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a Institute of Physics, Federal University of Goiás, Goiânia, GO, 74690-900, Brazil
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A B S T R A C T

Photodynamic therapy (PDT) is an emerging strategy for cancer treatment and represents a promising approach 
for melanoma, one of the most aggressive and therapy-resistant forms of skin cancer. In this study, meso-tetra(4- 
pyridyl)porphyrin complexes coordinated with palladium(II)/diphosphine ligands (Porf@dppe, Porf@dppp, 
Porf@dppb, and Porf@dppf; dppe = 1,2-bis(diphenylphosphino)ethane, dppp = 1,3-bis(diphenylphosphino) 
propane, dppb = 1,4-bis(diphenylphosphino)butane, and dppf = 1,1′-bis(diphenylphosphino)ferrocene), previ
ously shown to display favorable lipophilicity and efficient singlet oxygen production, were evaluated against 
human (A375) and murine (B16–F10) melanoma cells, as well as non-cancerous keratinocytes (HaCaT). Cyto
toxicity measured after a 90 min incubation period yielded dark IC50 values between 0.6 and 8.6 μM, whereas 
light irradiation (λ = 415 nm, 1.8 J cm− 2, 36 mW cm− 2) resulted in markedly lower IC50 values in the nanomolar 
range (2–27 nM). Irradiation increased intracellular ROS levels, induced morphological alterations in A375 cells, 
inhibited long-term proliferation, and reduced cell migration, particularly for Porf@dppb and Porf@dppf. The 
highest cytotoxicity was observed for Porf@dppf, likely due to the redox-active ferrocene unit promoting Fenton- 
type reactions and enhanced hydroxyl radical formation. Electron paramagnetic resonance (EPR) spin-trapping 
experiments confirmed light-induced generation of hydroxyl radicals and superoxide anion, with significantly 
higher hydroxyl radical production observed for Porf@dppf. The photodynamic activity of these complexes is 
attributed to efficient ROS production involving simultaneous contributions from both Type I and Type II 
mechanisms. Moderate binding to bovine serum albumin suggests possible albumin-mediated plasma transport. 
Overall, palladium(II)/diphosphine porphyrin complexes emerge as promising photosensitizers for melanoma 
photodynamic therapy.

1. Introduction

Melanoma, one of the most aggressive types of skin cancer, presents 
high metastatic potential and resists conventional therapies. Although 
melanoma accounts for about 4% of skin cancers, it is highly lethal and 

causes 75% of skin cancer-related deaths [1]. In recent decades, the 
incidence of melanoma has increased [2] due to individuals being 
excessively exposed to ultraviolet radiation originating from sunlight or 
artificial tanning devices [2], and genetic factors may predispose in
dividuals to develop this type of skin cancer [3]. The global incidence of 
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melanoma and its associated mortality are expected to increase sub
stantially by 2040. In 2020, approximately 325,000 new cases of mel
anoma and 57,000 related deaths occurred worldwide, and about 510, 
000 new cases (a 57% increase) and 96,000 related deaths (a 68% in
crease) are expected in 2040 [4].

Even though advances in targeted therapies, such as BRAF and MEK 
inhibitors, and immunotherapy have improved some patients’ progno
ses, these approaches are limited by acquired resistance [5], systemic 
toxicity [], and high costs [6]. In this context, demand for effective, 
selective, and affordable therapeutic strategies to treat melanoma has 
grown, and phototherapy, particularly photodynamic therapy (PDT), 
has emerged as a promising therapeutic alternative. PDT has proved 
efficient against not only several microorganisms that are relevant to 
human and veterinary health [7–9], but also various types of cancer, 
including melanoma [10–12]. PDT relies on specific light wavelengths 
to activate photosensitizing agents (PS), to destroy target cells selec
tively while minimally damaging healthy tissues. Furthermore, several 
strategies, such as molecular engineering PS, combining PS or therapies, 
optimizing light delivery systems, and using targeted delivery platforms, 
have been employed to improve PDT efficiency, to reduce treatment 
costs, and to enhance therapeutic outcomes [13–19]. Together, these 
advancements have contributed to making PDT an attractive alternative 
aiding the expansion of accessibility and improving therapeutic efficacy 
when treating melanoma.

Metallic porphyrin complexes, particularly complexes containing 
palladium(II), have been investigated for PDT [20,21]. Palladium shares 
chemical similarities with platinum, which is known for its anticancer 
activity in drugs such as cisplatin [22,23] and potentially exerts cyto
toxic effects irrespective of irradiation. Moreover, the presence of 
phosphine ligands in the peripheral positions of the porphyrin complex 
can enhance its lipophilicity and molecular targeting [24]. This pro
motes selective cellular uptake of the porphyrin complex and its 
consequent accumulation in cancer cells, which is critical for therapy 
[25].

