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ARTICLE INFO ABSTRACT

Keywords: Multidrug systems offer a promising strategy to improve the efficacy of anticancer treatments, reduce therapeutic
Phenothiazine doses, and attenuate side effects. In this study, the photosensitizers Azure A (AA) and rose bengal decyl ester
Xanthene

(RBDEC) were co-encapsulated in hybrid DPPC/F127 liposomes to target multiple cellular sites. The combined
system yielded small unilamellar vesicles (SUVs) with a polydispersity index suitable for biological applications
and a zeta potential of +10.57 mV. The encapsulation efficiency of AA and RBDEC is 60.3 and 98.5 %,
respectively. In the colorectal adenocarcinoma Caco-2 cells line, photosensitizers showed distinct cellular
localization, with RBDEC most targeting the nuclear region and AA the cytoplasm confirmed by confocal mi-
croscopy. According to the Chou-Talalay method for drug combinations, the equimolar and lower concentrations
(2.5 x 1074 mol L ™! each) exhibited an additive effect, suggesting that even lower concentrations could achieve
synergism. The findings indicate that this system exhibits considerable promise, as the combination of drugs
facilitates action at multiple sites, thereby increasing the likelihood of cell death. In addition, the system
demonstrated greater efficiency at lower concentrations, reducing adverse effects and directing future studies.

Photodynamic therapy
Combined system
Cancer

1. Introduction

Photodynamic therapy (PDT) has been the subject of extensive
clinical research to treat various oncological and non-oncological dis-
eases for several decades. PDT is a minimally invasive and minimally
toxic treatment technique that is effective in several types of cancer [1,
2]. However, despite the considerable progress achieved, it remains
imperative that studies on new photosensitizers and formulations
advance with even more intelligent, effective, and accessible systems,

particularly in cancer treatment.

PDT is a treatment technique that utilizes light as a trigger for the
activation of a photosensitizer in the presence of molecular oxygen,
leading to the generation of singlet oxygen and other reactive oxygen
species [3]. Given its targeted nature, this technique has emerged as a
promising modality in cancer treatment, which minimizes adverse ef-
fects and enhances prognosis. PDT can be utilized as a single modality or
in combination with other therapeutic approaches [4]. Its mechanism of
action involves the occurrence of cellular data in the precise subcellular
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location of the PS, a consequence of the short radius of action of singlet
oxygen. Consequently, the intracellular distribution of the photosensi-
tizer is a key factor in the cellular responses induced by light. This
subcellular localization is primarily dictated by the chemical properties
of the molecule and can be strategically modulated to enhance selec-
tivity and therapeutic efficacy [5].

Numerous studies have demonstrated the advantages of incorpo-
rating multiple drugs into a single formulation for anticancer therapy. A
notable example is CPX-351® (VYXEOS), a liposomal formulation that
co-encapsulates cytarabine and daunorubicin at a fixed synergistic ratio.
This combination demonstrated superior efficacy and reduced toxicity
compared to the conventional 7 + 3 regimen, leading to FDA approval in
2017 for adult patients with high-risk acute myeloid leukemia and
subsequent expansion of the indication in 2021 to include pediatric
patients aged one year and older [6,7]. The relevance of
dual-photosensitizer system lies in the attempt to overcome the limita-
tions associated with monotherapy. Using two PSs can enable a syner-
gistic or additive effect, thereby addressing the shortcomings of a
single-photosensitizer approach. Such strategies can enhance thera-
peutic efficacy, reduce dark cytotoxicity by reducing the total concen-
tration, and potentially minimize adverse effects. Moreover, dual-PS
therapy may offer the benefit of multi-targeting therapy, contributing to
a more comprehensive therapeutic outcome [8]. Some studies have also
reported the use of combinations of photosensitizers, including phtha-
locyanine/porphyrin [9,10], hypericin/chlorin [11], hypericin/ALA
[12], and two different cyanine dyes which operates via type I and II
mechanisms [13]. These studies underscore the importance of the
cellular location of photosensitizers for effective singlet oxygen (105)
attack, given the short half-life of this cytotoxic species. Moreover, the
co-formulation of the "two bullets" in liposomal systems may represent
an elegant and effective strategy, as liposomes allow for the incorpora-
tion of molecules with different hydrophobicities while aligning the
pharmacokinetic profiles of the drugs [6].

In our previous study, we demonstrated that small unilamellar lipid-
polymer hybrid liposomes could be prepared rapidly and cost-effectively
to stabilize xanthenes, such as Rose Bengal and hydrophobic derivatives
[14]. In this context, the objective of this study was to co-encapsulate
two photosensitizers, the hydrophilic photosensitizer Azure A (AA)
(log P = 0.08) [15] and the hydrophobic rose bengal decyl ester
(RBDEC) (log P = 1.98) [16], in hybrid DPPC/F127 liposomes. This
innovative approach seeks to leverage the distinct properties of each
photosensitizer, seeking to act simultaneously on multiple cellular sites
to increase photodynamic efficiency. The chemical structures of these
compounds are depicted in Fig. 1.
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2. Experimental section
2.1. Materials

The 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine was pur-
chased from Avanti Polar Lipids (Alabama, USA). Pluronic® F127 (M =
12500 g mol~1), Rose Bengal disodium salt, Erythrosine B, Azure A
chloride, 1-bromodecane, trehalose (Tre), 1,6-Diphenyl-1,3,5-hexa-
triene (DPH), 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA), 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide
(MTT), DMEM (Dulbecco's Modified Eagle Medium) culture medium
and Microcon-10kDa centrifugal filters were purchased from Sigma-
Aldrich/Merck. The water used was double-distilled. The RBDEC stock
(1.5 x 1073 mol L™!) was prepared in dimethyl sulfoxide (DMSO), and
the Azure A stock (1.5 x 1072 mol L) was prepared in ethanol. Both
were stored under refrigeration, protected from light and periodically
standardized by UV-Vis absorption. All solvents employed were of
analytical grade and were used without further purification.

2.2. Preparation and characterization of isolated and combined dye
formulations

DPPC/F127 liposomes were prepared by thin film methodology, as
previously reported by Freitas et al. [17]. The final concentration of
DPPC was fixed at 1.5 x 10> mol L ™! and the F127 concentration at 2.0
x 107> mol L1 (0.025 % m/V). The esterification of RB for the synthesis
of RBDEC was previously described by Pereira et al. [16] and the syn-
thesis was confirmed by H!-NMR (500 MHz). The mean hydrodynamic
diameter (Dy), polydispersity index (PI), and zeta potential ({) were
obtained via dynamic light scattering (DLS) using the Litesizer-500
(Anton Paar, Graz, Austria). After incorporating the PS, UV-Vis absor-
bance and fluorescence emission spectroscopic analyses were conducted
using a Cary 60 UV-Vis spectrophotometer and a Cary Eclipse spectro-
fluorimeter (Agilent Technologies, USA). For the fluorescence emission
of RBDEC, Adexc = 520 nm was used and for AA Aexc = 570 nm. For the
combined system, Adexc will be determined during the study. The
morphology of the vesicles was evaluated by transmission electron mi-
croscopy (TEM) using a JEM-2100 transmission electron microscope
(JEOL, Japan) operated at an acceleration voltage of 100 kV. The sam-
ples were prepared using trehalose as cryoprotectant (3.0 x 10~% mol
L™Y). These samples were diluted 100x, and a drop was placed on
formvar-covered copper grids. The grids were quickly submerged in
liquid nitrogen and lyophilized for 30 min to improve image resolution
[18].

