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A B S T R A C T

Cancer stands as the second leading global cause of death, following heart disease. Considering the severe side 
effects revealed by some chemotherapeutics for tumor treatment and anticancer therapies, the scientific com
munity is actively exploring more effective alternatives. Photodynamic Therapy (PDT) mediated by porphyrin- 
based photosensitizers (PS) has emerged as an attractive alternative to more conventional therapies. In this 
study, we incorporated bis-cyclometalated iridium(III) complexes featuring porphyrin-arylbipyridine ligands 
into poly(vinylpyrrolidone) (PVP) micelle. This integration resulted in photostable PVP-PS formulations with a 
remarkable capability to generate singlet oxygen. These formulations were also efficiently internalized by HT- 
1379 cells and due to these features, their photodynamic action against human bladder cancer cells (HT-1376 
cell line) was assessed. All the formulations demonstrated high photodynamic activity, with PVP-2 and PVP-3 
proving to be the most promising PS, as evidenced by their lower IC50PDT values. It was also demonstrated that 
all PVP-based formulations provide a safe and effective approach for photodynamic therapy (PDT) in bladder 
cancer, as no cytotoxic effects were observed in Vero cells.

1. Introduction

Cancer is one of the leading causes of death worldwide and arises 
from the transformation of normal cells into tumor cells in a multi-stage 
process that typically advances from a pre-cancerous lesion to a malig
nant tumor [1]. Conventional cancer treatments, including radio
therapy, chemotherapy, and surgery, are facing increasing restrictions 
due to their severe side effects, risk of relapse, and high toxicity [2,3]. 
The search for effective, selective, specific, low-toxicity, and 
low-side-effect treatments/drugs has become one of the most critical 
goals in cancer treatments.

Since the approval of cisplatin by the Federal Drug Administration 
for solid tumor treatment in the 1970s, platinum-based drugs have 

emerged as one of the most widespread chemotherapeutic approaches 
for tumor treatments [4,5]. While these metallodrugs exhibit a good 
therapeutic effect on many tumors, their therapeutic value is accom
panied by several side effects, such as neurotoxicity, nephrotoxicity, 
weakening of the immune system, and risk of reinfection. Additionally, 
the intrinsic or acquired resistance of cancer cells to these non-selective 
metallodrugs is limiting their application in cancer therapy [5–9].

Researchers have dedicated significant efforts to overcome the 
drawbacks associated with platinum-based drugs and to discover more 
selective and target-specific anticancer drugs to eradicate platinum- 
based drugs’ side effects [7–10]. Other transition metal-based com
plexes have attracted the attention of the worldwide scientific commu
nity due to their appealing properties; among them are the 
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cyclometalated iridium-based complexes.
Cyclometalated iridium(III) complexes show suitable photophysical 

properties, including high emission quantum yields, high emission 
lifetimes, large Stokes shift, due to low-lying metal-to-ligand charge 
transfer (3MLCT) transition, fairly long phosphorescence lifetimes, 
excellent stability and electroluminescent performance [11–14]. As a 
result, cyclometalated iridium(III) complexes have attracted great 
attention from researchers in several fields for decades. These complexes 
have found applications in diverse fields such as (photo)catalysis, pho
toelectrochemistry, electron transfer arrays, and as components in 
organic light-emitting diodes (OLEDs) devices [13,15–20]. Recently, 
research on cyclometalated iridium(III) complexes experienced signifi
cant growth in the field of medicinal sciences as a result of their 
appealing physicochemical, photophysical, and pharmacokinetic fea
tures. The potential of these type of complexes in bio-imaging, bio-
sensing, and as anticancer drugs has been accessed, and their relative 
inertness, allowing the active molecule to reach successfully the desired 
target is considered an important advantage [1,11,21–25].

Photodynamic Therapy (PDT) has been gaining significance in can
cer treatment due to its improved selectivity and efficacy. It is a prom
ising approach to defeat conventional cancer treatment weaknesses, 
such as restricted applicability, lack of specificity, radiation damage, 
and severe side effects [26,27]. PDT is a non-invasive therapeutic pro
cedure based on the light-triggered reaction of a photosensitizer (PS) 
with triplet oxygen (3O2), which leads to the generation of reactive 
oxygen species (ROS). After photoactivation at a specific wavelength, 
the PS reaches an excited singlet state and by intersystem crossing an 
excited triplet state. Then, the ROS generation mechanism can follow 
two different pathways: 1) Type I, which involves an electron transfer 
process to 3O2 producing superoxide anions (O2̇

− ), hydroxyl radicals 
(OḢ), and hydrogen peroxyde (H2O2), and/or 2) Type II, where cyto
toxic singlet oxygen (1O2) is generated as a result of a transfer of energy 
between the excited PS and the surrounding 3O2. Type II mechanism has 
been pointed out as the prevalent process [26,28–30]. Such PDT 
approach requires the use of a non-toxic PS which is only activated by 
certain types of light irradiation which minimizes the systemic toxicity, 
improves the selectivity towards cancer cells, and precludes the devel
opment of drug resistance even after being applied repeatedly [31,32]. 
Furthermore, PDT can be combined with other anticancer therapies (e.g. 
surgery, chemotherapy, or radiotherapy), enhancing the potential ap
plications of this technique [33,34].