Studies have shown that Pd(II) complexes with pyridyl-substituted 
porphyrins exhibit promising cytotoxic activity against melanoma 

cells. Oxidative stress, DNA damage, and induced apoptosis underlie this 
activity, especially when the complexes are activated by light. Recently, 
Trentin et al. (2025) [26] investigated two meso-tetra-pyridyl cationic 
porphyrins (3-PdTPyP and 4-PdTPyP) containing peripheral Pd(II) 
complexes ([Pd(bpy)Cl]+) and focused on how these porphyrin com
plexes interact with DNA and induce genotoxic damage and phototox
icity in human (A375) and murine (B16–F10) melanoma cells. Bacterial 
plasmid assays revealed that the porphyrin complexes preferentially 
interact with DNA via the minor groove and through van der Waals 
forces, and that the complexes promote purine oxidation under irradi
ation with white light, which blocks DNA metabolism. In addition, the 
porphyrin complexes exhibit selective phototoxicity against melanoma 
cells: 3-PdTPyP and 4-PdTPyP are more effective against A375 
(IC50 = 0.43 μM) and B16–F10 (IC50 = 0.51 μM) cells, respectively.

Studies have shown that Pd(II) complexes with pyridyl-substituted 
porphyrins exhibit promising cytotoxic activity against melanoma 
cells [27,28]. However, previous investigations have primarily focused 
on general phototoxic responses and overall ROS-mediated damage, 
without establishing clear correlations between molecular structure and 
biological performance. In particular, the influence of peripheral 
diphosphine ligands on cellular behavior, oxidative pathways, and 
antitumor efficacy remains poorly understood. This lack of structur
e–activity insight limits rational molecular design and highlights the 
need for systematic studies addressing how ligand architecture modu
lates photodynamic responses in melanoma cells.

A series of metalloporphyrin-based photosensitizers (PS), comprising 
meso-tetrapyridyl porphyrins (TPyP) coordinated to palladium(II)– 
diphosphine complexes, has been designed and synthesized [24]. 
display notable biological activity, including intrinsic anticancer effects 
in the absence of light. Photophysical characterization revealed efficient 
triplet-state formation and singlet oxygen production, supporting their 
suitability as PS for photodynamic therapy (PDT) [29]. Their thera
peutic potential has been further demonstrated by the inactivation of 
multidrug-resistant bacterial strains isolated from clinical bovine 
mastitis [30] and by activity against 3D pancreatic tumor models [29]. 
In light of these results, the present study investigates the phototoxic 

Fig. 1. Representation of the structure of porphyrin complexes: A) Porf@dppe, B) Porf@dppp, C) Porf@dppb, and D) Porf@dppf.
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effects of these complexes on melanoma cells. To this end, we have 
evaluated the in vitro cytotoxicity of the porphyrin complexes under dark 
conditions or irradiation with light by using the MTT assay. To gain 
deeper insight into the biological behavior of these complexes, we have 
conducted morphological, clonogenic, and migration assays, and we 
have carried out agarose DNA assays to assess whether these complexes 
can induce DNA cleavage. We have also investigated how these com
plexes interact with bovine serum albumin (BSA) to understand how 
they are transported and biodistributed in biological systems. While 
previous studies demonstrated the lipophilic nature of these complexes 
and their efficiency in singlet oxygen generation, electron paramagnetic 
resonance (EPR) spin-trapping experiments were employed here to 
further evaluate the formation of hydroxyl radicals and superoxide 
anion.

1.1. Material and methods

1.1.1. General procedures
All the experimental procedures were performed under an argon 

atmosphere, to avoid the presence of oxygen and moisture. All chemicals 
used were of reagent grade or comparable purity. [PdCl2(PPh3)2] and 
the diphosphines (dppe, dppp, dppb and dppf) were used as received 
from Sigma-Aldrich®. The precursor complexes, cis-[PdCl2(P–P)], P– 
P = dppe, dppp, dppb and dppf, were prepared according to a previously 
published procedure, without modifications [24].

1.1.2. Synthesis of porphyrin–palladium(II) complexes
The porphyrin complexes investigated herein were synthesized ac

cording to previously described procedures [24]. The complexes 
comprised a series of meso-tetra(4-pyridyl)porphyrins (TPyP) func
tionalized with peripheral palladium(II) precursors. Each palladium(II) 
precursor contained a distinct diphosphine ligand: 1,2-bis(diphenyl
phosphino)ethane (dppe), 1,3-bis(diphenylphosphino) propane (dppp), 
1,4-bis(diphenylphosphino)butane (dppb), or 1,1′-bis(diphenylphos
phino)ferrocene (dppf). For clarity and brevity, the palladium(II) pre
cursors will be designated [PdCl2(dppe)], [PdCl2(dppp)], 
[PdCl2(dppb)], and [PdCl2(dppf)]; their chemical structures are shown 
in Fig. S1 and their 31P{1H} spectra are in Figs. S2–S5. The corre
sponding porphyrin-based complexes will be referred to as Porf@dppe, 
Porf@dppp, Porf@dppb, and Porf@dppf, and their chemical structures 
are shown in Fig. 1.