The samples produced in this study are designated as DPPC/F127/
RBDEC, DPPC/F127/AA, and DPPC/F127/RBDEC/AA, wherein both

Fig. 1. Chemical structure of (A) RBDEC and (B) Azure A.
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PSs were encapsulated in a 1:1 ratio. The concentration of PS in the
isolated systems was 5.0 x 10~ mol L1, In the combined system, the
concentration of each PS was maintained at 5.0 x 107® mol L71,
resulting in a total [PS] of 1.0 x 107% mol L™L. Two incorporation
strategies were investigated: (i) dual passive loading, in which both PSs
(AA and RBDEC) were simultaneously added to the aqueous hydration
medium; and (ii) combined active-passive loading, in which AA was
incorporated into the organic phase together with the lipids prior to
solvent evaporation (active loading), and RBDEC was added during
hydration (passive loading). To ascertain the degree of synergism
exhibited by the mixed system, variations in dye concentration were
employed in the phototoxicity assay. The results of this experiment will
be presented in the following section.

The apparent molar absorptivity (eapp) of RBDEC and AA encapsu-
lated in the liposomal vesicles was determined by Lambert-Beer law. The
encapsulation efficiency (EE%) was quantified by centrifugation
through Microcon-10kDa centrifugal filters. The formulations were
centrifuged at 13,000 rpm for 30 min and free PSs were quantified by
fluorescence emission. The results were obtained according to Equation
(1) and are presented as the mean of three independent measurements
(n = 3) + standard deviation.

Incorporated PS

EE% =
0 Total PS

x 100 (€8]

2.3. Interaction and stability studies of formulations

The stability of the formulations was evaluated through the use of
UV-Vis electronic absorption spectrophotometry, fluorescence emission
spectroscopy, and dynamic light scattering (DLS). Regarding storage
stability, the systems were characterized for 60 days, consistently
shielded from light, and maintained at room temperature. For deter-
mining shelf-life, the samples were subjected to lyophilization and
stored at 4 °C for 12 months. The lyophilized samples were comprised of
trehalose as a cryoprotectant (3.0 x 10~ mol L™!). Following this
period, the lyophilized formulations were dispersed in ultrapure water
and subjected to further characterization. Furthermore, the stability of
the formulations was evaluated in response to temperature variations.
To this end, 2.0 mL of each sample was subjected to temperatures
ranging from 25.0 to 50.0 °C, and the absorption, emission, and hy-
drodynamic diameter were characterized. In addition, the formulations
were evaluated for dilution stability. Dilutions were performed at 10x
and 100x concentrations in phosphate buffered saline (PBS).

Encapsulation kinetics evaluates the time required for the PS to enter
the vesicle, referred to here as passive encapsulation. To evaluate
encapsulation kinetics, a small aliquot of PS stock solution was added to
2.0 mL of liposomal solution ([PS] = 5.0 x 10~° mol L’l) and emission
data acquisition began immediately. Release kinetics experiments were
performed using the dialysis method [14]. Each sample was placed in a
dialysis bag (MWCO = 3500 Da, Spectra/Por®) and immersed in 100 mL
of PBS containing F127 (0.5 % w/v) at either pH 7.4 or pH 6.5. The
systems were maintained at 37.0 °C to simulate body temperature. At
each time interval, an aliquot was removed, and its fluorescence emis-
sion was recorded, followed by replacement with fresh solution to
maintain sink conditions. Quantitative analysis of the PS was performed
using fluorescence emission measurements and a previously constructed
fluorescence calibration curve.

2.4. Estimating the location of photosensitizers in the liposome

Fluorescence quenching of the systems was performed using iodide
ion as a water-soluble quencher (KI 1.0 mol L™Y). In this experiment, 2.0
mL of the sample was added to a cuvette and successive additions of KI
were made to a final volume of 3.0 mL. The dilution factor was corrected
so that only the quenching effect could be evaluated. The Stern-Volmer
constant (Kgy) was then calculated using Equation (2).
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F,
?0: 1+ Kgy[I] )

Where F( and F are the fluorescence intensities in the absence and
presence of the quencher, respectively, and [I"]: is the molar concen-
tration of iodide.

For fluorescence resonance energy transfer (FRET) assays, the DPH
probe encapsulated in liposomes (1.0 x 107® mol L™}, energy donor)
was titrated with successive aliquots of PS (energy acceptor). DPH was
incorporated into the liposomes by active methodology, i.e. during the
formation of the thin film. After each addition of PS, the time necessary
for its internalization was waited and then the fluorescence emission
spectrum was recorded (Aexc = 360 nm, energy donor). All analyses were
performed at 25 °C. The equations used are found in the works of
Lakowicz [19] and Silva [14].

2.5. Determination of singlet oxygen quantum yield (6502)

The singlet oxygen quantum yield ($A203) was determined via an
indirect method using 9,10-anthracenediyl-bis(methylene)dimalonic acid
(ABDA) as a probe. The experiments were conducted in a quartz cuvette
with an optical path length of 1.0 cm, containing an aqueous solution of
ABDA (2.0 mL, 6.0 x 107> mol L™!) and the sample (5.0 x 10~® mol
L™Y). In the case of samples containing liposomes, ABDA was left in
contact with the sample in the dark for 1 h before the commencement of
illumination. This period is sufficient for the diffusion of ABDA through
the lipid bilayer, thereby increasing its proximity to the photosensitizers
[14].

In the course of irradiation experiments, the evolution of ABDA
photodegradation was evaluated over 360 min using a Cary 60 UV-Vis
spectrophotometer (Agilent Technologies, USA) operating in kinetic
scanning mode. The illumination was conducted with a cylindrical
reactor equipped with a warm white emission LED, situated at a distance
of 3.0 cm from the liquid surface, with an irradiance of 32.0 mW cm 2.
As the spectrophotometer operates in phase-radiation mode, the inci-
dence of external light does not affect the results, ensuring the reliability
of the data. The overlap of the LED emission spectrum and the formu-
lation's absorbance spectra is illustrated in Fig. S1. It is important to
highlight that the emission spectrum of the LED does not overlap with
the absorption spectrum of ABDA. In other words, the photodynamic
effect (light + PS) is responsible for ABDA degradation, not just
illumination.

The kinetics of photodegradation were evaluated at 1 = 400 nm, and
a first-order monoexponential kinetic equation was fitted to the exper-
imental data, thereby obtaining the rate constant of this reaction
(kappa)- The same adjustment was performed on the Apax of absorption
of each dye, thus obtaining the photobleaching constant (kpg). A series
of equations were required to calculate the singlet oxygen quantum
yield, which is detailed and explained in the research of Rabello et al.
[20] Rose Bengal in an aqueous medium and xanthene Erythrosine B
(ERY) incorporated in DPPC/F127 were compared as a standard. The
singlet oxygen quantum yield for the DPPC/F127/ERY system is re-
ported as 0.52 [17]. The RB ¢£02 in PBS pH 7.4 is reported in the
literature as 0.75 [21].

To advance the studies on the reaction between ABDA and singlet
oxygen, the chemical rate constant (k,) was determined using the first
180 s of the reaction. During this interval, the photobleaching of the dye
is negligible, and the formation rates of 10, can be considered constant.
The equations applied in this step are described by Entradas et al. [22].

The singlet oxygen quantum yield was also determined directly from
the near-infrared (1270 nm) phosphorescence emission of 10, for the
AA-containing systems. Data were obtained using a high-performance
time-resolved fluorescence spectrometer, FluoTime 300 (PicoQuant,
Germany). The phosphorescence decay lifetimes of singlet oxygen
(v'0) were recorded using a time-correlated single-photon counting
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setup. The decays were analyzed using the PicoQuant FluoFit Global
Fluorescence Decay Analysis software. Phosphorescence decay curves at
1270 nm were recorded using a near-infrared photomultiplier tube,
model H10330B (Hamamatsu, Japan). Irradiations were performed with
a picosecond pulsed diode laser (LDH-P-635 driven by PDL 800-B, Aexc =
635 nm, 80 MHz repetition rate, 72 ps pulse width, PicoQuant, Ger-
many). Lifetimes were determined by applying a first-order fit to the
p}iosphorescence decay curves. Equation (3) was used to determine
Dp0s.