Tetrapyrrole-based PS, such as porphyrins and related macrocycles 
(e.g. chlorins, bacteriochlorins, or phthalocyanines), constitute the most 
extensively studied group of PS due to their structural, chemical, pho
tophysical, and photochemical features [35–38] Over the past few de
cades, synthetic porphyrins, namely meso-tetraarylporphyrins, were 
synthesized and modified to fine-tune their features, affording new de
rivatives suitable for diverse applications across various fields, including 
chemosensing [39–41], water remediation [42–44], (photo)catalysis 
[45–49], light-harvesting systems [50–54], bioimaging [55,56] and 
other biomedical aplications [57–65].

The modification of the meso-positions within a porphyrin core with 
active metal centers, using transition metal ions, like Re, Pt, Ir, or Ru, 
has attracted the interest of the scientific community, mainly by tar
geting the development of new (photo)catalysts, PS or photoluminescent 
compounds [27,66–69]. However, to the best of our knowledge, much 
less attention has been paid to the use of porphyrin-based PS iridium 
complexes coordinated at β-pyrrolic positions. To date, the only re
ported example is our recent study, where we evaluated the PS activity 
of porphyrin derivatives bearing attached ruthenium or iridium ter
pyridine units against resistant melanoma cells [70].

In this paper, the cellular internalization and photosensitizer ability 
of porphyrinic bis-cyclometalated iridium(III) complexes (1–3) were 
evaluated. The study was carried out on human bladder cancer cells 
(HT-1376 cell line) after incorporating the complexes into poly(vinyl
pyrrolidone) (PVP) micelles. The safety of the formultions was also 

evaluated using Vero cells.

2. Materials and methods

2.1. General remarks

The UV–Vis spectra were recorded on a UV-2501 PC Shimadzu 
spectrophotometer using DMF as solvent. Fluorescence emission spectra 
were recorded on a Horiba Jobin-Yvon Fluoromax 3 spectrofluorometer, 
and fluorescence quantum yields of PVP-PS formulations PVP-1, PVP-2, 
and PVP-3 were measured by using a solution of 5,10,15,20-tetraphe
nylporphyrin (TPP) in DMF as a standard (ΦF = 0.11) [71].

2.2. Synthesis of Iridium(III) complexes 1–3

Porphyrinic bis-cyclometalated iridium(III) complexes 1–3 were 
synthesized according to the previous procedures described. The struc
tures of both porphyrin-based PS were confirmed by 1H NMR spectros
copy and mass spectrometry, and the data are in accordance with the 
data reported (ESI, Figs. S1–S24) [72].

2.3. General procedure to prepare PVP-PS micelles

Chloroform solutions of N-vinylpyrrolidone (VPD) (100 mg) and 
iridium(III)-based complexes 1–3 (10 % w/w) were mixed in a beacker 
and the solution stirred for 2 h at room temperature for a full homoge
nization. Then, the solvent was evaporated under nitrogen flow and the 
reddish-brown solid obtained was dried in an oven at 40 ◦C for 48 h. The 
resulting residues were dissolved in 2 mL of water and submitted to 
dialysis (using a membrane with a cutt-off of 12000 Da) in distilled 
water at pH 7, ensuring the complete elimination of organic solvents. 
After this approach, PVP-1, PVP-2 and PVP-3 formulations were 
obtained.

2.4. Photostability assays

In a glass cuvette PBS solutions of PVP-based formulations PVP-1, 
PVP-2, and PVP-3 (5.0 μM) were prepared and kept in the dark at room 
temperature. Then such solutions were irradiated with white light 
(400–750 nm) using a light emission diode (LED) system (ELMARK – 
VEGA20, 20 W, 1400 lm) with an irradiance of 25 mW cm− 2 for 30 min. 
The absorption spectra were recorded at 0, 1, 2, 3, 4, 5, 10, 20, and 30 
min after irradiation.

2.5. Singlet oxygen generation

To evaluate the ability of PVP formulations (PVP-1, PVP-2, and PVP- 
3) to generate singlet oxygen (1O2), in a 1 × 1 cm glass cuvette were 
prepared 3 mL solutions containing each PS (0.5 μM) and 1,3-dipheny
lisobenzofuran (DPiBF) (50 μM) in DMF. The solutions were irradiated 
with a red-light LED board (630 ± 20 nm) at an irradiance of 11 mW 
cm− 2 for 15 min at room temperature under gentle magnetic stirring. 
Control assays were performed using just a solution of DPiBF (50 μM) in 
DMF and solutions containing a DPiBF solution at 50 μM plus the for
mulations PVP or PVP-TPP (with TPP used as the standard; ΦΔ = 0.64 in 
DMF [73]) at 0.5 μM.

