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Photodynamic therapy (PDT) is a non-invasive procedure used in cancer treatment that requires the
interplay of a photosensitizer (PS), a light source, and molecular oxygen. When the cell internalizes the PS,
light irradiation will trigger the production of reactive oxygen species (ROS), which induces cancer cell
death. Currently, efforts are being made to improve the properties of different PSs, namely their light
absorption parameters, pharmacokinetics, and tumor accumulation. Verteporfin (VP) is a protoporphyrin
derivative that is under clinical trials for the management of several types of cancer. Despite being
approved as a PS in other pathologies, such as age-related macular degeneration, issues related to VP's
poor water solubility and tumor accumulation may compromise its efficacy and clinical application. In this
work, solid lipid nanoparticles (SLNs) were proposed as suitable nanocarriers of VP. Nanoparticles were
produced using a low-cost method and presented high encapsulation efficiency (EE%) and adequate
physiochemical properties for efficient delivery into the tumor benefiting from the enhanced permeability
and retention (EPR) effect. In addition, SLNs were non-hemolytic and exhibited negligible toxicity under
dark conditions in both normal (L929) and cancer (MCF-7) cells. After light irradiation with a LED light
source at 690 nm, 6.7 mW cm~2 for 5 min, a dose-dependent anti-cancer activity was achieved. These
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DOI: 10.1039/d3ma00797a results were corroborated by an enhancement in the production of ROS and a higher degree of apoptosis.

Overall, the presented study demonstrated that SLNs are promising candidates to improve the water
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1. Introduction

Cancer is the major cause of death globally, with 19.3 million
new cases and 10 million cancer-related deaths reported in
2020." The limitations and drawbacks of conventional cancer
therapies, such as low tumor accumulation and systemic
toxicity, highlight the demand for alternative treatment mod-
alities. Photodynamic therapy (PDT) is a minimally invasive
therapeutic strategy that requires the combined effects of a
photosensitizer (PS), a light source, and oxygen.” They induce
several photophysical and photochemical reactions, leading to
the production of reactive oxygen species (ROS), which will
ultimately cause cancer cell death.> Different mechanisms
elicited by PDT can contribute to tumor destruction, including
a direct effect on cancer cells, which may undergo apoptosis or
necrosis, damage to the tumor vasculature, and the stimulation
of the immune system.’ The mode and degree of cancer cell
death are influenced by the physicochemical properties,
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solubility of VP while maintaining its high therapeutic effect.

concentration, and location of the PS, as well as the oxygen
concentration and the intensity and wavelength of the radiation
source used.>* Currently, efforts are being made to design PS
with enhanced characteristics, in an attempt to make PDT a well-
established clinical modality. Ongoing research is focused on
developing PS with longer wavelength light absorption, enhanced
water solubility, higher tumor accumulation, and improved
efficacy.”® Verteporfin (VP), also known as benzoporphyrin deri-
vative monoacid ring 4, is a lipophilic protoporphyrin derivative,
undergoing clinical trials as a therapeutic strategy for different
cancer types.” Despite its success in the treatment of diseases
such as age-related macular degeneration, VP’s clinical applica-
tion is hindered by its low solubility in aqueous solvents and
limited tumor selectivity.” In this context, nanotechnology can be
a valuable strategy to improve the outcomes of PDT in cancer
therapy.®™** The use of nanoparticles as drug carriers was found
to increase the tumor selectivity, water solubility, stability, and
biopharmaceutical performances of different PSs.**'® Lipid
nanoparticles exhibit several characteristics that make them
excellent choices as nanocarriers for PDT applications, namely,
their suitability to encapsulate hydrophobic drugs, high stability
and tolerability, low-cost manufacture, and easy scale-up.

The present work proposes the development of a VP nano-
carrier based on solid lipid nanoparticles (SLN) aiming to
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improve its water solubility, enhance tumor retention and
reduce non-specific systemic distribution, possibly leading to
the reduction of drug doses while achieving a similar thera-
peutic outcome. To the best of our knowledge, only one study
has reported the use of lipid nanoparticles, specifically nanos-
tructured lipid carriers, for the entrapment of VP for PDT of
cancer. In the current study, the production of a simpler type of
lipid nanoparticles, SLN, was proposed for the delivery of VP
and the subsequent PDT was conducted using an economic
LED light source, instead of a laser source. Additionally, the
mechanism of action of the nanoformulation was thoroughly
evaluated. SLNs were produced by a simple, low cost and
organic-solvent-free process. A detailed physicochemical char-
acterization and stability study was then conducted followed by
the assessment of the hemocompatibility and cytotoxicity in the
absence of light of the nanoformulation in a reference cell line
(L929) and in the cancer cell line MCF-7, as a proof of concept.
After establishing the most suitable light irradiation condi-
tions, the PDT efficacy of the nanosystem was evaluated in
MCF-7 cells using a LED light source at 690 nm. The efficiency
of the PDT strategy was evaluated by measuring cell viability,
quantifying the production of ROS, and determining the induc-
tion of apoptosis under light and dark conditions.