AbSS .Ips Ts 1
AbSps ‘Is.Tpsq)A 02 $ (3)

0,0 ps =
Where I is the area of the phosphorescence emission spectrum of singlet
oxygen, Abs is the absorbance of the solutions at the excitation wave-
length, and  is the lifetime of singlet oxygen in the analyzed medium.
The subscripts refer to the standard (S) and the photosensitizers (PS).
Measurements were performed at 25 °C in D20 as a solvent, and Azure A
was used as standard ((DlAOZ = 0.45) [23].

2.6. Phototoxicity of formulations against Caco-2 cancer cells

Cell viability was assessed under both light and dark conditions using
the MTT assay. For experiments conducted in the monolayer culture
model, Caco-2 cells were seeded in 96-well plates at a density of 1.7 x
10* cells per well in complete medium supplemented with antibiotics.
Cells were incubated for 24 h in a CO5 incubator prior to treatment.

MTT assays were conducted after treating Caco-2 cells for 20 h with
liposome samples, including: DPPC/F127/RBDEC/AA to evaluate the
photosensitizers' combined actions, and individual DPPC/F127/AA and
DPPC/F127/RBDEC to assess each photosensitizer's isolated effects. In
all experiments, non-treated cells and cells treated only with empty
DPPC/F127 hybrid liposomes were used as controls. The composition of
each sample is detailed in the Supplementary information (Table S1).

After treatment, the wells were washed with MOPS buffer (200 puL/
well), and the plates were exposed to warm white light (fluence: 24.0 J
em™2) for 20 min, under normal atmospheric oxygen concentration.
Immediately following the illumination period, the cells were incubated
again for 2 h (37 °C and 5 % CO3) with MTT salt (5 mg rnL’l, in DPBS
buffer). The MTT solution was then discarded and DMSO (100 pL/well)
was added. The plate was incubated again at 37 °C for 15 min to
completely solubilize the formazan crystals. Absorbance was read at
540 nm using a microplate reader (FlexStation 3, Molecular Devices,
USA). Dark controls were run concurrently with each experiment to
ensure the observed effects were strictly photoactivation-dependent.

The number of viable cells was estimated and expressed as a relative
percentage, with the mean of the control group set as 100 % cell
viability. Each value is presented as the mean + standard deviation (SD)
of six independent measurements (n = 6). Due to the small sample size
and the limitations this imposes on parametric statistical assumptions,
all comparisons among groups were conducted using the non-
parametric Kruskal-Wallis test, followed by Dunn-Bonferroni post hoc
correction. The statistical significance was set at p < 0.05. Statistically
significant differences are indicated by different letters in the graphs. All
analyses were performed using RStudio software. Additionally, intra-
cellular ROS generation assays were performed (data not shown) using
the DCFDA (2,7-dichlorofluorescin diacetate) probe, indicating that all
systems can produce reactive species.

The possible synergistic effect of the combined systems was evalu-
ated using the non-linear statistics of dose-response curves of the Chou-
Talalay method [24,25]. Caco-2 cell viability data observed in each
isolated system, as well as in the combination at the different doses,
were the values used in the calculations performed by the CompuSyn®
software. The Combination Index (CI) isobologram was used to measure
synergism, where CI values < 0.90 are synergistic, 0.90-1.10 are addi-
tive and CI > 1.10 are antagonistic effects [24,25].
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2.7. Confocal microscopy and intracellular fluorescence lifetime

For subcellular localization experiments, glass coverslips (13 mm)
were carefully positioned at the base of each well (24-well plate), and a
precise quantity of 3 x 10* cells/well was seeded onto them. Subse-
quently, the cells were subjected to an incubation period of 48 h at 37 °C
and 5 % CO; to cell adhesion. After this period, the cells were treated
with a liposome formulation comprising both RBDEC and AA (1.0 x
10 "% mol L for each compound) in DMEM medium supplemented with
10 % FBS, and the incubation was continued for 3 h. Following the in-
cubation, the cells were washed twice with PBS at room temperature,
followed by fixation with cold 4 % paraformaldehyde solution in PBS for
15 min. Additional washing steps with PBS were performed, and the
coverslips were mounted onto glass slides using a prolonged mounting
medium containing DAPIL. Subsequently, the slides were allowed to
incubate at room temperature for 15 min before undergoing confocal
analysis. Excitation and emission (range) wavelengths used were,
respectively, 405 nm and 415-450 nm for DAPI, 552 nm and 560-590
nm for RBDEC, and 638 nm and 675-750 nm for AA.

For fluorescence lifetime measurements, liposome formulations were
prepared using either RBDEC or AA, due to their similar lifetimes. After
treating the cells according to the confocal microscopy protocol, they
were washed twice with PBS. Fluorescence lifetime measurements were
performed using a PicoQuant MicroTime 200 time-resolved confocal
fluorescence microscope (PicoQuant, Germany) equipped with a 20 x
objective. RBDEC was excited using a 530 nm diode laser, and emission
was collected through an HQ550LP filter. AA was excited using a 640
nm diode laser, and emission was collected through an HQ690/70m
filter.

3. Results and discussion
3.1. Characterization of formulations after PS incorporation

The objective of this research was to develop a liposomal co-
formulation containing the photosensitizers AA and RBDEC. These
compounds have two distinguishing characteristics: they absorb at
different wavelengths and exhibit large differences in lipophilicity. For
comparison purposes, formulations containing the isolated PSs were also
prepared. All systems achieved an average diameter between 30 and 50
nm, and an appropriate polydispersity index (PI < 0.30) after 360 s of
sonication [26]. The prolonged sonication time is associated with the
presence of bulky molecules, which prolong the bilayer organization
time. A comparable outcome has been previously documented in lipo-
somal systems containing fluorescein bound to F127 [27]. As observed
in the TEM images (Fig. 2A), the DPPC/F127/RBDEC liposomes
exhibited a well-distributed spherical morphology with an average
diameter of 65.4 nm (Fig. 2B), consistent with the measurements ob-
tained from DLS analysis (Table 1). The discrepancies observed between
the techniques are attributed to the fact that DLS measures the hydro-
dynamic diameter. Moreover, the sample drying process on the grid -
despite following a lyophilization protocol - can still cause vesicle
deformation during drying. Without prior freezing and lyophilization of
the grid, the TEM images presented staining artifacts due to RBDEC, as
illustrated in the insert of Fig. 2A. Similar results were observed in the
studies conducted by Bibi et al. [28] and Talmon et al. [29], which do
not invalidate the characterization performed. In the case of the sample
comprising both co-formulated dyes, the freezing and lyophilization
process was conducted, effectively eliminating any staining effects
(Fig. 2D). In conclusion, the data obtained from DLS and TEM analysis
confirm that the interaction between F127 and DPPC is effective in
maintaining the spherical shape and uniform size of the liposomes.

The diameters, polydispersity index (PI), and zeta potential of these
formulations are presented in Table 2. Due to the presence of AA, the
values of the zeta potential are positive because of the cationic nature of
the phenothiazine dye. Although further studies are needed to infer the
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Fig. 2. (A) TEM images of the DPPC/F127/RBDEC sample; staining artifacts are highlighted in the insert; (B) Size distribution obtained from the microscopy images;
(C) Photograph of DPPC/F127/RBDEC, DPPC/F127/AA and DPPC/F127/RBDEC/AA; and (D) TEM image of the combined system.