2.6. Cellular uptake of PVP-PS formulations

The efficiency of cell uptake of PVP-1, PVP-2 and PVP-3 formula
tions was carried out using a human bladder cancer cell line HT-1376 
derived from high-grade transitional cell carcinoma (from the Amer
ican Type Culture Collection, ATCC, Manassas, VA, USA). This cell line 
was cultured in Roswell Park Memorial Institute medium (RPMI-1640) 
supplemented with 10 % (v/v) of fetal bovine serum (Life Technologies, 
Carlsbad, CA, USA), 100 U/mL penicillin, 100 mg/mL streptomycin and 
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0.25 mg/mL amphotericin B (Sigma).
HT-1376 cells were seeded (9.4 × 104 cells.cm− 2) in 96-well cell 

culture plates and maintained in the culture medium under an air at
mosphere containing 5 % CO2. For time- and concentration-dependent 
studies of the cell uptake, after seeding the cells overnight, they were 
washed twice with PBS and incubated for 2 h and 4 h in darkness (at 
37 ◦C under an air atmosphere containing 5 % of CO2) with PVP-1, PVP- 
2 and PVP-3 at 2.5, 5.0, 10.0 and 12.5 μM concentrations prepared in 
PBS. HT-1376 cells were immediately washed with PBS and lysed in 1 % 
m/v sodium dodecyl sulfate (SDS; Sigma) in PBS. PVP-1, PVP-2 and 
PVP-3 intracellular concentration was determined by spectrofluorom
etry using a microplate reader Synergy HT, BioTek, Winooski, VT, USA, 
equipped with excitation/emission wavelengths set of 360 nm/675 nm. 
The results were normalized for protein concentration (determined by 
bicinchoninic acid reagent; Pierce, Rockford, IL, USA).

2.7. In vitro cancer cytotoxicity after PDT treatment with PVP-PS 
formulations

The phototoxic effect of PVP-1, PVP-2, and PVP-3 formulations was 
evaluated using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazo
lium bromide (MTT) assay. HT-1376 cells were seeded and treated 
with the different concentrations of PVP-1, PVP-2, and PVP-3 formu
lations, as mentioned above, for 4 h in the dark. After the treatment, the 
cells were washed twice with PBS and covered with 100 μL of fresh 
medium. Cells were irradiated for 40 min with white light delivered by 
an illumination system (LC-122 LumaCare, London) equipped with a 
halogen/quartz 250 W lamp coupled to the selected interchangeable 
optic fiber probe (400–800 nm) at a fluence rate of 20 mW cm− 2. After 
24 h of the PDT protocol, cell phototoxicity was determined by 
measuring the ability of cancer cells to reduce MTT (Sigma) to a colored 
formazan. The absorbance at 570 nm wavelength was measured using a 
microplate reader (Synergy HT, Biotek, Winooski, VT, USA). The data 
were expressed in percentage of control (i.e., the optical density of 
formazan from cells not exposed to PVP-PS formulations). The dark 
toxicity of PVP-1, PVP-2, and PVP-3 formulations was evaluated under 
the same protocol, though without the irradiation procedure.

2.8. In vitro cytotoxicity of PVP formulations in Vero Cells

Cytotoxicity assessments of PVP-based formulations were performed 
using the Vero cell line (ECACC 88020401, African Green Monkey 
Kidney cells, GMK clone) following the guidelines outlined by the In
ternational Organization for Standardization (ISO 10993-5) [74]. The 
Vero cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, 
Gibco BRL, Invitrogen), containing 10 % (v/v) fetal bovine serum (FBS, 
Gibco BRL, Invitrogen), along with 100 U/mL penicillin, 100 mg/mL 
streptomycin, and 0.25 mg/mL amphotericin B (Gibco BRL, Invitrogen).

Cells were plated at a density of 9.4 × 104 cells.cm− 2 in 96-well cell 
culture plates and incubated at 37 ◦C under an air atmosphere con
taining 5 % of CO2. Following two PBS washes, the cells were then 
incubated with DMEM solutions of PVP-1–3 at concentration of 2.5, 5.0, 
10.0 and 12.5 μM for 24 h under the same conditions. Cell viability was 
evaluated after incubation by measuring the ability of the Vero cell’s to 
reduce resazurin (7-hydroxy-3H-phenoxazin-3-one-10-oxide sodium 
salt, Sigma) to resorufin, utilizing a microplate reader (SynergyTM HT 
Multi-Detection Microplate Reader-Biotek®) [75]. The viability results 
were expressed as a percentage relative to control cells [i.e., the optical 
density of resorufin (OD 570 nm) from cells not exposed to PVP for
mulations (Ct)].

2.9. Statistical analysis

The biological assays results are presented as the mean of at least 3 
independent assays with 3 replicates per assay. The statistical analysis 
was performed with GraphPad Prism (GraphPad Software, San Diego, 

CA, USA). Statistical significance among the conditions was assessed 
using the nonparametric Mann-Whitney test.