Some data used for the characterization of porphyrin complexes are 
here mentioned:

1.1.3. Porf@dppe
Anal. calc. for C144H122N8P12Cl4F24Pd4: calc. (exp.) C, 51.48 

(51.41); H, 3.66 (3.47); N, 3.34 (3.12)%. IR (KBr, selected bands, 
cm− 1): 3060 ν(C–H); 1610 ν(CvN); 1429 ν(CvC); 1108 ν(P–C); 848 e 528 
ν(P–F); 476 ν(Pd–N). 31P(1H) NMR (162 MHz, DMSO, 298 K): δ 
(ppm) = 66.61 (s). 1H NMR (400 MHz, DMSO): δ (ppm) = 9.03 (8H, s, 
H5 and H5′), 8.86 (8H, s, H2 and H3), 8.28 (8H, s, H4 and H4 ′), 7.73 
(30H, m, H of phenyl rings), 7.58 (50H, m, H of phenyl rings), 2.73 (8H, 
m, CH2 of ethyl), 2.61 (8H, m, CH2 of ethyl and H2O), 2.51 (s, 3H).

1.1.4. Porf@dppp
Anal. calc. for C148H130N8P12Cl4F24Pd4: calc. (exp.) C, 52.04 

(51.80); H, 3.83 (3.59); N, 3.28 (3.00)%. IR (KBr, selected bands, 
cm− 1): 3068 ν(C–H); 1612 ν(C––N); 1423 ν(C––C); 1108 ν(P–C); 858 e 
559 ν(P–F); 474 ν(Pd–N). 31P(1H) NMR (162 MHz, DMSO, 298 K): δ 
(ppm) = 12.79 (broad signal). 1H NMR (400 MHz, DMSO, 298 K): δ 
(ppm) = 9.00 (8H, s); 8.81 (8H, s); 8.24 (9H, s); 8.22 (15H, m, H of 
phenyl rings); 7.82 (s, 15H, m, H of phenyl rings), 7.61 (s, 18H), 7.53 (s, 
48H, m, H of phenyl rings); 2.87 (s, 15H,m, CH2 of propyl), 1.93 (s, 11H, 
m, CH2 of propyl).

1.1.5. Porf@dppb
Anal. calc. for C152H138N8P12Cl4F24Pd4: calc. (exp.) C, 52.58 

(52.20); H, 4.00 (3.83); N, 3.28 (3.08)%. IR (KBr, selected bands, 
cm− 1): 3066 ν(C–H); 1614 ν(C––N); 1433 ν(C––C); 1093 ν(P–C); 833 e 
555 ν(P–F); 486 ν(Pd–N). 31P(1H) NMR (162 MHz, DMSO, 298 K): δ 
(ppm) = 1H NMR (400 MHz, DMSO, 298K): δ (ppm) = 9.07 (8H, s, H5 
and H5′); 8.05 (8H, s, H2 and H3); 7.74 (8H, s, H4 and H4 ′); 7.69 (26H, 
m, H of phenyl rings); 7.79–7.56 (51H, m, H of phenyl rings); 3.09 (16H, 
m, CH2 of butyl); 1.92 (8H, m, CH2 of butyl); 1.52 (8H, m, CH2 of butyl).

1.1.6. Porf@dppf
Anal. calc. for C176H138N8Cl4F24P12Fe4Pd4: calc. (exp.) C, 53.07 

(53.15); H, 3.53 (3.40); N, 3,00 (2.59)%. IR (KBr, selected bands, 
cm− 1): 3068 ν(C–H); 1612 ν(C––N); 1431 ν(C––C); 1103 ν(P–C); 850 e 
553 ν(P–F); 497 ν(Pd–N). 31P(1H) NMR (162 MHz, DMSO, 298 K): δ 
(ppm) = 37.42 (d,J = 9.4 Hz) and 34.30 (d,J = 8.9 Hz). 1H NMR 
(400 MHz, DMSO, 298 K): δ (ppm) = 9.11 (8H, s, H5 and H5′); 8.89 (8H, 
s, H2 and H3); 8.28 (19H, m, H of phenyl rings); 7.90 (33H, m, H of 
phenyl rings); 7.62 (17H, m, H of phenyl rings); 7.53 (20H, m, H of 
phenyl rings); 5.54 (8H, s, CH of ferrocene); 4.89 (8H, s, CH of ferro
cene); 4.58 (8H, s, CH of ferrocene); 4.24 (9H, s, CH of ferrocene).

1.2. Biological investigation

1.2.1. Cell culture conditions
Murine melanoma cells (B16–F10), human melanoma cells (A375), 

and human keratinocytes (HaCaT) were obtained from the Rio de 
Janeiro Cell Bank (BCRJ, Brazil). All the cells were cultured in Dulbec
co's Modified Eagle Medium (DMEM) supplemented with 10% fetal 
bovine serum (FBS) and maintained in a humidified incubator at 37 ◦C, 
with 5% CO2. DMEM and FBS were obtained from Vitrocell Brasil 
(Campinas, SP, Brazil) and Gibco Thermo Fisher Scientific (Waltham, 
MA, USA), respectively.