Table 1

Hydrodynamic diameter (Dy), polydispersity index (PI) and Zeta potential ({) of
the samples. [AA] = 5.0 x 10 ® mol L™! e [RBDEC] = 5.0 x 10 ® mol L™}; pH
7.4 and 25 °C.

Sample Dy (£SD) PI ¢ (mV)

DPPC/F127 46.6 + 2.4 0.267 —2.53

DPPC/F127/RBDEC 48.0 + 0.2 0.277 —-2.90

DPPC/F127/AA 30.8 £5.3 0.274 +8.51

DPPC/F127/RBDEC/AA 32.8+£5.9 0.284 +10.57
Table 2

Kinetic parameters of the encapsulation of RBDEC and AA by passive method-
ology into DPPC/F127 liposomes and of RBDEC added to the DPPC/F127/AA
system; [AA] = 5.0 x 10 ®mol L ! e [RBDEC] = 5.0 x 10~® mol L’l; pH7.4and
25 °C.

Sample/Kinetic parameters ki (1073571 ko (1073571 R?

DPPC/F127/RBDEC 9.43 0.74 0.997
DPPC/F127/AA 173.5 - 0.892
RBDEC into DPPC/F127/AA 124.7 2.24 0.947

position of AA, the zeta potential already indicates that it may be in a

very outer position in the bilayer or even in the PEO layer. This result is
expected since AA is an amphiphilic dye and at this concentration, it is
still mainly monomerized [30].

Given the favorable solubility of Azure A at this concentration, its
incorporation into the liposomal system is less probable than that of
xanthenes. Accordingly, the encapsulation efficiency (EE%) was
assessed by modifying the incorporation method. It is important to note
that we used two methods of incorporation. What we call "passive
addition" is done by adding PS into the liposome formulation. "Active
addition" is done by incorporating PS at the thin film formation stage so
that the dye is already in solution when the liposome is formed. Passive
addition resulted in the incorporation of only 37.2 % =+ 4.2 in the DPPC/
F127/AA system, whereas active addition was able to encapsulate 54.6
% =+ 4.1 of the phenothiazine. It is to be expected that hydrophilic dyes
in liposomes have a lower EE% than highly hydrophobic compounds
[31]. In the case of RBDEC, incorporation is essential due to its high
hydrophobicity. The incorporation method was found to have little ef-
fect on its individual EE%, with average values of 97.6 % =+ 0.2 being
obtained. The simultaneous passive incorporation of both dyes in the
combined system resulted in mutual interference, with EE values of 43.1
% =+ 0.7 for AA and 70.6 % =+ 0.2 for RBDEC. However, when AA was
actively incorporated before the passive addition of RBDEC, optimal
loading was achieved (AA = 60.3 % + 0.1; RBDEC = 98.6 % =+ 0.5).



A.C. Pedrozo da Silva et al.

Although the EE of AA under this active incorporation strategy differed
slightly from that obtained when incorporated alone, statistical analysis
(t-test, data not shown) indicated that these differences were not sig-
nificant. This result could be related to the possible electrostatic inter-
action between the cationic AA and the phosphate group of DPPC,
reducing the possibility of repulsion with the monoanionic RBDEC.
Therefore, the active addition of AA and passive addition of RBDEC were
used in all subsequent experiments. No purification steps were con-
ducted to separate non-internalized content.

Concerning the spectral profile of the PSs in liposomes, it was
observed that AA (Fig. 3C and D) exhibited characteristics analogous to
those observed in aqueous media. It is noteworthy that the absorption
spectrum is well-defined, with a minimal broadening signal [30]. It is
possible that AA is in the aqueous well of the liposomes, or even in the
PEO layer, which is a more hydrated region of the vesicle. Nevertheless,
the most significant case is that of the highly hydrophobic RBDEC
(Fig. 3A and B). Spectroscopic characterization demonstrated that
RBDEC is incorporated into liposomes in its monomeric form. This is
evidenced by the fluorescence emission profile, which is distinct and
exhibits a markedly higher intensity than in other media. About this
compound, the monomerization process is of particular significance to
the cellular uptake, given that PS is predominantly self-aggregated in
PBS. The observed increase in emission may be attributed to both the
monomerization of the compound and its distance from water mole-
cules. Moreover, the incorporation of RBDEC into liposomes resulted in
a bathochromic shift in the absorption band, a phenomenon attributed
to its allocation in an environment of reduced polarity [16].
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The absorption spectrum of the combined system manifests as a
combination of the RBDEC and AA spectra, as illustrated in Fig. S2.
Several wavelengths (lexc) Were evaluated to identify the optimal con-
dition that did not imply, for example, the influence of internal filter
effects. Fig. 4A depicts reference wavelengths in the absorption spec-
trum of the DPPC/F127/RBDEC/AA system, which facilitates compre-
hension of Aexc.

The combination of the spectra of the compounds results in the
inevitable excitation of the RBDEC, along with the AA, at Aexe < 610 nm.
While this characteristic may appear insignificant, it is of interest in
combined systems to have distinct activation possibilities, i.e., wave-
lengths that activate the molecules separately and wavelengths that
activate both compounds simultaneously. An increase in the excitation
wavelength of AA results in a slight elevation in emission intensity,
which subsequently attains a stable equilibrium at Aeye = 625 nm.
However, a notable bathochromic shift (approximately 24 nm) in the
emission spectrum is also evident as Aeyc increases (Fig. 4B). It is
established that the emission wavelength of a fluorophore is indepen-
dent of the excitation region, a phenomenon known as Kasha's rule.
Therefore, the spectroscopic profile identified for AA in the mixed sys-
tem is somewhat exceptional and evades the conventional laws of
fluorescence. According to Lakowicz [32], the phenomenon known as
"red-edge excitation shift" (REES) can be observed in polar and viscous
media when the solvent relaxation time becomes comparable to the
fluorescence lifetime of the compound. In this case, excitation at longer
wavelengths results in photoselection that excites fluorophores that are
interacting more strongly with the solvent molecules [19,33]. The REES
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Fig. 3. Electronic absorption and fluorescence emission spectra of RBDEC (A and B) and AA (C and D) in PBS (pH 7.4 and [NaCl] = 0.15 mol L), ethanol and DPPC/
F127 liposomes; Aexc = 570 nm; [RBDEC] = 5.0 x 107 mol L’l, [AA] = 5.0 x 107® mol L™ ! and 25 °C.
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Fig. 4. Spectra of (A) electronic absorption of the DPPC/F127/RBDEC/AA sample and (B) fluorescence emission of the same system with different Aexc; [AA] = 5.0 x

10 °mol L™! e [RBDEC] = 5.0 x 10 ® mol L™}, pH 7.4 e 25 °C.

effect of the formulations will be examined later. It is important to
highlight at this stage that the Aex for AA in combined systems was
established as 610 nm, since this allows for a better definition of the
spectrum, and the emission Ay coincides with that observed in the
DPPC/F127/AA sample. The spectroscopic analyses described above
resulted in a series of findings regarding the systems, which are pre-
sented in the Supplementary information (Table S2).

The stability studies demonstrated that the formulations remained
stable in solution for at least two months (Fig. S3). Moreover, following
freeze-drying, all samples demonstrated stability for a minimum of one
year. Upon rehydration after this period, they exhibited identical Dy, PI,
and spectroscopic characteristics. As observed in previous studies on
ERY [17] and RB derivatives [14], the samples allowed 10x and 100x
dilutions in PBS while maintaining a Dy of 150 nm and a PI below 0.30.
In oncological treatments, particle sizes under 200 nm are considered
optimal due to the enhanced permeability and retention (EPR) effect
[34]. These results highlight the significant potential of the system.