3. Results and discussion

3.1. Synthesis

Mononuclear heteroleptic porphyrin-iridium(III) complexes 1–3 
(Fig. 1) were synthesized by following a literature procedure [72]. 
Succinctly, the appropriate β-arylbipyridine porphyrin derivative was 
reacted with archetypal [(ppy)2Ir(bpy)][PF6] complex in methanol. The 
reaction mixture was heated for 2 h at 120 ◦C in a sealed tube, followed 
by cooling to room temperature. Subsequently, an excess of an aqueous 
solution of KPF6 was added. The resulting precipitate was filtered and 
washed consecutively with water and diethyl ether. After purification 
through column chromatography and crystallization in CH2Cl2/MeOH, 
the porphyrin-iridium(III) complexes 1–3 were obtained in yields 
ranging from 93 % to 96 %. The structural characterization of the por
phyrinic bis-cyclometalated iridium(III) complexes 1–3 was conducted 
using UV–Vis, 1H NMR and mass spectrometry, and all the experimental 
data agree with the described literature data (ESI, Figs. S1–S24) [72].

3.2. Incorporation into PVP micelles

Pursuing our interest in developing new porphyrin-based photosen
sitizers and motivated by the appropriate photophysical and photo
chemical properties displayed by porphyrin-iridium complexes 1–3 
[72], we undertook the assessment of their photodynamic activity 
against cancer cells. However, owing to their low hydrophilic character 
(miLog P: 10.62–10.65) [76], it was mandatory to develop a strategy to 
overcome this drawback.

To enhance the hydrophilicity of the porphyrin-iridium complexes 
1–3, they were incorporated into poly(vinylpyrrolidone) (PVP) micelles. 
PVP is a synthetic water-soluble polymer obtained from N-vinyl
pyrrolidone (VPD), possesses unique properties applicable across 
various industries, ranging from food and cosmetic to pharmaceutical 
[77,78]. Among the several features of PVP-based formulations, inert
ness, non-toxicity, temperature- and pH-stability, and biocompatibility 
render it a versatile excipient for controlled or targeted delivery systems. 
Additionally, studies on the pharmacokinetic and pharmacological 
properties of PVP formulations reported a high affinity for both hydro
philic and hydrophobic drugs, as well as a significant enhancement in 
water-solubility and stability of the incorporated drugs [77–80].

Due to their versatility and stability, PVP formulations have already 
proven effective in solubilizing hydrophobic porphyrin-based PS in 
aqueous media, thereby improving PDT outcomes [81–84]. Further
more, it was already reported in the literature the lack of cytotoxicity of 
PVP-based micelles for both normal and cancer cells after PDT treatment 
[84]. Recently, we described the incorporation of benzoporphyrin de
rivatives bearing (2,2′-bipyridine)dichloroplatinum(II) moieties into 
such micelles and the evaluation of their PS properties as PDT agents 
[10]. However, to the best of our knowledge, this approach has not yet 
been applied to beta-modified porphyrin-iridium(III)-type complexes.

The incorporation of each porphyrin-iridium(III) complexes 1–3 into 
PVP micelles represents a cost-effective approach involving the disso
lution of both the PS and VPD in CHCl3. The resulting solution was 
stirred for 2 h at room temperature, and then the solvent was removed 
under a nitrogen flow. The resulting residue, after being maintained for 
48 h at 40 ◦C, was dissolved in water and subjected to dialysis, affording 
the expected PVP-PS formulations PVP-1, PVP-2 and PVP-3 through the 
quantitative encapsulation of the corresponding porphyrin-iridium(III) 
complexes 1–3. The resultant PVP-formulations, as well as the unloa
ded PVP formulation for comparison purposes, underwent physical 
characterization (Table 1).

The self-assembled PVP solutions demonstrated uniformity, indi
cating their effective dispersion in water. Dynamic light scattering (DLS) 
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analysis shows that the PS-unloaded PVP formulation had an average 
hydrodynamic diameter of 88.8 nm. On the other hand, PVP-1, PVP-2, 
and PVP-3 exhibited average particle sizes of 101.5 nm, 75.0 nm, and 
106.2 nm, respectively (see Table 1 for details).

The incorporation of porphyrin-iridium(III) complexes 1 and 3 into 
PVP resulted in formulations with a slightly larger size than that of the 
unloaded particles. Among the loaded formulations, porphyrin-iridium 
(III) complex 2 afforded a more compact core, probably due to the 
slight higher hydrophobic nature of complex 2, induced by the methyl 
group at the arylbipyridine moiety. Polydispersity index (PDI) values, 
obtained from DLS measurements and listed in Table 1, indicated that all 
formulations had acceptable PDI values, ranging from 0.20 to 0.32, 
slightly higher than those obtained for the unloaded PVP particles 
(0.18). This suggests the formation of a homogeneous and monodisperse 
population of PVP-based particle solutions, meeting the commonly 
acceptable practice threshold (≤0.3) for polymer-based nanoparticle 
materials used as drug delivery systems [85]. Zeta potential measure
ments in aqueous suspensions were employed to assess the surface 
charge of all PVP formulations. While the surface of PS-unloaded PVP 
micelle was negatively charged (ζ = − 11.8 ± 0.5 mV), the incorporation 
of the porphyrin-iridium(III) complexes 1–3 into PVP-based micelles 
resulted in significant changes. The presence of porphyrin derivatives 
led to a reverse of the surface charge of PVP-formulations, mainly due to 
the cationic character of the [Ir(bpy)(ppy)2]+ moiety. Porphyrin-iridium 
(III) derivative 1 yielded the PVP formulation with a positively charged 
surface of ζ 10.0 ± 1.57 mV, while bis-cyclometalated iridium(III) 
complexes 2 and 3 induced a slightly lower positive surface charge of the 
corresponding PVP formulation with a value around ζ 7.5 mV.