2. Materials and methods

2.1. Materials

Dimethyl sulfoxide (DMSO), Dulbecco’s phosphate buffered saline
(PBS) 10x, formalin solution neutral buffered 10%, resazurin
sodium salt, sodium chloride, Triton X-100, trypan blue, Tween®™
80, verteporfin (VP), and 2’,7'-dichlorofluorescein diacetate (DCF-
DA) were acquired from Sigma-Aldrich® (St Louis, MO, USA).
Cetyl palmitate was provided by Gatefossé (Nanterre, France).
Dulbecco’s modified Eagle’s medium (DMEM), heat inactivated
fetal bovine serum (FBS), penicillin-streptomycin and trypsin-
EDTA (0.25%) were acquired from Gibco® by Life Technologies™
(UK). Hoechst 33342%® was purchased from Invitrogen (Thermo
Fisher Scientific, MA, USA). FITC annexin V Apoptosis Detection
Kit with 7-AAD was obtained from Biolegend® (California, USA).
MCF-7 (passages 77-90) was purchased from ATCC (Middlesex,
UK). L929 cells (passages 18-24) were acquired from Cell Lines
Service (CLS, Eppelheim, Germany). LS-LED light source with a
690 nm LED slide was purchased from Sarspec (Porto, Portugal).

2.2. Production of verteporfin-loaded solid lipid nanoparticles

SLN were produced by the hot ultra-sonication method, as
reported earlier.'® Briefly, the lipid phase comprising 210 mg
of cetyl palmitate, 70 mg of Tween® 80, and 5 mg of VP was
placed in a water bath at 70 °C. After lipid melting and VP
solubilization, pre-heated ultra-pure water (4.4 mL) was added
to the lipid melt and subsequently sonicated for 5 min at 70%
using a VCX130, Sonics, and a Material Vibra-Cell™ sonicator
with a CV-18 probe (USA). The nanoemulsion was then cooled,
protected from light with aluminium foil, and stored at 4 °C
until further use.
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2.3. Size, polydispersity index, and { potential determination

Particle size, polydispersity index (PdI), and { potential were
measured by dynamic light scattering and electrophoretic light
scattering using a ZetaPALS analyzer (Brookhaven Instruments
Corporation, NY, USA). Samples were diluted in ultra-pure water at
a ratio of 1:400. For each measurement, three runs of 2 min each
were completed. Data were obtained by measuring the average of
three independent nanoformulations. Particle size was also mea-
sured by nanoparticle tracking analysis (NTA, NanoSight NS300,
Malvern Instruments, Worcestershire, UK). Samples were diluted
in double-deionized water (1:10000) and injected into the system
at an infusion rate of 50 at room temperature. Data were obtained
based on 5 independent 20 s videos captured with a CMOS camera
and analysed using the NTA 3.4 software.

2.4. Encapsulation efficiency and loading capacity assessment

The determination of the VP encapsulation efficiency (EE%)
and loading capacity (LC%) was performed by UV-vis spectro-
scopy. Nanoformulations were diluted in ultra-pure water and
placed in centrifugal filter units (Amicon®, 50 kDa, Merck
Millipore, Darmstadt, Germany) and subsequently centrifuged
at 3900 rpm (Multifuge X1R, Thermo Fisher Scientific, USA).
The supernatant was then recovered and the absorbance of free
VP present in the aqueous phase was determined at 690 nm in a
Jasco V-660 spectrophotometer (Jasco Corporation, USA).

The EE% of VP was determined according to the following
equation:

_ Totalamount of VP — Amount of non-encapsulated VP

EE Total amount of VP

(1)

The LC% of VP was calculated as the ratio between the mass
of encapsulated VP and the total mass of lipid used in the
nanoformulation, as follows:

_ Totalamount of VP — Amount of non-encapsulated VP

L
c Total amount of lipid

(2)

2.5. Absorption and fluorescence measurements

Absorption spectroscopy measurements were performed using
a Jasco V-660 spectrophotometer (Jasco Corporation, USA).
The fluorescence spectra were recorded in a Jasco FP-6500
spectrofluorometer (Easton, MD, USA). Measurements were
performed in double-deionized water for the nanoformulation
and methanol for the free drug.