An increase in temperature did not result in a notable change in
liposome diameter. These findings once again underscore the robustness
of the DPPC/F127 hybrid liposomes [14]. However, the fluorescence
emission of the compounds exhibited slight alterations, indicating a
redistribution with increasing fluidity (Fig. S4). It is noteworthy that
liposomes exhibit a phase transition temperature (Ty,), wherein the
membrane transitions from an ordered gel phase to a more fluid
liquid-crystalline mesophase. The Ty, of pure DPPC has been established
at 41 °C [35]. In DPPC/F127 hybrid liposomes, however, the Ty, is
considerably broader, beginning at around 37 °C. The fluorescence
emission of RBDEC was observed to exhibit a continuous increase up to
40 °C, followed by a slight reduction at higher temperatures. It is
postulated that the observed increase in fluorophore emission is asso-
ciated with the continuous enhancement in bilayer fluidity, which
potentially facilitates more efficient distribution of the PS molecules. At
a certain point, the fluidity is so great that water molecules begin to
access the bilayer. Consequently, fluorescence quenching processes once
again reduce the PS emission, as observed by Neunert et al. [36] How-
ever, in the system described here, the emission reduction is minimal,
suggesting that the entry of water may be impeded by the presence of
F127 molecules. Additionally, it was noted that the fluorescence emis-
sion did not fully recover to its original value following a cooling process
to 25 °C. It is conceivable that the enhancement in the fluidity of the
bilayer and the subsequent transition to the gel phase prompted the
relocation of the PS. However, this phenomenon does not impede the
applicability of RBDEC, as even with minor fluctuations, the fluores-
cence emission spectrum remains well-defined, indicating that the PS

remains monomerized.

Furthermore, it is observed that despite the phase transition of the
liposomes, the variation in fluorescence emission of AA in the system
where it is isolated is minimal. This outcome suggests that the distance
of PS from the lipid chains renders it less susceptible to inherent
changes. Finally, in the combined system we evaluated both PSs ac-
cording to their dex.. In this instance, RBDEC exhibited the same
behavior previously described. Interestingly, AA in this formulation
exhibited the same behavior as RBDEC, which differed from that
observed in its isolated system. In this case, it appears that the AA is
detecting a change in the distribution of the xanthene. It is plausible that
an energy transfer occurs between the PSs in the combined system.

3.2. Evaluating the interaction between PS and liposome

Evaluating the interaction of PS in a combined system is challenging
due to potential concurrent interactions. To address this, each PS was
first assessed individually for its interaction with liposomes, followed by
evaluation within the combined system. The encapsulation kinetics of
each PS into the DPPC/F127 liposomes were evaluated. Subsequently,
the encapsulation kinetics of RBDEC into the DPPC/F127/AA formula-
tion were studied. This experiment precisely mimics the proposed
method of preparing the combined formulation, with active addition of
AA and passive addition of RBDEC. The kinetic parameters obtained are
presented in Table 2 and the graphs are presented in Supplementary
Material (Fig. S5).

The encapsulation kinetics of AA and RBDEC into liposomes differ
significantly. AA follows a first-order monoexponential kinetic profile,
whereas RBDEC exhibits a slower, two-step internalization process. The
faster, monoexponential encapsulation of AA aligns with previously
reported findings for Rose Bengal (RB), another amphiphilic PS [14].
These results suggest that the encapsulation kinetics of PS into liposomes
are strongly influenced by molecular volume and hydrophobicity. Bulky
and highly hydrophobic compounds like RBDEC exhibit a slower inter-
nalization process, as they diffuse more slowly through the medium and
require monomerization.

The most intriguing result was observed in the encapsulation of
RBDEC within a system that already contained AA. In this case, the ki-
netic model still fits a first-order bi-exponential equation, but the rate
constants are significantly higher. This faster encapsulation of RBDEC is
hypothesized to result from electrostatic attraction due to the positive
surface potential of the DPPC/F127/AA system ({ = +8.51 mV).

The release kinetics of the PSs were also evaluated at physiological
and mildly acidic conditions (simulating the tumor microenvironment)
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[37]. The results showed that RBDEC release did not exceed 3.5 %
during the 3-h analysis period across all systems examined. In contrast,
the release of AA was evident within the first minutes of the experiment.
This behavior is likely due to the external localization of the PS, pre-
sumably within the PEO layer, and its amphiphilic nature, which ac-
centuates the release of the phenothiazine. The release profile of AA at
physiological pH is shown in Fig. S6B, indicating that its release is
approximately twice as high in the DPPC/F127/RBDEC/AA system
compared to the system containing isolated AA. A similar trend is
observed under mildly acidic conditions, although the difference be-
tween the two systems is less pronounced. Kinetic modeling revealed
that the  release  follows  first-order  kinetics,  being
concentration-dependent rather than diffusion-controlled, as described
by the Higuchi model. Despite this, the first-order rate constants are
comparable in both cases. Considering the zeta potential values, the
incorporation of RBDEC may slightly alter the localization of AA,
possibly positioning it closer to the outer regions of the carrier and thus
facilitating its release under these conditions.

3.3. Estimation of PS position in the liposomal structure

In order to confirm the external location of AA and its different po-
sition in isolated or combined systems, the Stern-Volmer plots are per-
formed with iodide acting as a water-soluble quenching agent. Table 3
presents the results of Stern-Volmer constants (Kgy). The results indicate
that the quenching of AA is initially more pronounced in the combined
system compared to the DPPC/F127/AA sample. This observation sug-
gests that the phenothiazine molecule may adopt a more external po-
sition in the presence of RBDEC. Interestingly, a segment of the Stern-
Volmer plot for AA in the combined system exhibits a reduced slope,
leading to the calculation of a second Kgy value. As reported in the
literature [27], such a profile may correspond to a secondary population
of PS molecules located in a distinct region within the liposome
structure.

As expected, the quenching of AA is significantly greater than that of
RBDEC. This finding implies that the xanthene is positioned in a more
internal region, aligning with its hydrophobic characteristics. Moreover,
the incorporation of RBDEC into the combined system, whether passive
or through active addition in DPPC/F127/RBDEC, appears to be
comparable.

To gain deeper insights into these issues, a Forster resonance energy
transfer (FRET) experiment using DPH as an energy transfer probe [19,
38] was also conducted. FRET is a technique that enables the estimation
of the distance between two fluorophores in a medium. This phenome-
non can be observed when energy transfer occurs between a donor and
an acceptor molecule at a distance of up to 10 nm. According to the
theory [19], a critical aspect is the overlap of the emission spectrum of
the energy donor with the absorption spectrum of the acceptor. In the
presented case, both PSs exhibit an overlap with the emission spectrum
of DPH, as illustrated in Fig. S7. DPH is known to present good spectral
overlap with xanthenes [38] and to have its location well determined in
DPPC liposomes [39,40]. Repakova et al. [40] have demonstrated that
DPH is located in the center of the bilayer, perpendicular to the carbon
chains.

Table 3

Stern-Volmer constant (Kgy) of fluorescence quenching of formulations by the
addition of iodide ion. [AA] = 5.0 x 10~° mol L’l; [RBDEC] = 5.0 x 10~° mol
L~%; pH 7.4 and 25 °C.

Sample Ksy (1) Ksy (2) R?