The combination of appropriate size, homogeneous population, and 
a positively charged surface makes PVP-based formulations attractive 
carriers for PS 1–3, especially in PDT applications to reduce the viability 
of cancer cells. These positive zeta potentials might be advantageous, 
given the negatively charged surface of cancer cells induced by the 
conversion of glucose to lactate through aerobic glycolysis [86]. This 
could enhance the interaction of PVP-based formulations with target 
cancer cells and facilitates PS release. Additionally, the size of PVP mi
celles prevents elimination through the kidneys, as observed for 

particles with sizes up to 10 nm, and avoids clearance by liver and 
spleen, which typically remove particles larger than 200 nm [87,88].

The photophysical characterization of each PVP-PS formulations was 
recorded in N,N-dimethylformamide (DMF) solution at 298 K. In gen
eral, it was observed that PVP-based formulations PVP-1, PVP-2, and 
PVP-3 retained the photophysical features of the iridium(III) porphyrin 
complexes exhibiting analogous absorption, steady-state fluorescence 
emission, and excitation spectra, as well as fluorescence quantum yields.

The absorption spectra of the PVP-based micelles containing iridium 
(III) complexes 1–3 displayed the typical profile of meso-tetraar
ylporphyrin derivatives. However, upon comparison with the non- 
incorporated iridium(III) complexes 1–3 [72], it was observed that the 
absorption spectra were slightly red-shifted (3–5 nm) after incorpora
tion into PVP micelles (Table 2 and Fig. 2). The PVP-based micelles 
exhibited a highly intense Soret band around 422 nm and four weak 
Q-bands ranging from 518 nm to 654 nm, typical from free-base mes
o-tetraarylporphyrin derivatives [89–91]. As expected, the UV–Vis 
spectra of the PVP-1, PVP-2, and PVP-3 micelles confirmed that the 
iridium(III) complexation took place at the bipyridine moiety in β-pyr
rolic position. Furthermore, no noticeable changes were observed after 
the incorporation of iridium(III) complexes into PVP-based micelles. A 
similar behavior was observed in the fluorescence emission spectra of 
PVP micelles, which displayed two emission bands at around 665 nm 
and 720 nm.

The excitation spectra for the as-prepared PVP-based formulations 
were also recorded. The observed resemblance with the corresponding 
absorption spectra confirmed the absence of emissive impurities. For 
PVP-PS formulations, was assessed the fluorescence quantum yield (ФF) 

Fig. 1. Structures of porphyrin-iridium(III) complexes 1–3.

Table 1 
Physical characterization of PVP formulations in water.

PVP 
formulation

Hydrodynamic size 
(nm) ± SD

Polydispersity index 
(PDI) ± SD

Zeta Potential 
(mV) ± SD

PVP 88.8 ± 20.6 0.17 ± 0.02 − 11.8 ± 0.5
PVP-1 101.5 ± 0.20 0.28 ± 0.01 10.0 ± 1.57
PVP-2 75.0 ± 0.21 0.20 ± 0.00 7.34 ± 0.35
PVP-3 106.2 ± 1.14 0.32 ± 0.01 7.69 ± 1.82

Table 2 
Photophysical data of PVP-PS formulations PVP-1, PVP-2 and PVP-3 in DMF at 
298 K.

Compd λmax(nm): log ε λem (nm) Stokes Shift (cm− 1) ΦF

PVP-1 422:5.14 
518:3.97 
554:3.55 
594:3.42 
651:3.38

665, 721 3233.9 0.05

PVP-2 422:5.21 
518:4.03 
554:3.61 
594:3.46 
652:3.39

664, 721 2771.8 0.06

PVP-3 423:5.29 
519:4.11 
553:3.65 
594:3.54 
654:3.54

665,721 2529.3 0.07
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employing the internal reference method [92,93], with TPP (ФF = 0.11) 
as reference [71,94,95]. After incorporation into PVP micelles, the 
porphyrinic-iridium(III) complexes 1–3 exhibited fluorescence quantum 
yields ranging from 0.05 to 0.07.

The incorporation of the porphyrinic bis-cyclometalated iridium(III) 
complexes 1–3 into PVP micelles did not induce considerable changes in 
their photophysical features. So, considering this, and the findings from 
a previously reported study where complexes 1–3 demonstrated high 
efficiency for use in photoinduced and photodynamic processes [72], 
prompted us to access if this potential as photosensitizer agents is 
maintained in such PVP- formulations.

3.3. Photostability and singlet oxygen generation

Both the photostability and the exceptional capacity of the 
porphyrinic-iridium(III) complexes 1–3 to generate 1O2 [72] were 
assessed to determine whether their integration in PVP changed these 
two critical characteristics for a molecule to be employed in a PDT 
setting. In general, 1O2 is recognized as the main cytotoxic species 
responsible for causing cell damage and consequent reductions in cell 
viability. Since low stability during light irradiation might result in 
notable changes in the necessary photophysical and photochemical 
properties for an effective photodynamic therapy, photostability of a 
prospective PS is therefore an important criterion to consider.

