irradiation using two
different intensities at increased concentrations of free VP, and VP
loaded into NEs: VP-OA-NEs and VP-MG-NEs. Viability is expressed
relative to untreated control cells (set at 100%). Differences between
free VP and VP-loaded NEs were analyzed using two-way ANOVA. **p <
0.005; ***p < 0.0005; ***p < 0.0001. Data represent mean + SD (n = 3).
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NEs. Later, they were exposed to two different irradiation
intensities (1.0 and 3.3 mW cm ™ ?).

Analysis of the phototoxicity data demonstrated
a pronounced dose- and light-intensity dependence; cell
viability declined progressively with increasing VP concentra-
tions (0.08-0.14 x 10~* mg mL ') and higher irradiation
intensities (Fig. 14). Importantly, a statistically significant
difference was observed on the photodynamic therapy effect
between VP-OA-NEs and free VP, while VP-MG-NEs and free VP
showed similar performance (ICs5, = 0.14 x 10~* mg mL™")
despite their negligible dark toxicity (see paragraph 3.5).

These results underscore the ability of MG-based NEs to
protect cells from premature cytotoxicity while preserving
photodynamic function, a property that aligns with previous
reports demonstrating that VP-loaded lipid nanoparticles
improve in vivo tumor targeting and reduce systemic side effects
in ovarian cancer models. In the same study, the formulation
effectively shielded healthy tissue from damage prior to light
activation, thereby enhancing the therapeutic index, a principle
directly supported by our VP-MG-NE data.**

Conversely, the reduced efficacy of VP-OA-NEs under light
activation may reflect limited intracellular release or quenching
effects stemming from OA interactions, or lower cellular uptake
(Fig. 11), as seen in other formulations where carrier composi-
tion affects therapeutic performance.**®

Taken together, our findings place VP-MG-NEs as promising
platforms for photodynamic therapy in ovarian cancer: their
excellent safety before light exposure, paired with retained
phototoxic potency upon activation, supports optimal spatial
and temporal control typical of PDT applications.

4. Conclusions

This study demonstrates the significant impact of oil phase
selection on the formulation, cellular behavior, and therapeutic
potential of verteporfin-loaded nanoemulsions. By comparing
oleic acid and miglyol as oil cores, we found that VP-MG-NEs
exhibited superior encapsulation efficiency, higher drug-
loading capacity, improved stability, and greater uptake by
SKOV-3 ovarian cancer cells.

Importantly, VP-MG-NEs allowed for the delivery of higher
VP concentrations before inducing cytotoxic effects, suggesting
that the MG-based formulation mitigates the intrinsic toxicity of
the drug. In contrast, VP-OA-NEs induced cytotoxicity compa-
rable to that of free VP at similar concentrations, even before
light activation.

Photodynamic therapy experiments further confirmed that
the therapeutic response was both dose- and light-dependent.
VP-MG-NEs demonstrated significantly enhanced PDT efficacy
compared to VP-OA-NEs, likely due to their higher intracellular
accumulation and improved delivery profile under controlled
photoactivation.

Altogether, these findings underscore that oil core compo-
sition is a critical parameter in the design of NE-based drug
delivery systems. This work provides valuable insights for the
rational development of safe and effective nanocarriers and
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highlights the strong potential of VP-MG-NEs as a promising
platform for photodynamic cancer therapy.
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