2.6. Stability studies

To study the stability of the nanoformulation, periodic assess-
ments of the particle size, PdI, { potential, and EE% were
performed over 12 weeks. During the period of the study,
nanoparticles were stored at 4 °C. The colloidal stability of
the nanoparticles was also evaluated after incubation in several
biologically relevant media, namely PBS, PBS with 1% FBS and
PBS with 10% FBS at 37 °C over 24 h.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.7. Invitro drug release

The release of VP was determined in PBS buffer pH 7.4 (with 5%
v/v Tween 80 to guarantee sink conditions) using the dialysis
assay. Briefly, free VP and SLN VP were placed in a cellulose
dialysis membrane (MWCO 12-14 kDA, Spectrum Labs, CA,
USA) and immersed in 70 mL of PBS pre-heated at 37 °C under
constant stirring. At specific time intervals, aliquots of 1 mL
were withdrawn and an equal volume of PBS was added to the
external media. The release content of VP was measured by UV-
vis spectroscopy as described previously.

2.8. Hemolysis assay

To perform this assay, human blood samples from three distinct
donors were provided by Servico de Hematologia from Centro
Hospitalar Universitario do Porto. Before use, blood samples were
stored in EDTA-containing tubes. Red blood cells (RBCs) were
isolated from the plasma fraction by centrifugation at 955 x g for
5 min at 4 °C. After that, RBCs were washed three times with
physiological sterile saline solution (0.85% w/v) and diluted in the
same solution, to obtain a concentration of 4% (v/v).

The nanoformulations with final concentrations ranging
from 2 to 32 pM VP were prepared and incubated with the
RBCs at 37 °C for 1 h. A solution of Triton X-100 (1% v/v) and
saline solution was chosen as positive and negative controls,
respectively. After the incubation period, the amount of released
haemoglobin in the supernatant was measured at 540 nm using
a microplate reader (Biotek Instruments, Winooski, VT, USA).

The percentage of hemolysis was determined according to
the following equation:

A ample) — A ati 1
Hemolysis % — bs (sample) bs (negative control)

Abs (positive control) — Abs (negative control)

x 100
(3)

2.9. Cell viability assay

Cellular viability following incubation with free VP and SLN VP
was measured using the resazurin assay. First, cells (L929 and
MCF-7) were seeded onto 96-well tissue culture plates (Falcon®,
Becton Dickson; England) at a density of 1 x 10 cells per well
and incubated for 24 h at 37 °C, 5% CO,. Free VP and SLN VP
were then diluted in DMEM and incubated with the cells. The
positive control consisted of cells treated only with DMEM.
After 24 h of incubation, a solution of resazurin (10% v/v in
DMEM to obtain a working concentration of 0.01 mg mL ") was
added to each well. After 2 h of incubation in the dark, the
supernatant was transferred to a black-well clear bottom 96-
well plate and the fluorescence of the resultant resorufin was
measured using a microplate reader (Biotek Instruments,
Winooski, VT, USA) (Aex = 560 nm; Ay, = 590 nm).

For the light-irradiation experiments, MCF-7 cells were
seeded in 96 well plates and grown for 24 h. After that, free
VP and SLN VP were incubated with the cells for 3 h followed by
irradiation with an LS-LED LED light source (an LED slide of
690 nm) coupled to a Vis/NIR optical fiber (50 cm, 600 pm core

© 2024 The Author(s). Published by the Royal Society of Chemistry
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diameter, Sarspec, Porto, Portugal) at 6.7 mW c¢cm™> for 5 min.
The resazurin assay was conducted on the following day, as
described before.

2.10. Cellular uptake

The internalization of free VP and SLN VP into MCF-7 cells was
evaluated using confocal laser scanning microscopy. MCF-7
cells were seeded (1 x 10* cells per well) in 8 well-p-slides
(Ibitreat, Ibidi GmbH, Munich, Germany). After 24 h of incuba-
tion, free VP and SLN VP (0.125 uM of VP) were added and
incubated for 3 h at 37 °C. After rinsing with PBS three times,
the cells were fixed with formalin solution for 30 min and
stained with Hoechst (8 uM in buffer) for 10 min. Images of
cellular uptake were acquired on a Leica Stellaris 8 confocal
microscope (Leica Microsystems, Wetzlar, Germany) using a
Jex/hem Of 405/420-480 nm (Hoechst 33342™) and Jex//em Of
650/680-700 nm (VP). Images were acquired with a resolution
of 1024 x 1024 using a 63x/1.4 oil immersion objective.
Confocal microscopy assays were carried out at the imaging
by Confocal and Fluorescence Lifetime Laboratory at Centro de
Materiais da Universidade do Porto (CEMUP), Portugal.
Cellular uptake was also studied by flow cytometry. Briefly,
MCEF-7 cells were seeded in 24-well plates (2 x 10° cells per well)
and grown for 24 h. After that, free VP and SLN VP (0.125 puM of
VP) were added to the cells and incubated for 30 min, 1 h, 2 h
and 3 h. The cells were then detached, centrifuged and resus-
pended in PBS with 0.004% trypan blue and analyzed in a BD
Accuri™ Cé6 flow cytometer (BD Biosciences, Erembodegem, Bel-
gium) to quantify the fluorescence of VP. Data analysis was
conducted using the BD Accuri™ C6 software. The kinetics of
cellular uptake was fitted to the Michaelis-Menten equation using
Graphpad (GraphPad Prism 6 Software Inc., v.10, CA, USA).