Table 3 summarizes the data obtained from photostability assays 
involving the formulations PVP-1, PVP-2 and PVP-3. The decrease in 
the Soret band maximum was monitored upon irradiation with white 
light at an irradiance of 20 mW cm− 2 for different irradiation periods. 
Under these conditions, PVP-Ps formulations were found to be photo
stable. PVP-1 and PVP-3 formulations showed a 14 % and 16 % 
decrease in Soret band intensity, respectively, after 30 min of irradia
tion, while the PVP-2 formulation showed a 27 % decay in Soret band 

absorption. Despite the higher decay observed for PVP-2 compared to 
PVP-1 and PVP-3 formulations, it can be concluded that the incorpo
ration of porphyrin-iridium(III) complexes 1–3 into PVP micelles results 
in PVP formulations with appropriate photostability properties for use 
as PS in PDT.

The capability of PVP-PS formulations to generate 1O2 was evaluated 
by monitoring the absorption decay of 1,3-diphenylisobenzofuran 
(DPiBF) at 415 nm in both the absence and presence of each PVP-PS 
formulation. This method provides qualitative insight into the ability 
of a PS to generate 1O2 and involves the photooxidation of the 1O2 
quencher, resulting in its colorless o-dibenzoylbenzene derivative 
through a Diels–Alder-like reaction [96–98]. The 1O2 generation assays 
were performed by irradiating with red light at a fluence rate of 11 mW 
cm− 2 in DMF. For comparison purposes, similar assays were performed 
in the presence of PVP without any complex and PVP-TPP formulations 
containing 5,10,15,20-tetraphenylporphyrin (TPP), recognized for its 
efficacy as a 1O2 generator [99,100] (Fig. 3).

The results obtained from the time-dependent photodecomposition 
of DPiBF showed that all the considered PVP-PS formulations prepared 

Fig. 2. Absorption (Abs) and normalized emission (Emiss) and excitation (Exct) spectra of PVP-PS formulations PVP-1 (A), PVP-2 (B) and PVP-3 (C) in DMF at 298 K 
([PVP-1] = [PVP-2] = [PVP-3] = 3.0 × 10− 6 M; λexPVP-1 = λexPVP-2 = λexPVP-3 = 594 nm; λemPVP-1 = λemPVP-2 = λemPVP-3 = 721 nm).

Table 3 
Photostability of PVP-PS formulations at 5 μM, after irradiation with white light 
at a fluence rate of 25 mW cm− 2 for different periods of time (0–30 min).a

PS λmax (nm) Irradiation time (min)

0 1 2 3 4 5 10 15 20 30

PVP-1 422 0 0 1 2 5 4 8 11 11 14
PVP-2 422 0 1 2 4 7 10 12 18 22 27
PVP-3 423 0 1 2 3 4 6 10 12 15 16

a The results are presented in percentage calculated by the ratio of residual 
absorbance at λmax at different periods of time and absorbance before 
irradiation.

N.M.M. Moura et al.                                                                                                                                                                                                                           Dyes and Pigments 235 (2025) 112580 

5 



are capable of generating 1O2. Among them, the PVP-2 formulation 
exhibited the best performance in generating the cytotoxic species, 
showing a 3.3-fold higher capability to generate 1O2 compared to the 
PVP-TPP formulation used as a reference. Formulations PVP-1 and 
PVP-3 also displayed a good performance, inducing a decay in DPiBF 
absorption 2- and 1.2-fold higher, respectively, than that observed for 
the PVP-TPP formulation. It is worth noting that assays performed in the 
absence of PVP formulations and with the PVP formulation without 
porphyrin-based PS did not induce noticeable changes in the absorbance 
of DPiBF.

Overall, the characterization studies conducted for the PVP-PS for
mulations PVP-1, PVP-2 and PVP-3 demonstrated that the incorpora
tion of each porphyrin bis-cyclometalated iridium(III) complex 1–3 is a 
viable strategy to overcome the low water-solubility of these derivatives, 
disclosing potential features for the PVP-PS formulations to be used as 
PS in PDT. Additionally, the prepared PVP-PS formulations retained the 
properties of the porphyrin-iridium(III) complexes 1–3 without notice
able changes, encouraging us to evaluate their effectiveness in inhibiting 
bladder cancer cells.

3.4. Photodynamic activity of PVP formulations against human bladder 
cancer cells

3.4.1. Cellular uptake of PVP formulations
The uptake of PVP-PS formulations PVP-1, PVP-2 and PVP-3 by HT- 

1376 cells demonstrated to be both concentration- and time dependent 
(Fig. 4), reaching the maximum in all cases at 12.5 μM of PS and after 4 h 
of incubation. PVP-3 presented the highest intracellular accumulation in 
this cancer cell line (12.35 ± 5.72 nmol of PS/mg of protein) at 12.5 μM 
after 4 h of incubation. On the other hand, PVP formulations PVP-1 and 
PVP-2 showed similar intracellular accumulation in HT-1376 cells of 
2.61 ± 0.985 and 2.86 ± 0.394 nmol of PS/mg of protein, respectively.