1.2.2. (Photo)cytotoxicity assay
The cytotoxicity of Porf@dppe, Porf@dppp, Porf@dppb, and 

Porf@dppf was evaluated by using the 3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide (MTT) assay. A375, B16–F10, or HaCaT 
cells were used in the experiments. The cells were seeded in 96-well 
plates at a density of 1 × 104 cells/well and incubated overnight, 
which allowed 80–90% confluence to be reached.

Stock solutions of Porf@dppe, Porf@dppp, Porf@dppb, and 
Porf@dppf were prepared in dimethyl sulfoxide (DMSO). Subsequently, 
the solutions were diluted with DMEM, which provided the desired 
working concentrations. The final DMSO content in the samples was 
kept below 0.5%.

To evaluate the cytotoxicity of Porf@dppe, Porf@dppp, Porf@dppb, 
and Porf@dppf, the cells (A375, B16–F10, or HaCaT cells) were treated 
with various concentrations of each palladium(II) precursors (0.4 to 
50 μM) or one of the porphyrin complexes (0.003 to 12.5 μM). After 
treatment for 48 h, 50 μL of MTT solution (1 mg/mL) was added to each 
well, and the cells were incubated for 4 h. The medium was removed, 
and the formazan crystals were solubilized in 150 μL of DMSO. Absor
bance was measured at 540 nm by using a microplate spectrophotom
eter (Epoch, BioTek). The half-maximal inhibitory concentration (IC50) 
was calculated with GraphPad Prism 8.0.2. The selectivity index (SI) 
was determined as the ratio between the IC50 obtained for the non- 
cancerous (HaCaT) and cancer (B16–F10 or A375) cells under equiva
lent conditions.

For the photocytotoxicity experiments, the cells (A375, B16–F10, or 
HaCaT cells) were treated with increasing concentrations of Porf@dppe, 
Porf@dppp, Porf@dppb, or Porf@dppf (0.00019 to 0.00312 μM) and 
incubated for 90 min, which allowed the cells to internalize the 
porphyrin complex. After treatment, the culture medium was replaced 
with fresh medium without phenol red, and the cells were irradiated 
with a 415-nm LED light source with irradiance of 30 mW/cm2 for 
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1 min, which corresponded to a light dose of 1.8 J/cm2. After incubation 
for 48 h, 1 mg/mL MTT was added at 37 ◦C for 3 h. The medium was 
removed, and the formazan crystals were solubilized in 150 μL of DMSO. 
Absorbance at 540 nm was measured, and viability was expressed as the 
percentage relative to the negative control (0.5% DMSO). All the ex
periments were performed in triplicate and repeated three times. The 
phototoxicity index (PI) was calculated for each porphyrin complex as 
the ratio between the IC50 determined in the dark and after irradiation 
with light.

1.2.3. Cell morphology evaluation
The effects of Porf@dppb and Porf@dppf on A375 cell morphology 

were evaluated using 1 × 104 cells per well seeded in 96-well plates. 
After 24 h of attachment, the cells were treated with each compound at 
concentrations corresponding to their previously determined IC50 values 
(7.4 nM for Porf@dppf and 27 nM for Porf@dppb) and at 2 × IC50 
(14.8 nM for Porf@dppf and 54 nM for Porf@dppb). After incubation for 
90 min, which allowed the cells to internalize Porf@dppb or Porf@dppf, 
the medium was replaced with phenol red-free medium, and the cells 
were irradiated with a light dose of 1.8 J/cm2. The cultures were then 
maintained under standard conditions for 48 h. Morphological changes 
were assessed at 0 and 48 h by using the CELENA® S Digital Imaging 
System (Logos Biosystems). For the fluorescence images, after the 
treatment, the cells were incubated with Hoechst 33258 and propidium 
iodide for 1 h, and the images were taken by using the CELENA® S 
Digital Imaging System (Logos Biosystems).

1.2.4. Clonogenic assay
The clonogenic assay was performed to evaluate the long-term pro

liferative capacity of melanoma cells after PDT. A375 cells were seeded 
in six-well plates at a density of 500 cells per well. After incubation for 
24 h, Porf@dppb or Porf@dppf was added at concentrations corre
sponding to ½ × IC50 (3,7 nM for Porf@dppf and 13,5 nM for 
Porf@dppb), IC50 (7,4 nM for Porf@dppf and 27.0 nM for Porf@dppb), 
or 2 × IC50 (14.8 nM for Porf@dppf and 54 nM for Porf@dppb). The cells 
were incubated with each PS for 90 min, which allowed the cells to 
internalize the PS. After that, the medium was replaced with fresh 
phenol red-free medium. The plates were then irradiated with a light 
dose of 1.8 J/cm2 and incubated for seven days, which allowed colonies 
to form. At the end of this period, the colonies were fixed with meth
anol/acetic acid (3:1), stained with 0.5% crystal violet in methanol for 
30 min, washed with water, and air-dried. All the experiments were 
performed in triplicate. Relative survival was determined by using the 
ImageJ software with the “Colony Area” plug-in and the “Analyze Par
ticles” function, as described in Ref. [31].