2.11. Reactive oxygen species quantification

The production of ROS in MCF-7 cells under dark and light
conditions was quantified by flow cytometry using the DCF-DA
probe. Briefly, MCF-7 cells were seeded into 96-well plates (3 x
10" cells per well) and cultured for 24 h. Subsequently, free VP
and SLN VP (at 0.125 uM of VP) were incubated with the cells.
For the light irradiation experiments, after 3 h, cells were
illuminated with a LS-LED LED light source (LED slide of
690 nm) at 6.7 mW cm™ > for 5 min. After that, the medium
was removed and DCF-DA (10 uM in PBS) was added to the cells
and incubated for 30 min at 37 °C in the dark. The cells were
then washed twice with PBS, detached and centrifuged for 5
min at 300 x g, and resuspended in PBS. Trypan blue (0.004%)
and PI (0.01 mg mL ") were added to quench the signal from
extracellular-bound DCF and stain dead cells, respectively. A BD
Accuri™ C6 flow cytometer (BD Biosciences, Erembodegem,
Belgium) was used to measure the fluorescence of DCF. A
minimum of 10000 events were collected for each sample.
Data were examined using the BD Accuri™ C6 software.

2.12. Apoptosis assay

The determination of apoptosis elicited after PDT was per-
formed using an FITC annexin V Apoptosis detection kit

Mater. Adv,, 2024, 5, 137-1146 | 1139
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according to the manufacturer’s instructions. MCF-7 cells were
seeded into 96-well plates (3 x 10" cells per well) and cultured
for 24 h. The cells were then incubated with free VP and SLN VP
at an equivalent concentration of 0.250 uM VP. For the light-
irradiation experiments, after incubation with the nanoformula-
tions for 3 h, the cells were illuminated with a LS-LED LED light
source (LED slide of 690 nm) at 6.7 mW cm ™~ for 5 min. After
24 h, the cells were detached, and centrifuged for 5 min at
300 x g. After washing, the cells were maintained in the annexin
V binding buffer, and stained with FITC annexin V and 7-AAD.
Apoptosis was measured using flow cytometry, with at least
10000 events collected for each sample. Data were examined
using the BD Accuri™ C6 software (BD Biosciences, Belgium).

2.13. Statistical analysis

Statistical analysis was carried out using GraphPad Prismé6
software (GraphPad Software Inc., San Diego, CA, USA). Data
were analyzed using two-way analysis of variance (ANOVA) with
a p-value <0.05 considered statistically significant. Data are
expressed as mean =+ SD of at least three independent assays.

3. Results

3.1. Physicochemical characterization

The main physicochemical characteristics of the produced nano-
particles, namely size, Pdl, { potential, EE%, and LC% were
determined and are presented in Table 1. SLN exhibited a particle
size of 193 nm, which is within the optimal size range for blood
circulation and subsequent tumor retention, with a lower prob-
ability of renal excretion and recognition by the reticuloendothelial
system.">'® The PdI of 0.16 (<0.2) indicates the presence of a
homogeneous nanoparticle population.'” Additionally, SLN pre-
sented a negative { potential of —28 and a high drug EE% of 98%,
corresponding to an LC% of 2.34. Particle size and size distribu-
tion were also evaluated by NTA (Fig. S1, ESIt). A mean particle size
of 161 nm was obtained, which is slightly lower than the DLS
determinations, due to the higher bias of the latter technique
towards the presence of bigger sized-particles.'* Overall the proper-
ties of the SLN suggest that they are suitable nanocarriers of VP
and adequate for intravenous administration and passive tumor
targeting. The photophysical properties of the nanoformulation
and free drug, namely the absorption and fluorescence spectra
were also studied (Fig. S2, ESIf). Nanoparticles presented an
absorption peak at 690 nm and exhibited a fluorescence emission
band in the 680-700 nm region, similar to free VP.