DPPC/F127/RBDEC (active) 0.48 + 0.03 - 0.941
DPPC/F127/RBDEC (passive) 0.86 + 0.03 - 0.955
DPPC/F127/AA 6.74 + 0.10 - 0.995
DPPC/F127/RBDEC/AA (hexc = 610 nm) 9.04 £ 0.18 2.58 +£0.83 0.994
DPPC/F127/RBDEC/AA (hexe = 520 nm) 0.43 + 0.04 - 0.884
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The results demonstrated that the incorporation of RBDEC resulted
in a reduction of the fluorescence emission of DPH and the emergence of
the dye emission band at 595 nm, indicative of energy transfer (Fig. 5A).
In this instance, the distance between DPH and RBDEC was determined
to be 37.2 A. A comparison of this result with the results found for the
DPPC/F127/RB and DPPC/F127/RBBUT systems described in the
literature (r = 33.3 A and 30.7 A, respectively) reveals that the distri-
bution observed does not align with the expected logic of hydropho-
bicity [14]. The calculated distance indicates that RBDEC is situated at a
greater distance from DPH and, consequently, in closer proximity to the
aqueous interface than the other xanthenes. To explain this unexpected
result, it is proposed that this minor discrepancy is associated with the
length of the ester chain (10 carbons, ~11.34 A) and that it ultimately
causes DPH to move away from the chromophoric region of RBDEC.
Moreover, the substantial length of the alkyl chain may contribute to the
molecule's role as a "co-surfactant," facilitating the stabilization of the
bilayer. Consequently, even after reaching equilibrium, the molecule is
positioned with its xanthene group oriented towards the interface [16].

To ascertain the location of AA within the systems, two experiments
were devised. In the initial experiment, the position of AA was evaluated
in a formulation comprising solely DPPC/F127 and the DPH probe
(Fig. 5B). In the subsequent experiment, in addition to DPH, the pres-
ence of RBDEC (5.0 x 107° mol L) was also maintained (Fig. 5C). In
Fig. 5B, it is evident that the energy transfer is considerably reduced,
despite the slight decline in DPH emission, which is almost indiscernible.
Conversely, the rise in AA emissions is virtually imperceptible. This
suggests that the position of AA is significantly separated from that of
DPH. As previously discussed, the available evidence suggests that AA is
located in the PEO layer resulting from the addition of F127 to the li-
posomes. Fig. 5C also depicts a slight decline in DPH emission, although,
in this instance, the baseline emission was already relatively low. This
phenomenon occurs because in this experiment RBDEC was already
present in the formulation, and it is established that there is an energy
transfer between the DPH-RBDEC pair. The distances determined
through the application of the FRET equations were 53.9 A for AA in the
DPPC/F127 system and 54.3 A in the combined system. The discrepancy
is minimal, yet it may suggest the most external position of AA when
RBDEC has already assumed a position within the bilayer. Although the
values are very close, it can be stated that the FRET results follow those
obtained from fluorescence quenching.

Fig. 5C reveals a further noteworthy observation: the RBDEC emis-
sion decreases as AA is introduced into the system. Indeed, the spec-
troscopic characterization revealed that the fluorescence yield of RBDEC
in the combined formulation was observed to be lower than in its iso-
lated system. One potential explanation for this outcome is the transfer
of energy from RBDEC to AA, given the significant overlap between the
xanthene emission and the phenothiazine absorption. To assess this
phenomenon, the DPPC/F127/RBDEC system was employed as an en-
ergy donor, with successive additions of AA. The results are illustrated in
Fig. 5D. The addition of AA resulted in a continuous decrease in the
RBDEC emission, as well as the appearance of a band at 650 nm, which
corresponds to the AA emission. The results demonstrate that energy
transfer occurs between the two PSs, which ultimately reduces the
fluorescence quantum yield of RBDEC. Once more employing the FRET
equations, it is calculated that the distance between the RBDEC-AA pair
is 18.0 A. Given that the values for the DPH-RBDEC distance were 37.2 A
and DPH-AA were 54.3 &, it is deemed that this value is consistent with
the preceding results and serves to reinforce the position of the AA in the
PEO layer.

Among the findings about the spectral profiles of the formulations,
the most intriguing was observed in Fig. 4B. Following Kasha's rule, the
fluorescence emission of a fluorophore is independent of Aexc [19].
However, as evidenced by the data, the variation of the Aexc of the AA in
the combined system resulted in emission spectra with different Aax. To
elucidate the impact of varying excitation wavelengths, spectra were
also obtained for the RBDEC in the DPPC/F127/RBDEC/AA and
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does not absorb.

DPPC/F127/AA formulations. The wavelengths at the maximum emis-
sion were plotted in relation to the excitation wavelength and are
illustrated in Fig. 6.
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Fig. 6. Maximum emission wavelength as a function of excitation wavelength
for AA and RBDEC dyes in liposomal formulations. [AA] = 5.0 x 10~® mol L!
and [RBDEC] = 5.0 x 10~° mol L’l; pH 7.4 and 25 °C.

As postulated by Lakowicz [32], the presence of polar fluorophores
in polar and moderately viscous solvents results in incomplete solvent
relaxation, which in turn gives rise to a shift in the fluorescence emission
spectrum. This shift represents a photoselection phenomenon, whereby
molecules that are strongly bound to the solvent are preferentially
excited. The phenomenon has been employed in studies of protein dy-
namics and the location of fluorophores in membranes [19,32,33,41].
The phenomenon known as REES has already been employed, for
instance, to examine the mobility of lipid bilayers [42] and the position
of a fluorescent probe in DPPC liposomes [43]. As investigated in these
studies, parameters such as polarity, mobility, intermolecular in-
teractions, and extent of water penetration vary as a function of the
depth of the bilayer. The same explanation extends to hybrid liposomes
that also have a hydration layer due to PEO groups on the surface. The
restriction of polar solvents' mobility in high-viscosity media ultimately
results in a reduction of their relaxation time to a duration comparable
to that of the fluorescence lifetime of the fluorophore [33]. Conse-
quently, the time required for reorganization into the excited state is
absent, and fluorescence emission is contingent upon the excitation
wavelength.

To gain a better understanding of how the REES effect was identified
exclusively for AA in DPPC/F127/RBDEC/AA, the fluorescence lifetimes
of each system were obtained. In the combined system, RBDEC excita-
tion produced a fluorescence lifetime of Tz = 1.551 ns (X2 =1.124). For
AA in DPPC/F127/AA (dexc = 635 nm), the values were 1z = 1.277 ns
(23.75 %) and 0.657 ns (76.25 %), with X2 = 1.082, and for AA in
combined system g = 0.754 ns (22.99 %) and 0.344 ns (77.01 %), with
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¥% = 1.078. The findings indicated that both samples containing the
phenothiazine dye exhibited two distinct populations. It is conceivable
that the faster population may be AA in the bulk solution (tf = 0.4 in
water [44]), while the remainder may be AA incorporated into the
liposome. It is also observed that the ty of AA decreases by approxi-
mately 50 % when it is in the presence of RBDEC. The fluorescence
lifetime decrease observed for AA within the liposomal structure sug-
gests its position is more susceptible to quenching by water molecules.
However, the viscosity imposed by the PEO chains attached to the lipid
bilayer likely restricts water molecule mobility in this region. Conse-
quently, the solvent's relaxation lifetime is nearly equivalent to AA's
fluorescence lifetime, leading to the REES effect. In the DPPC/F127/AA
formulation, AA is more internalized and exhibits a longer fluorescence
lifetime, providing sufficient time for the reorganization of solvent
clusters. Fig. 7 illustrates the proposed location of AA in the formula-
tions, based on the analysis of the REES effect.