1.2.5. Migration assay
To evaluate whether the porphyrin complexes can inhibit cell 

migration, a wound healing assay was performed. A375 cells were 
seeded in 24-well plates at a density of 0.5 × 105 cells per well and 
maintained at 37 ◦C in humidified 5% CO2 atmosphere for 24 h. After 
incubation, a wound was created by using a sterile 200-μL pipette tip. 
The culture medium was replaced with fresh phenol red-free medium, 
and the cells were treated with Porf@dppb or Porf@dppf at concen
trations corresponding to 1/8 IC50 (0,9 nM for Porf@dppf and 3,4 nM for 
Porf@dppb) or ½ IC50 (3,7 nM for Porf@dppf and 13,5 nM for 
Porf@dppb). After incubation for 90 min, which allowed the cells to 
internalize Porf@dppb or Porf@dppf, the medium was replaced, and the 
cells were irradiated with a light dose of 1.8 J/cm2. The plates were 
maintained under standard culture conditions, and images of wound 
closure were captured at 0 and 48 h by using the CELENA® S Digital 
Imaging System (Logos Biosystems). The wound area was quantified by 
using the ImageJ software.

1.2.6. Measurement of levels of intracellular reactive oxygen species
Intracellular reactive oxygen species (ROS) production in A375 cells 

was evaluated by using the fluorescent probe H2DCFDA. The cells were 
seeded in DMEM in 24-well plates at a density of 1.0 × 105 cells/well 
and incubated at 37 ◦C in humidified atmosphere containing 5% CO2 for 
24 h. Then, the cultures were treated with Porf@dppb or Porf@dppf at 
concentrations corresponding to ¼ IC50 (1,8 nM for Porf@dppf and 
6,7 nM for Porf@dppb) or IC50 (7.4 nM for Porf@dppf and 27 nM for 
Porf@dppb) and incubated in the dark for 1 h 30 min. After incubation, 
the medium was replaced with phenol red-free medium, and the cells 
were irradiated with a 415-nm LED at a light dose of 1.8 J/cm2. After 
irradiation, the medium was removed, and the cells were incubated with 
H2DCFDA (10 μM) in the dark at 37 ◦C for 30 min. The probe was dis
carded, the cells were washed once with cold PBS, and 200 μL of RIPA 
lysis buffer was added to each well, which was followed by incubation 
on ice for 5 min. The cells were detached with a sterile scraper, trans
ferred to microtubes, and centrifuged at 5000 rpm for 5 min. The 
resulting supernatant was transferred to a black 96-well plate, and DCF 
fluorescence was measured by using a microplate reader (λexc: 485 nm, 
λem: 535 nm).

1.2.7. Electron paramagnetic resonance (EPR) spectroscopy
Spin trapping EPR experiments were performed under visible light 

irradiation using a previously described light source (Br. Patent: PI 
0802369-7 A2, 2008) equipped with a 500 W halogen lamp, delivering 
an energy dose of 720 J cm− 2 [32]. To prevent sample heating, the light 
beam was passed through a water filter of sufficient thickness to absorb 
infrared radiation.

EPR measurements were carried out on a Bruker EMX Plus spec
trometer (Rheinstetten, Germany) under the following conditions: mi
crowave frequency, 9.83 GHz; microwave power, 20 mW; modulation 
frequency, 100 kHz; modulation amplitude, 0.5 G; magnetic field scan 
range, 60 or 80 G; sweep time, 168 s; and sample temperature, 25 ◦C. 
Samples consisted of 100 μL aerated porphyrin solutions prepared in 
DMSO or DMSO:water mixtures. Irradiation was performed for 10 min 
using the light source described above.

Experimental conditions were applied to detect specific reactive 
oxygen species: (i) hydroxyl radicals were detected using 80 mM N-tert- 
butyl-α-phenylnitrone (PBN) in DMSO; and (ii) superoxide anion was 
detected using 25 mM 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) in a 
95:5 (v/v) DMSO:water mixture. Control samples lacking porphyrins 
were prepared in parallel under identical experimental conditions. After 
irradiation, 30 μL aliquots were transferred to 1 mm inner diameter glass 
capillaries, flame-sealed, and immediately analyzed by EPR 
spectroscopy.

1.3. DNA cleavage assay

The potential of Porf@dppb and Porf@dppf to cleave DNA was 
investigated by agarose gel electrophoresis. The assay was carried out by 
using pBR322 plasmid DNA in Tris HCl buffer, pH 7.4. The plasmid was 
incubated with Porf@dppb and Porf@dppf at 12.5 and 25 μM concen
trations at 37 ◦C for 1 h after irradiation with 415 nm light during 10 min 
(light dose of 1.8 J/cm2). A gel was prepared by using agarose (1 %) in 
TAE (Tris-acetate-EDTA) buffer 1x, and the samples were loaded with 
10 μL of loading buffer (30% glycerol, 5 mM xylene cyanol). The gel was 
run in TAE 1x at 50 V and 40 mA for 2 h in a Bio-Rad horizontal tank. 
The gel was stained with ethidium bromide for 30 min, and the image 
was obtained by using a Gel Doc EZ Imager instrument (Bio-Rad).