3.2. Storage and colloidal stability

To ensure that the main properties of the SLN were not signifi-
cantly altered during storage at 4 °C, periodic determinations of

Table 1 Physicochemical characterization of SLN VP: size, Pdl, ¢
potential, EE%, and LC%. Values expressed as mean + SD (n = 3)

Size (nm)  PdI { potential (mV)  EE (%) LC (%)
193 + 8 0.16 + 0.02 —28+7 98 £ 3 2.34 + 0.06
140 | Mater. Adv, 2024, 5, 1137-1146
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the particle size, PdI, { potential and EE% were performed over
time. The data presented in Fig. 1 demonstrate that during 12
weeks, the main properties of the nanoparticles remained
unchanged, suggesting the absence of particle aggregation and
drug leakage during storage, which indicates that the nanofor-
mulation was stable during this period.

The colloidal stability of the nanoformulations was also
assessed by measuring the particle size and size distribution
after incubation at 37 °C with PBS, PBS with 1% FBS and PBS
with 10% FBS for 1 h and 24 h. The data presented in Fig. S3
(ESIT) show that there were no differences in the particle size
and PdI after 24 h, supporting that the nanoparticles were
stable in biological-relevant media.

3.3. Hemolytic potential

To further evaluate the potential of the produced nanoformula-
tion for intravenous administration, a hemolysis assay was
conducted. To do so, different concentrations of free VP and
SLN VP were prepared and incubated with human RBCs at
37 °C for 1 h. As shown in Fig. 2, only negligible levels of
hemolysis were measured (less than 0.1%) for all the concen-
trations tested, suggesting that neither free VP nor the SLN VP
interacted with the RBC membrane. The presented data high-
light that the nanoformulation is non-hemolytic and safe for
intravenous administration according to ISO/TR 7406.

3.4. Cytocompatibility

An ideal PS should have low dark toxicity, i.e., induce limited
cytotoxicity in the absence of light.” Following the determina-
tion of the absence of RBC toxicity, the cytotoxicity of SLN VP
without light irradiation was investigated in two different cell
lines and compared to that of the free drug. This was performed
in the normal cell line 1L929, according to the ISO 10993-5
recommendations for biocompatibility assessment (Fig. 3A)
and in the breast cancer cell line MCF-7 (Fig. 3B). As shown
in Fig. 3A and B, there were no significant changes in cell
viability in both normal and cancer cells after incubation with
free VP and SLN VP for 24 h. However, a slight reduction in cell
viability after treatment with free VP compared to the SLN VP in
L929 cells can be observed, suggesting that SLN can protect this
normal cell line from some of the intrinsic toxicity of free VP.

Overall these results suggest that the range of concentra-
tions tested is safe and, therefore, suitable to proceed with
efficacy PDT studies.

3.5. MCF-7 cellular uptake

The uptake of SLN into MCF-7 cells was visualized by confocal
microscopy. Cells were incubated with free VP and SLN VP,
fixed with formalin solution followed by cell nucleus staining
with Hoechst. Incubation with DMEM was used as a control. As
observed in Fig. 4, after 3 h a considerable amount of VP can be
observed under both conditions, while no fluorescence is found
in the cells incubated with only DMEM, suggesting that the
fluorescence observed is only attributed to the fluorescence of
VP. Moreover, a slightly higher internalization of free VP is
observed, when compared to SLN VP. This result is expected,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Storage stability of SLN VP. Periodic determinations of particle size (A), Pdl (B), { potential (C), and EE% (D) were performed over 12 weeks. Values
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Fig. 2 Hemolysis assay of free and VP-loaded SLN at different concen-

trations of VP following incubation at 37 °C for 1 h. Data are expressed as
mean + SD (blood collected from 3 independent human donors).

as SLN is internalized by different cellular mechanisms than the
free drug and also due to the time-dependent release of VP from
the SLN."® This latter fact was shown in the drug release assay
presented in Fig. S4 (ESIT), where it is possible to observe that VP
is released at a lower rate and in a more controlled manner when
incorporated into the lipid nanoparticles when compared to the
free drug. Nevertheless, the presented data demonstrate that
SLN could deliver a significant amount of VP to MCF-7 cells after
3 h of incubation, supporting that this incubation time can be
explored in following PDT efficacy studies.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Cellular uptake was also evaluated by flow cytometry. Free
VP and SLN VP were incubated with the cells at different time
intervals over a 3 h period. The time-dependent cellular uptake and
the corresponding Michaelis-Menten parameters are presented in
Fig. 5. Both free VP and SLN VP followed Michaelis-Menten kinetics
with the internalization of VP detected after 30 min under both
conditions. An initial rapid internalization was observed during the
first hour, reaching a plateau after 2 h. Free VP was found to be
internalized to a greater extent than the nanoparticles, showing a 1.6
higher saturated cellular uptake (Vi,ay), Which is consistent with the
previous findings from confocal microscopy and drug release
results. Nevertheless, these data clearly demonstrate that the nano-
particles can effectively and rapidly deliver VP to cancer cells,
starting as early as 30 min of incubation.