3.4.2. Cell viability after PDT treatment with PVP formulations
The dark toxicity and the photodynamic effect in bladder cancer cells 

(HT-1376 cell line) of PVP formulations PVP-1, PVP-2 and PVP-3 were 
evaluated at 2.5, 5.0, 10.0 and 12.5 μM. The cell line was incubated in 
the dark for 4 h (where it was observed higher PS intracellular accu
mulation) with each PVP formulation and, in the case of the photody
namic effect, cells were irradiated with white light for 40 min with an 
irradiance of 20 mW cm− 2. MTT colorimetric assay was employed to 
access the cell cytotoxic properties of the formulations after 24 h of 
treatment, either in the dark or after PDT. The results showed that PVP- 
1, PVP-2 and PVP-3 did not induce cytotoxicity in HT-1376 in the dark 
(Fig. 5A), being in accordance with one of the requirements for an ideal 
PS [101].

It is also possible to observe that the photodynamic effect of for
mulations PVP-1, PVP-2 and PVP-3 in HT-1376 cells is dependent on 
the aryl-substituted unit and concentration (Fig. 5B). Cytotoxic effects 
were significantly higher in all cases at the maximum PS concentration 
(12.5 μM). PVP-2 and PVP-3 formulations were shown to be the most 
efficient PS promoting a decrease up to 60 % in the cancer cell line 
viability. Formulation PVP-1 did not go beyond promoting a decrease of 
ca. 40 % in HT-1376 cells viability. This lower PDT efficiency of PVP-1 
formulation is further supported by its higher IC50PDT value (25.6 μM), 
when compared to the IC50PDT values of PVP-2 and PVP-3 (6.97 and 
7.36 μM, respectively) (Fig. 5C).

3.4.3. Cytotoxicity of PVP formulations
Envisaging the use of PVP formulations PVP-1–3 as anticancer PS for 

human use, the cytotoxicity of the PVP-based formulations was deter
mined towards Vero cells derived from the kidney of an African green 
monkey (Cercopithecus aethiops) [102]. Thus, Vero cells were exposed to 
PVP-1–3 at 2.5, 5.0, 10.0 and 12.5 μM for 24 h. This was carried out 
according to ISO guidelines (ISO 10993-5) for in vitro cytotoxicity of 
medical devices that states that a material that promotes cell viability 
rates higher than 70 % compared to the control group shall be consid
ered non-cytotoxic [74]. The results obtained are presented in Fig. 6.

The results indicated that none of the tested concentrations of the 
PVP formulations caused a significant reduction in the viability of the 
Vero cell line. According to ISO guidelines, this suggests that these 
formulations are considered as safe for clinical use.

The last years have been highly significant in the search for new PS 
that preferentially accumulates within the target tumor tissue. Conju
gation with active targets [84], the use of peptides and antibodies [103,
104], and encapsulation in drug-delivery systems that could deliver the 

Fig. 3. Time-dependent photodecomposition of DPiBF at 50 μM in the presence 
of PVP-PS formulations PVP-1, PVP-2, PVP-3 and PVP-TPP (PS at 0.5 μM), and 
of PVP upon irradiation with red light (630 ± 20 nm) at irradiation of 11 mW 
cm− 2. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.)

Fig. 4. Intracellular uptake of formulations PVP-1, PVP-2 and PVP-3 by HT-1376 cells. Data are the mean ± S.D. of at least three independent experiments per
formed in triplicates: *(p < 0.05), **(p < 0.01), ***(p < 0.001) significantly different from uptake of PVP formulations at 2.5 μM.
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PS into tumor cells [105], are some of the strategies adopted to reach 
that goal.

It is widely recognized that PVP polymer forms pH-sensitive poly
meric micelles for extracellular and intracellular drug release, with its 
internalization being mediated by endocytosis [106]. Thus, PVP 

particles have the capacity to release drugs in response to the acidic 
extracellular fluids of tumor tissue. This fact suggests that interstitial pH 
in tumor tissue is important for PS liberation. The higher accumulation, 
and therefore the remarkable photodynamic effect of PVP-1, PVP-2 and 
PVP-3 formulations in HT-1376 cells, could be attributed to the tumor 

Fig. 5. Cytotoxicity of formulations PVP-1, PVP-2 and PVP-3 in HT-1376 bladder cancer cells. A) HT-1376 cells were incubated in the dark for 4 h with each 
formulation PVP-1, PVP-2 and PVP-3 and cytotoxicity was evaluated 24 h after treatment using the MTT assay. The percentage of cytotoxicity was expressed 
relatively to control cells (cells incubated with PBS) (B) Phototoxic effects of PVP-1, PVP-2 and PVP-3 in HT-1376 cells 24 h after PDT (irradiation with white light 
for 40 min; fluence rate of 20 mW cm− 2). The percentage of cytotoxicity was expressed relative to control cells (cells incubated with PBS and irradiated). Data are the 
mean value ± S.D. of at least three independent experiments performed in triplicates: *(p < 0.05), **(p < 0.01), ***(p < 0.001) compared to MTT reduction (%) at 
24 h after PDT for control cells (untreated cells). (C) IC50PDT (μM) values of PVP-1, PVP-2 and PVP-3 formulations in HT-1376 cell line (for a fluence rate of 20 
mW cm− 2).