1.4. BSA binding analysis by fluorescence spectroscopy

The BSA (Sigma-Aldrich) interaction with Porf@dppb or Porf@dppf 
was investigated by accomplishing a fluorescence quenching experi
ment, where the BSA concentration in buffer (4.5 mM Tris-HCl, 0.5 mM 
NaOH, and 50 mM NaCl) at pH 7.4 was kept constant (2.5 μM), while the 
concentration of Porf@dppb or Porf@dppf was increased from 0.031 to 
4.0 μM. The emission intensity of the BSA tryptophan residues at 320 nm 

E. Cruz de Moraes et al.                                                                                                                                                                                                                       European Journal of Medicinal Chemistry 309 (2026) 118751 

4 



(excitation wavelength of 270 nm) was monitored at 298, 303, and 
310 K. The data were analyzed by using the classic Stern− Volmer 
equation (Eq. (1)) 

F0

F
= 1 + KSV [Q] = 1 + kqτ0[Q] Eq. 1 

where F0 and F correspond to the fluorescence intensities in the absence 
and presence of the quencher, respectively; [Q] is the concentration of 
the quencher; and Ksv the Stern− Volmer quenching constant. The 
binding constant (Kb) as well as the number of binding sites (n) was 
determined by plotting the double log graph of the fluorescence data 
using Eq (2). 

log
[
F0 − F

F

]

= log Kb + n log[Q] Eq. 2 

The thermodynamic parameters ΔH, ΔS, and ΔG were obtained 
using Eq. (3) and Eq. 4

ln
[
K2

K1

]

=

[
1
T1

−
1
T2

]
ΔH
R

Eq. 3 

ΔG= − RT ln Kb = ΔH − TΔS Eq. 4 

where K1 and K2 are the binding constants at temperatures T1 and T2, 
respectively; and R is the gas constant.

1.5. Statistical analysis

The GraphPad Prism software program was used to examine the 
statistical data collected from the experiment. The data were assessed by 
using analysis of variance (ANOVA), and any variances in the mean were 
compared by using the Tukey method. The findings are displayed as the 
mean with the corresponding standard deviation. A significance level of 
P < 0.05 was used to determine the significance of any observed 
differences.

2. Results

2.1. General characterization

The palladium metalloporphyrins were obtained by the reactions of 
the precursors [PdCl2(P–P)] (P–P = dppe, dppp, dppb, dppf) with TpyP 
porphyrin. In order to complete the formation of the metalloporphyrin 
species, the AgPF6 salt was employed, in the ratio of 1:1 (AgPF6/Pd 
precursor), helping the exchange of the chlorido ligand by the nitrogen 
atoms of TPyP.

In the IR spectra of the metalloporphyrins (Figs. S6, S9, S12 and S15) 
the main bands of interest are ν(CvN) referring to the porphyrin, ν(P–C) 
from the phosphines, ν(CvC) from both ligands, ν(P–F) from the counter 
ion PF6

− and ν(Pd–N) evidencing the coordination of the Pd precursor to 
the TPyP periphery, which are displayed in Table 1.

The 1H NMR spectra of the metalloporphyrins were useful for the 
characterization of the complexes (Figs. S8, S11, S14 and S17). These 
spectra are can be divided into three parts, the first upfield region cor
responding to the hydrogen atoms of the tetrapyrrole macrocycle. The 
second region, around δ 1.5–3.5 ppm, displays the signals referring to 
the aliphatic hydrogens of the complexes containing the dppe, dppp and 
dppb diphosphines. For complex Porf@dppf (Fig. S17) this second 

region is displaced downfield (δ 3.5–6.0 ppm), mainly due the 
deshielding effect exerted by the ferrocene iron on the hydrogens of the 
cyclopentadienyl rings. Finally, in the region between δ 7.0–9.0 ppm we 
can find the signals corresponding to the aromatic rings of TPyP and 
diphosphines.

In the 31P{1H} spectra of the precursors in CH2Cl2/D2O (Figs. S2–S5), 
only singlet signals are observed, since the atoms trans to the phosphorus 
atoms are exclusively chlorine atoms and metalloporphyrins with dppp, 
dppb, dppf in DMSO (Figures. S10, S13 and S16), presented two dou
blets, showing the nonequivalence of the phosphorus atoms from the 
diphosphine, but the compound with the dppe (Fig. S7) ligands showed 
only a singlet, due to the overlap of the signals. Also, a septet signal at 
about − 144 ppm, belonging to the counterion PF6

− , was observed in the 
spectra of the other complexes. All the signs are presented in Table 2.

2.2. Photophysical and physicochemical properties

Comprehensive photophysical characterization is essential to corre
late excited-state properties with biological responses, confirm a 
photodynamic mechanism, and enable comparison with established 
photosensitizers, thereby supporting the development of safer and more 
efficient systems. The photophysical and physicochemical properties of 
the complexes investigated here have been previously reported [24,29] 
and serve as reliable indicators of their potential for photodynamic ap
plications. Table 3 summarizes the previously determined parameters, 
including the partition coefficient (Log P) and the quantum yields of 
fluorescence (ΦFL), triplet state formation (ΦT), and singlet oxygen 
production (ΦΔ) [24,29].