3.6. Photodynamic therapeutic effects

3.6.1. Establishment of the light irradiation parameters.
After determining the optimum VP concentration range and SLN
incubation time, the parameters related to the light source,
namely, the power density and the irradiation time, were studied
to select the ideal conditions for subsequent PDT experiments. In
this work, a LED light source with a 690 nm LED slide attached to
a Vis/NIR optical fiber was used. Additional information regard-
ing the LED emission spectrum and the setup for the LED
irradiation experiments is shown in Fig. S5 (ESIt). The choice
of a LED source instead of a laser is related to its lower cost, user-
friendliness, portability, and simpler technological requirements.

Mater. Adv, 2024, 5, 1137-1146 | 1141
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Fig. 3 Cytocompatibility assessment of free VP and SLN VP in fibroblast cell line L929 (A) and cancer cell line MCF-7 (B) after incubation for 24 h. Data
are expressed as mean £ SD of three independent assays. Differences between each condition and control group were determined using two-way

ANOVA followed by Dunnett’s test.

..
.

SLN VP .

Fig. 4 MCF-7 cellular uptake of free VP and SLN VP after 3 h incubation visualized by confocal microscopy. Blue channel: Hoechst, red channel: VP. The
scale bar corresponds to 25 pm.

Nevertheless, compared to diode lasers, LEDs have lower inten-
sity and are unable to produce coherent light, which can impact
the wavelength precision.'® However, given the broad absorption
spectra of SLN-VP as demonstrated in Fig. S2A (ESI}), this would
not significantly impact the efficiency of the method.

MCF-7 cells were incubated with different concentrations of
free VP and, after 3 h, the cells were irradiated at different light
power densities (Fig. 6A) and light irradiation times (Fig. 6B).

142 | Mater. Adv, 2024, 5, 1137-1146

Three different power densities (1.8, 6.7, and 13 mW cm ™) and
irradiation times (2, 5, and 10 min) were selected. First, the
effects of the light per se were evaluated by irradiating the cells
treated with only DMEM. As shown in Fig. 6A and B, light
irradiation by itself did not induce toxicity in MCF-7 cells (with
values of cell viability remaining higher than 87%), which
demonstrates the safety of the light source used. Nevertheless,
it is noteworthy, that in Fig. 6A an increase in the LED power

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Michaelis—Menten uptake kinetics of free VP and SLN VP for 3 hin
MCF-7 cells measured by flow cytometry. Data are expressed as mean +
SD (n = 3).

density resulted in a significant decrease in cancer cell viability.
A possible explanation for this is that cancer cells can have high
susceptibility to visible light exposure, which leads to intracel-
lular metabolic alterations.?® Furthermore, visible LED irradia-
tion can activate the p53 signaling pathway, thereby suppressing
cancer cell proliferation.*® These facts, however, can be highly
dependent on the type of LED source used, wavelength and
irradiation parameters chosen.*

Concerning the light power density evaluation (Fig. 6A), sig-
nificant differences in cell viability were found when the power
density was increased from 1.8 to 6.7 mW cm™ > at 0.5 and 1 pM
VP. At the highest power density tested (13 mW cm™?), similar
outcomes to the ones obtained at 6.7 mW cm™> were observed.
Therefore, a power density of 6.7 mW cm > was selected to
proceed with further studies. Regarding the irradiation time
study (Fig. 6B), 5 min irradiation induced significantly higher
cancer cell death compared to the 2 min irradiation for all the
concentrations studied. Light irradiation for 10 min, however,
only induced a significant reduction in cell viability compared to
5 min irradiation at the lowest concentration tested (leading to a
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Fig. 7 Photodynamic therapeutic effects of free VP and SLN VP at
different VP concentrations in MCF-7 cells. Cells were incubated with free
VP and SLN VP for 3 h followed by irradiation with an LED light source at
690 nm for 5 min at 6.7 mW cm™2. Cellular viability was measured after
24 h by performing the resazurin assay. Data are expressed as mean + SD
of three independent assays. Differences between free VP and SLN VP
were assessed using two-way ANOVA followed by Dunnett's test. *p <
0.05, ****p < 0.0001.

decrease of 15.2 to 1.5%). Taking this data into consideration and
the interest in using irradiation times as short as possible, 5 min
irradiation was established for the following PDT efficacy studies.
Therefore the following PDT studies were performed using a
power density of 6.7 mW cm ™ for 5 min, corresponding to a light
fluency of 2 J cm™>.