3.4. Photophysical properties

A key aspect of PDT is the generation of singlet oxygen (105) within
the liposome, which can then diffuse to the exterior to reach the target
cell. To estimate this photophysical behavior, an indirect methodology
utilizing the ABDA probe was employed. Table 4 presents the values of
ki, kpp, and kappa, along with the number of photons absorbed over 360
min (Nags), chemical photodynamic efficiency (ya), and the quantum
yield of singlet oxygen ($¢102).

As previously described [14], in the assays involving ABDA, a period
of 1 h was allowed to elapse before the commencement of the illumi-
nation. This period is necessary to ensure equilibrium in the diffusion of
ABDA into the liposomal vesicles. Moreover, to calculate ¢1A02, the
standard was maintained in a medium that was consistent with that of
the sample. In other words, for liposomal systems, the standard used was
the DPPC/F127/ERY system, the ¢1AOZ of which was determined by
direct methodology [17].

In an aqueous medium, RBDEC exhibits a negligible yield of 10y, a
phenomenon attributed to its propensity for self-aggregation in this
environment. Self-aggregation suppresses excited states and conse-
quently affects the generation of singlet oxygen. On the other hand, the
DPPC/F127/RBDEC sample showed $30, 160 times higher. This dem-
onstrates the great advantage of using this encapsulated PS in a delivery
system. The monomerization of RBDEC, achieved after its distribution in
the lipid bilayer, provided a longer lifetime of the triplet state and
consequently a greater generation of singlet oxygen.

Both the kappa and k; values are significantly elevated for AA, which
can be attributed to its cationic nature. This positive charge facilitates

Polar solvent +
Moderately viscous
medium

Slightly more
nonpolar region
REES @
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Table 4

Photophysical and reaction parameters were obtained for DPPC/F127/RBDEC,
DPPC/F127/AA, and DPPC/F127/RBDEC/AA after reaction with the ABDA
probe. [PS] = 5.0 x 107® mol L™, [ABDA] = 6.0 x 107> mol L.™'; pH 7.4 and
25 °C.

Sample k. (10* ke (107* Kagpa Nass Ya $A02
m’ s ao? (10 *E)
s s
RBDEC 3.47 0.67 0.15 3.89 0.38 0.003
(PBS, pH
7.4)
DPPC/ 0.60 2.58 4.35 1.32 32.95 0.48
F127/
RBDEC
AA (PBS, pH 6.13 1.21 18.4 2.47 74.5 0.45%
7.4)
DPPC/ 3.85 0.90 13.0 3.78 34.4 0.50
F127/AA
DPPC/ 3.58 0.14 (AA); 9.89 4.48 22.1 0.32
F127/ 0.86
RBDEC/ (RBDEC)
AA
DPPC/ 0.42 3.66 3.33 0.93 35.70 0.52°
F127/ERY

k;: chemical reaction rate constant (180 s); kpp: photobleaching rate constant;
kappa: ABDA photodegradation rate constant; Nags: number of photons absor-
bed; ya: chemical photodynamic efficiency; ¢pA0.: singlet oxygen quantum yield.
# Value obtained in reference. [23].
b Used as a standard for liposomal systems, value determined in reference.
[17].

closer interactions with the tetraanionic ABDA molecule, reducing
alternative deactivation pathways for singlet oxygen ('0,) and
increasing the probability of reaction with the probe. Additionally, the
emission spectrum of the light source overlaps more effectively with the
absorption of AA-containing samples (appsecl), leading to a higher
photon absorption rate for these formulations.

In liposomal systems, the combined system exhibited a lower singlet
oxygen quantum yield compared to the other formulations. This
reduction can be attributed to the experimental method's limitations, as
the positive charge of AA likely draws ABDA closer, potentially diverting
10, generated by RBDEC into alternative deactivation routes. Further-
more, energy transfer between the PSs in the combined system slightly
diminishes photodynamic activity.

Interestingly, the combined system demonstrated a notable reduc-
tion in photobleaching for both PSs. Despite the lower immediate yield,
this effect may enhance the system's overall photodynamic application
by extending the duration of its activity, presenting a potential

Water

Fig. 7. Representation of the proposed location for AA in the different formulations.



A.C. Pedrozo da Silva et al.

advantage over other formulations.

To address the limitations of the indirect method, we also assessed
the A0, using a direct approach by following the 'O, near-infrared
phosphorescence at 1270 nm. The lifetime of 10, was determined to
be 5.26 ps in D0, 8.87 ps in DPPC/F127/AA, and 8.22 ps in DPPC/
F127/RBDEC/AA using first-order kinetics fitting. These values for the
liposomal systems were found to be consistent with those previously
presented by Freitas et al. [17]. The observed increase in the lifetime of
singlet oxygen following the incorporation of PS into liposomes can be
attributed to its protective effect against collisional processes that would
otherwise lead to non-radiative decays.

The results demonstrated a quantum yield of 1.20 for DPPC/F127/
AA and 0.74 for the combined system. While the values differed ac-
cording to the methodology employed, it was observed that in both
cases, DPPC/F127/AA exhibited a higher generation of singlet oxygen.
Moreover, the direct methodology revealed a markedly elevated 10,
generation in the DPPC/F127/AA system, even when compared to AA in
an aqueous medium. This finding substantiates the remarkable photo-
dynamic potential of the formulation. Regarding the combined system,
the decrease in yield of about 38 % is probably related to the energy
transfer between RBDEC and AA. This result does not make the appli-
cation of this formulation impossible, since it is known that liposomes
are internalized in the intracellular environment and thus can deliver PS
to different organelles.

3.5. Photodynamic activity and dynamics of PS interaction with cancer
cell

The undifferentiated human colorectal adenocarcinoma cell line
Caco-2 is among the most extensively utilized in vitro models for eval-
uating the cytotoxic effects of compounds with potential application as
anticancer drugs [45]. In the present study, this cell line was used to
investigate the photodynamic effects of the proposed formulations. To
evaluate the cytotoxic potential of each system, treatments were carried
out under both light-activated and dark conditions. Cell viability was
quantitatively measured using the MTT colorimetric assay, a widely
accepted method for assessing metabolic activity as an indicator of cell
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viability and cytotoxicity. The results of these experiments are shown in
Fig. 8.

It is important to note that the DPPC/F127 formulation, when used
alone, did not demonstrate any cytotoxic effects on Caco-2 cells.
Moreover, formulations containing AA significantly reduced cell
viability, even in the absence of light. As shown in Fig. 8A, all samples
with AA in their composition exhibited a significant difference
compared to the control (p < 0.05). The cytotoxicity of phenothiazines
has been previously documented in studies involving methylene blue
[46,47] and is attributed to disruption of mitochondrial energy meta-
bolism, which induces oxidative stress and leads to cell death [48].
Klosowski et al. [49] recently demonstrated that the novel methylene
blue derivative (NMB) exhibits dark cytotoxicity, attributed to its strong
affinity for cellular membranes and its capacity to interfere with cellular
redox and energy pathways. In particular, NMB targets mitochondria,
where it disrupts oxidative phosphorylation, leading to the collapse of
the electrochemical gradient, oxidation of NADH, and the subsequent
release of mitochondrial enzymes. Notwithstanding this outcome, the
photodynamic effect is evident, as illustrated in Fig. 8B. A statistical
analysis of multiple comparisons revealed a substantial decline in cell
viability following illumination for all samples containing PS above 5 x
10~® mol L ™! in comparison to the control group (p < 0.05). In the case
of the combined samples, a reduction in cell viability of 79.4 % (p <
0.05) and 87.4 % (p < 0.0001) was observed at concentrations of 2.5 x
107% mol L™! and 5.0 x 107 mol L™}, respectively.