The internal conversion quantum yield (ΦIC) was calculated using 
Equation (5), considering that S1 deactivation occurs predominantly 
through radiative decay via fluorescence (FL), intersystem crossing 
(ISC), and internal conversion (IC), while other pathways are negligible 
under the experimental conditions. The obtained results are summarized 
in Table 3. 

ΦIC =1 − (ΦFL +ΦT) Eq. 5 

While Porf@dppe, Porf@dppp, and Porf@dppb display comparable 
lipophilicity and photophysical properties, Porf@dppf differs by exhib
iting higher lipophilicity and reduced singlet oxygen production. This 
behavior is consistent with its higher ΦIC, indicating that a larger frac
tion of the excited-state energy is dissipated through non-radiative 

Table 1 
Main bands (cm− 1) in the infrared spectra (KBr pellets).

Complexes ν(C–H) ν(C––N) ν(C––C) ν(P–C) ν(P–F) ν(Pd–N)

Porf@dppe 3060 1610 1429 1108 848 e 528 476
Porf@dppp 3068 1612 1423 1108 858 e 559 474
Porf@dppb 3066 1614 1433 1093 833 e 555 486
Porf@dppf 3068 1612 1431 1103 850 e 553 497

Table 2 
31P{1H} chemical shift data for the precursor complexes and for the metal
loporphyrins, in CH2Cl2/D2O.

Complexes δ (ppm) J (Hz)

[PdCl2(dppe)] 64.74 (s) -
[PdCl2(dppp)] 11.23 (s) -
[PdCl2(dppb)] 29.28 (s) -
[PdCl2(dppf)] 33.69 (s) -
Porf@dppe 66.61 (s) -
Porf@dppp 11.99; 9.05 25.4; 27.7
Porf@dppb 40.34; 17.94 23.7; 25.1
Porf@dppf 37.41; 34.26 10.3; 9.3

Table 3 
– Partition coefficient (Log P), fluorescence quantum yield (ΦFL), triplet state 
quantum yield (ΦT), internal conversion quantum yield (ΦIC) and singlet oxygen 
quantum yield (ΦΔ) .

Sample Log P* ΦFL* ΦT** Φic ΦΔ**

Porf@dppe 2.15 0.060 0.82 0.12 0.62
Porf@dppp 2.20 0.054 0.72 0.226 0.64
Porf@dppb 2.56 0.047 0.83 0.123 0.67
Porf@dppf 3.10 0.018 0.46 0.522 0.42

*ref. [24] and ** ref [29].
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relaxation rather than contributing to ISC process and triplet-state for
mation. Mechanistically, the greater lipophilicity of Porf@dppf may 
favor intramolecular interactions and increased conformational flexi
bility in hydrophobic environments, facilitating vibrational and struc
tural relaxation pathways that enhance IC efficiency. As a result, 

competition with intersystem crossing becomes more pronounced, 
decreasing the population of the triplet excited state responsible for 
singlet oxygen generation. This shift in the balance between radiative 
and non-radiative decay pathways ultimately promotes energy dissipa
tion as heat, leading to lower ΦΔ values. Overall, these results indicate 
that these complexes exhibit properties consistent with effective pho
tosensitizers, supporting their potential application in photodynamic 
therapy.

2.3. Photo)cytotoxicity studies

First, the in vitro cytotoxicity of palladium(II) porphyrin complexes 
and their respective precursors was evaluated in cancer (A375 and 
B16–F10) and non-cancerous (HaCaT) cell lines under dark conditions. 
The viability curves are presented in the Supplementary Information 
(Fig. S18–S23), while the corresponding IC50 values are summarized in 
Table 4.

Among the palladium(II) precursors, only [PdCl2(dppf)] exhibited 
cytotoxicity (IC50 = 3.1–6.3 μM), whereas [PdCl2(dppe)], 
[PdCl2(dppp)], and [PdCl2(dppb)] were inactive at the highest con
centration tested (IC50 > 50 μM).

Regarding the porphyrin complexes, Porf@dppf exhibited the high
est cytotoxicity, with IC50 values of 0.9 ± 0.1 and 1.6 ± 0.1 μM against 
A375 and B16–F10 cells, respectively. However, despite its pronounced 
activity toward cancer cells, Porf@dppf also showed high cytotoxicity 
toward HaCaT cells (IC50 = 0.6 ± 0.1 μM), resulting in low selectivity 
(SI < 1). In contrast, Porf@dppb was the least cytotoxic compound, 
displaying IC50 values of 8.5 ± 0.6, 5.1 ± 0.3, and 8.4 ± 1.1 μM against 
HaCaT, A375, and B16–F10 cells, respectively, but showed higher 
selectivity indices (SI = 1.6 and 1.0 for A375 and B16–F10 cells, 
respectively).

Next, we investigated the phototoxicity of the porphyrin complexes 
under light irradiation. Exposure to light (415 nm, light dose of 
1.8 J cm− 2) markedly reduced the IC50 values of all complexes, which 

Table 4 
IC50 (μM) of the palladium(II) precursors and their corresponding porphyrin 
complexes against cancer cell lines (A375 and B16–F10) and a non-cancerous 
cell line (HaCaT) under dark conditions.