3.6.2. Cellular viability evaluation under light irradiation.
Following the determination of the optimum conditions of
irradiation, VP concentration, and incubation time, the photo-
dynamic therapeutic effect of the nanoformulation was assessed
in MCF-7 cells and compared to that of the free VP. The cells
were incubated with concentrations of VP that were found to be
safe under dark conditions (as demonstrated in Section 3.4) and
irradiated with an LED light source for 5 min at a power density
of 6.7 mW cm 2. After 24 h, a resazurin assay was carried out to
evaluate the cell viability after PDT, as presented in Fig. 7. As
shown in the graph, there was dose-dependent cancer cell

B
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Fig. 6 MCF-7 cell viability evaluation for the selection of the LED light source irradiation parameters. (A) Study of the effect of the power density, with
irradiation time set at 5 min. (B) Study of the effect of the irradiation time with power density set at 13 mW cm~2. MCF-7 cells were incubated with
different concentrations of VP for 3 h, followed by light irradiation at different conditions, as established in the graphs. Cell viability was performed using
the resazurin assay 24 h after incubation. Data are expressed as mean + SD (n = 3). Differences between groups were determined using two-way ANOVA
followed by Tukey's test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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death, culminating in almost total eradication at the highest
concentration tested of 2 pM (with 0 and 2.9% of cell viability
after treatment with free VP and SLN VP, respectively). It was
also noticeable that free VP elicited a significantly higher cancer
cell death at the two lowest concentrations. This could be a
consequence of a quicker internalization of the free drug and a
time-dependent drug release from the SLN, as suggested by the
cellular uptake assays. Nevertheless, at concentrations of VP of
0.5 pM or higher, the effects of the two treatments were similar,
as no significant differences were found.

Overall these results support that the mechanism of action
of VP as a PS is maintained when incorporated into SLN, being
able to induce a high degree of cancer cell death within a range
of concentrations without toxicity in the absence of light.
Additionally, PDT was conducted using a low-cost light source
at a low power density, compared to others found in the

literature.'®?*
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Fig. 8 Determination of ROS production in MCF-7 cells under dark and
light conditions after incubation with 0.125 uM free VP and SLN VP for 3 h.
For the experiments performed under light conditions, cells were irra-
diated with an LED light source at 690 nm for 5 min at 6.7 mW cm™2. ROS
production was quantified by incubating 10 pM probe DCF-DA with the
cells for 30 min followed by cell fluorescence quantification of the
resultant DCF by flow cytometry. Data are expressed as mean + SD of
three independent assays as normalized mean fluorescence intensity
relative to the control group of non-irradiated cells treated with only
DMEM. Differences between light and dark conditions were assessed using
two-way ANOVA followed by Sidak's test. p < 0.05, ****p < 0.0001.
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3.6.3. Light-induced reactive oxygen species production.
To study the mechanism of cancer cell death elicited by VP after
light irradiation, the production of ROS was quantified under
dark and light conditions. To do so, after incubation with the
compounds for 3 h and subsequent light irradiation, DCF-DA was
incubated with the cells and the fluorescence of the resultant
DCF within the cells was quantified by flow cytometry. The data
presented in Fig. 8 reveals that in the absence of VP (control
treatment), there were no significant differences in cell fluores-
cence under dark and light conditions, meaning that the light
per se was unable to induce oxidative stress. This supports, once
again, the safety of the light source and irradiation conditions
used. The same pattern was found after treatment with both free
VP and SLN VP under dark conditions, which elicited negligible
levels of ROS production, similar to the control. In contrast, after
light irradiation, significantly higher production of ROS was
observed after incubation with free VP and SLN VP, with the
fluorescence of DCF being 2.4 and 1.7 times higher for free VP
and SLN VP, respectively, when compared to their respective
values under dark conditions. It is noteworthy that this assay was
conducted using the lowest concentration of VP tested, meaning
that if higher concentrations were used, a possibly higher pro-
duction of ROS induced by SLN VP would be measured. Never-
theless, for comparative purposes with the free VP, the lowest
concentration was selected to guarantee that the levels of cell
death induced would not compromise the flow cytometry assay.
Overall, the findings presented in this section are in agreement
with the results obtained in Section 3.6.2, suggesting a direct
correlation between ROS formation and the reduction of cancer
cell viability. In addition, the presented data provide additional
evidence that the mechanism of action of VP is maintained when
encapsulated into SLN.