While the objective of this research was the development of a com-
bined system, the results presented in Fig. 8 do not indicate a synergistic
effect. This is evidenced by the inactivation percentages of the DPPC/
F127/RBDEC (5.0 x 10~® mol L") system (82.3 % =+ 3.0), DPPC/F127/
AA (5.0 x 10 ® mol .71 (80.8 % =+ 6.9), and the combined system (2.5
x 107 mol L™1) (79.4 % =+ 5.8). The observed difference between these
groups is not statistically significant, as can be seen in the data. The use
of combined systems has gained attention as a promising approach in
cancer treatment, offering potential advantages such as dose reduction,
lower toxicity, and decreased cellular resistance [50]. While the concept
of "synergism" is interpreted variably in the literature, Chou [24] em-
phasizes that it encompasses more than a simple additive effect. Chou
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and Talalay [51] developed the "Combination Index" (CI) to quantify
interactions between agents. According to this model, CI values below
0.9 indicate synergism, values above 1.10 indicate antagonism, and
values between 0.90 and 1.10 reflect an additive effect. Applying this
framework to the current study produced the graph shown in Fig. S8.
The formulation containing 5.0 x 10° mol L™! of each compound
displayed a moderate antagonistic effect, whereas the sample with the
lowest concentration exhibited an additive effect. These results indicate
that the interaction between the compounds is
concentration-dependent, showing a tendency toward synergistic effects
at lower concentrations.

It can be postulated that since the liposome was internalized without
the release of the dyes, the energy transfer between the PSs was main-
tained, which has the effect of hindering the photodynamic activity of
the system. Nevertheless, if liposome internalization occurs with the
intracellular release of PSs, the distinction in classes, lipophilicity, and
electrical charges of the compounds may result in their migration to
different intracellular compartments. As documented in the literature
[52], positively charged molecules tend to accumulate in mitochondria,
while negatively charged molecules are transported to lysosomes due to
the opposing electrochemical potentials of these organelles. To further
investigate these possibilities, the distribution of RBDEC and AA in
Caco-2 cells was investigated through the use of confocal microscopy
images. Future studies should include co-localization experiments with
organelle-specific fluorescent markers, combined with quantitative
image analysis, to better define the intracellular localization of RBDEC.
The results of this experiment (Fig. 9) demonstrated a significant overlap
between RBDEC and the DAPI image, indicating that RBDEC is pre-
dominantly localized within the nucleus region of the cells. It is a
well-established fact that the nucleus contains the majority of the
intracellular genetic material. The targeting of drugs in this region en-
ables them to exert their therapeutic effect by acting directly on the DNA
strands [53]. In contrast, confocal imaging of AA demonstrated a
dispersed distribution within the cytoplasm, with a notable accumula-
tion observed in the perinuclear region. This distribution may be

Fig. 9. Confocal microscopy images of U251 incubated for 4 h with DPPC/
F127/RBDEC/AA. Blue: DAPI; Green: RBDEC; RED: AA. [RBDEC] and [AA]
equal to 1.0 x 107° mol L. Scale bar = 25 pm. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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attributed to the cytoplasm water content, which creates a more pro-
pitious environment for AA [54]. This contrasting distribution of the
drugs suggests the possibility of targeting distinct cellular sites for
therapeutic interventions utilizing a photocytotoxicity approach,
thereby enhancing the overall efficacy of therapy. An additional benefit
of the developed systems is their ability to optimize the use of the light
source. The incorporation of distinct PSs has been demonstrated to
augment the absorption of photons from the white LED, thereby
potentiating the photodynamic effect. As previously mentioned, posi-
tively charged molecules have been observed to accumulate in mito-
chondria with a higher degree of preference. In the context of PDT, this
interaction is of significant importance, since photodamage to mito-
chondria initiates an apoptotic cascade [55]. It is also worth noting that
studies have shown that mechanisms initiated in specific organelles,
such as lysosomes, can enhance the efficacy of PDT [56]. Therefore,
further studies aimed at defining the specific location of PSs, including
lysosomes and mitochondria, should be considered for a more accurate
assessment.

Furthermore, fluorescence lifetime measurements were obtained for
each of the PSs in the intracellular medium. Three fluorescence lifetime
components were observed for RBDEC (Table 5). The chi-square (XZ)
values around 1 and the random distribution of residuals reinforce the
data. The longest lifetime appears to be associated with monomeric
species. Previous studies have demonstrated a monomer lifetime of
approximately 6-7 ns for RB [57]. The lifetime of around 2 ns appears to
be related to small self-aggregated species such as dimers, while the
shortest lifetime (<1 ns) could be due to the presence of larger
self-aggregated species such as trimers and tetramers. This has been
observed for other photosensitizers within the intracellular milieu as
well [54,58]. The fractional intensity (f,) indicates that less than 10 % is
attributed to monomeric species (f;), while the majority is related to
self-aggregated species (fo+f3). This may be due to the highly hydro-
phobic nature of the dye, which seems to favor its self-aggregation in the
intracellular environment. Furthermore, the presence of RBDEC in the
nuclear region could lead to a bound to the grooves of DNA bases,
promoting self-aggregation [59]. For AA, two lifetimes were observed,
which were respectively related to monomers and self-aggregated states
of the PS [30], similar to what was discussed for RBDEC.

4. Conclusions

The present study details the design of a dual-target liposomal system
intended for a multicellular approach to photodynamic therapy against
colorectal cancer cells. Initially, the hydrophobic RBDEC and the hy-
drophilic AA photosensitizers were successfully co-encapsulated in
small unilamellar vesicles of DPPC/F127. The DPPC/F127/RBDEC/AA
vesicles have a hydrodynamic diameter (Dy) of approximately 30 nm, a
polydispersity index (PI) of 0.28, and exhibit excellent temporal, ther-
mal, and dilution (x100) stability. Active incorporation of AA followed
by passive encapsulation of RBDEC results in approximately 60 %
entrapment of AA and 98 % entrapment of RBDEC. Stern-Volmer and
FRET assays reveal that RBDEC is located closer to the aqueous interface
due to interaction between its decyl chain and the lipid bilayer. These
assays, along with the red-edge excitation shift (REES effect), confirm
that AA is mostly located externally, near the PEO groups of F127. The
combined system was tested against Caco-2 cancer cells, showing
promising results by reducing cell viability by approximately 80 % after
20 min of illumination (white LED, 24.0 J cm~2). The Chou-Talalay
combination index indicated an antagonistic effect (index = 1.39) for
the dyes at higher concentration (5.0x10°% mol L), However, at a
lower concentration (2.5x10~° mol L’l), an additive effect was observed
(index = 1.09), suggesting that future studies exploring combined sys-
tems at lower concentrations may promote a synergistic effect. Confocal
microscopy images of Caco-2 cells showed distinct localizations of both
AA and RBDEC, with AA localized in the cytoplasm and RBDEC at the
nucleus region of cell, confirming the system's multi-cellular targeting
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Table 5

Fluorescence lifetime of RBDEC and AA in Caco-2 cells line.
Sample 7, (ns) T, (ns) 5 (ns) f1 (%) £, (%) f3 (%) v
RBDEC 5.2 (0.1) 2.0 (0.1) 0.9 (0.1) 9(2) 52 (2) 39 (3) 0.988-1.027
AA 2.1(0.1) 0.8 (0.1) - 55 (2) 45 (2) - 1.037

capability. This strategy not only provides photodynamic efficiency but
also allows for the optimization of absorbed photons. These findings
encourage further investigation of dual-target systems at different con-
centrations and across various cancer cell lines, paving the way for the
development of multifunctional DPPC/F127 vesicles with diverse
photosensitizer combinations.
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