Fig. 6. Cytotoxicity of formulations PVP-1, PVP-2 and PVP-3 in Vero Cells. These were incubated in the dark for 24 h with formulations PVP-1, PVP-2 and PVP-3 
and cytotoxicity was evaluated after this period using the resazurin assay. The percentage of cytotoxicity was expressed relatively to control cells (Ct).
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surface adhesion [107] and/or efficient release of the formulation PS 
content into the cytoplasm, mediated by the pH variations [84].

However, the efficiency of PDT is not solely determined by PS uptake 
in cancer. Generation of 1O2 and other ROS, aggregation, and photo
degradation behavior are other properties that must be considered [10]. 
PVP formulations PVP-1, PVP-2 and PVP-3 demonstrate to be photo
stable under the studied irradiation conditions, although showing 
different 1O2 generation profiles. The PVP-2 formulation demonstrated 
the highest efficiency in generating 1O2 and despite not having the 
highest accumulation in cancer cells, it induced the higher rates in the 
decrease of cells viability and had the lower IC50PDT value. On the other 
hand, PVP-3 exhibited a lower 1O2 generation profile compared to its 
analogues PVP-1 and PVP-2. However, its remarkable accumulation in 
HT-1376 cells enhanced its PDT effect, resulting in an IC50PDT value and 
a cell viability decrease rate similar to that of PVP-2. Since PVP does not 
negatively affect the viability of HT-1376 cells, as previously reported 
[84], the observed effects can be attributed solely to the action of the 
photosensitizers.

Another crucial aspect to consider is the safety of PVP-1–3 formu
lations for human use. PVP formulations have already been shown to be 
biocompatible, non-toxic, and highly effective in drug delivery systems 
[79]. In this study, the PVP formulations showed to be non-cytotoxic for 
a normal cell line, since no reduction in the viability of Vero cells was 
observed. This highlights the potential for these formulations to be 
safely used in the PDT treatment of bladder cancer. This safety could be 
also reinforced by favorable pharmacokinetics, good stability in bio
logical environments, excellent uptake, faster clearance rates and 
reduced off-target effects of iridium-based complexes compared to 
traditional porphyrins, which enhances their therapeutic potential [108,
109]. Some studies highlight the ability of these complexes to target 
mitochondria and lysosomes, providing selective action and minimizing 
systemic effect [109,110].

The use of these formulations in the PDT treatment of bladder cancer 
offers enormous advantages in such localized treatment, if the PS and 
the irradiation were applied locally, offering a promising alternative or 
adjunct to traditional therapies such as surgery, chemotherapy, and 
radiotherapy [111]. Its ability to provide targeted, minimally invasive, 
and repeatable treatment with minimal systemic toxicity makes it a 
promising option for patients who may not tolerate aggressive therapies 
[112,113].

4. Conclusions

In summary, porphyrin bis-cyclometalated iridium(III) complexes 
were successfully incorporated into PVP micelles affording PVP-PS for
mulations. This strategy allowed the preservation of the photophysical 
and photochemical properties of the porphyrin-based PS while 
enhancing water-solubility features. Moreover, the PVP-PS formulations 
exhibited stability under the evaluated light irradiation conditions and 
also demonstrated remarkable 1O2 generation performances. These 
properties suggest that such species can be considered as useful candi
dates to be used as PS in PDT.

PVP formulations demonstrated higher cellular uptake by HT-1376 
cells, with particular emphasis on PVP-3, with a remarkable internali
zation rate. This formulation and PVP-2 were the most efficient PS, 
promoting a decrease in HT-1376 cell viability higher than 60 %, 
demonstrating the lower IC50PDT values. Moreover, the tested formu
lations did not show dark toxicity towards the HT-1376 cell line, 
attesting the dependency of ROS production under irradiation for the 
photodynamic effect. This study also demonstrates that PVP-based for
mulations could offer a safe and effective approach for PDT in bladder 
cancer since no cytotoxic effects were observed in Vero cells, providing a 
localized, minimally invasive treatment option with minimal systemic 
toxicity, potentially complementing or replacing more aggressive 
therapies.

These promising results could boost new strategies for the synthesis 

and in vitro and in vivo evaluation of PVP formulation based on por
phyrinic bis-cyclometalated iridium(III) complexes as new PDT agents.
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analysis. José A.S. Cavaleiro: Writing – review & editing, Validation. 
Carlos F. Ribeiro: Writing – review & editing, Validation. Rosa Fer
nandes: Writing – review & editing, Validation, Formal analysis. Ana T. 
P.C. Gomes: Writing – review & editing, Writing – original draft, Su
pervision, Methodology, Investigation, Conceptualization.

Funding

This research work received financial support from the University of 
Aveiro and Fundação para a Ciência e Tecnologia and Ministério da 
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