3.6.4. Induction of apoptosis under dark and light condi-
tions. Since apoptosis is one of the main PDT mechanisms
known to elicit cancer cell death,** the apoptosis triggered by
free VP and SLN VP after light irradiation was investigated in
MCEF-7 cells. To do so, cells were incubated with free drug and
nanoparticles, irradiated for 5 min, and, after 24 h, apoptosis was
quantified with the FITC annexin V apoptosis kit using flow
cytometry. As depicted in Fig. 9A, under dark conditions, 95% of
the cells remained viable with only 5% apoptosis detected for the
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% of cells
(%] 3
=] =]
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Fig. 9 Apoptosis induction in MCF-7 cells under dark (A) and light (B) conditions: percentage of viable and apoptotic cells. Cells were incubated with
0.250 pM free VP and SLN VP for 3 h and irradiated with an LED light source at 690 nm for 5 min at 6.7 mW cm™2. Apoptosis was measured after 24 h using
the FITC annexin V apoptosis detection kit with 7-AAD in flow cytometry. Data are expressed as mean + SD of three independent assays. Differences
between conditions were assessed using two-way ANOVA followed by Sidak's test. *p < 0.05, ****p < 0.0001 compared to the control group.
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control and the experimental conditions, supporting the lack of
toxicity in the absence of light. Under light irradiation (Fig. 9B),
however, there was a significant increase in the percentage of
apoptosis for both free VP and SLN VP with 54% and 14% of
apoptotic cells detected, respectively, whereas no increase in apop-
tosis occurred in cells treated with only DMEM. It is important to
highlight that, similar to what occurred in the previous section, as
free VP was used simultaneously for comparison, to ensure that the
levels of cell death induced would not compromise the flow
cytometry assay, a low concentration of VP, with possibly lower
apoptotic effects induced by SLN VP was chosen.

Overall, these results corroborate the previous data on cell
viability and ROS production, demonstrating that SLN could
maintain the mechanism of action of VP, namely its apoptotic
effects under light irradiation.

4. Conclusions

In this study, SLNs were proposed as a simple, low cost and
suitable nanocarrier of VP to improve its water solubility and
enhance its delivery to cancer cells, while maintaining its high
PDT efficiency.

SLNs were produced using a simple, cost effective and organic
solvent-free technique, which can more easily enable the large-
scale production of this nanoformulation. Nanoparticles pre-
sented low PdI (<0.2) and adequate size (193 nm) for intravenous
injection and passive tumor targeting exploiting the EPR effect.
In addition, VP was efficiently incorporated in the lipid matrix of
the SLN, as shown by the high values of EE% of 98%. The
nanoparticles remained stable for at least 3 months, without
significant variations of their main physicochemical character-
istics over time. In terms of biocompatibility and safety, the
produced SLNs were non-hemolytic, once again supporting its
use for intravenous administration, and revealed low cytotoxicity
in both normal and tumoral cells. The delivery of VP to MCF-7
cells was found to be effective after 3 h of contact, therefore this
incubation time was selected to proceed with the following PDT
studies. Those revealed a high cancer cell death effect induced by
the nanoformulation, with almost full eradication at the highest
concentration tested and comparable effects as the ones obtained
for the free drug. This was also corroborated by the enhanced
production of ROS and apoptosis induction upon light irradia-
tion, at the lowest concentrations of VP tested (0.125 and
0.250 pM, respectively), suggesting that SLN could maintain the
high PDT effect of VP. In the PDT studies, however, free VP
induced more immediate anti-cancer effects than the encapsu-
lated VP, possibly due to the occurrence of different cellular
uptake mechanisms and a time-dependent VP release from the
SLNs. Nevertheless, in all of the studies, the anti-cancer effect of
VP was maintained, being able to elicit cancer cell death in a
dose-dependent manner, with results comparable to those of free
VP. Taking into consideration the benefits of using SLN as VP
nanocarriers, such as improved water solubility, reduced off-
targeted systemic distribution and toxicity and enhanced accu-
mulation in the tumor region, lower VP doses may be used with
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similar therapeutic effects. Therefore, the developed nanoformu-
lation can be a promising therapeutic strategy to improve current
VP-mediated PDT. Moreover, the PDT reported in this study was
conducted using an economic LED light source and low-light
doses, which can also be beneficial in future clinical applications.
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