Complex HaCat A375 B16–F10 *SI1 *SI2

[PdCl2(dppf)] 4.2 ± 0.2 3.1 ± 0.3 6.3 ± 0.6 1.3 0.7
[PdCl2(dppp)] >50 >50 >50 - -
[PdCl2(dppe)] >50 >50 >50 - -
[PdCl2(dppb)] >50 >50 >50 - -
Porf@dppf 0.6 ± 0.1 0.9 ± 0.1 1.6 ± 0.1 0.7 0.4
Porf@dppp 2.2 ± 0.3 1.8 ± 0.1 3.2 ± 0.3 1.2 0.7
Porf@dppe 1.7 ± 0.1 4.3 ± 0.6 8.6 ± 0.9 0.4 0.2
Porf@dppb 8.5 ± 0.6 5.1 ± 0.3 8.4 ± 1.1 1.6 1.0

*SI1––IC50Hacat/IC50A375, *SI2––IC50Hacat/IC50B16–F10.

Table 5 
IC50 (nM) obtained for Porf@dppf, Porf@dppe, Porf@dppp, and Porf@dppb 
against A375, B16–F10, and HaCaT cells under irradiation with light (LED 
wavelength of 415 nm, light dose of 1.8 J/cm2).

Complex HaCat A375 B16–F10 PI1 PI2 PI3

Porf@dppf 3.3 ± 0.2 7.4 ± 0.9 1.5 ± 0.4 182 12 1067
Porf@dppe 15.0 ± 3.0 13.0 ± 2.0 25.0 ± 4.0 18 138 128
Porf@dppp 2.1 ± 0.1 5.5 ± 0.7 1.4 ± 0.3 809 860 6143
Porf@dppb 3.2 ± 0.2 27.0 ± 4.0 1.0 ± 0.2 2656 189 8400

The phototoxicity index (PI) was calculated as the ratio IC50dark/IC50light ob
tained for the same cell line. PI1 refers to HaCaT cells, PI2 refers to A375 cells, 
and PI3 refers to B16–F10 cells.

Fig. 2. Morphological analysis of A375 cells treated with Porf@dppb or Porf@dppf and irradiated with light (LED of 415 nm; light dose of 1.8 J/cm2). Cell nuclei 
were stained with Hoechst 33528 and propidium iodide (PI).
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shifted to the nanomolar range (1–27 nM, Table 5). The corresponding 
cell viability curves are presented in the Supplementary Information 
(Fig. S24–S26). Among the tested compounds, Porf@dppb exhibited the 
highest phototoxicity index (PI = 8400) in B16–F10 cells, whereas 
Porf@dppp showed the highest PI in A375 cells (PI = 860). It is worth 
noting that the relatively high dark cytotoxicity of Porf@dppf results in 
lower PI values.

Although the initial cytotoxicity and phototoxicity assays were 
conducted using three cell lines (A375, B16–F10, and HaCaT), more 
detailed investigations of cell morphology, clonogenic survival, migra
tion, and ROS generation were performed exclusively in A375 cells 
treated with Porf@dppb and Porf@dppf, as these complexes displayed 
the most promising selectivity and cytotoxic profiles.

2.4. Morphological changes

After the cytotoxicity and phototoxicity studies, we evaluated 
A375 cell morphology in the absence or presence of Porf@dppb or 
Porf@dppf. In the control group, consisting of untreated A375 cells (in 
the absence of porphyrin complexes), the cells exhibited typical 
morphology and formed a confluent monolayer of well-adhered cells 
with condensed nuclei stained by Hoechst and minimal propidium io
dide fluorescence, confirming cell viability and preservation of plasma 
membrane integrity.

Upon treatment with the compounds at their respective IC50 con
centrations (7.4 nM for Porf@dppf and 27.0 nM for Porf@dppb), fol
lowed by light irradiation, pronounced morphological alterations were 
observed in A375 cells after 48 h. These changes included reduced 

confluence, cell rounding, loss of adhesion, and cellular swelling. 
Hoechst staining revealed nuclear fragmentation, while propidium io
dide fluorescence indicated that a fraction of the cell population 
exhibited compromised membrane integrity.

At 2 × IC50 (14.7 nM for Porf@dppf and 54.0 nM for Porf@dppb), 
these effects became more pronounced, with bright-field images 
showing an almost complete collapse of the monolayer and the 
appearance of small apoptotic cell fragments. Nuclear staining revealed 
a predominance of fragmented nuclei, while increased propidium iodide 
fluorescence indicated loss of cell viability (Fig. 2).

2.5. Clonogenic response

The antiproliferative effects of Porf@dppb and Porf@dppf on 
A375 cells were evaluated using clonogenic assays, which assess the 
ability of a single cell to form colonies comprising at least 50 cells. As 
shown in Fig. 3, treatment with either complex significantly reduced 
colony formation, particularly at concentrations corresponding to IC50 
and 2 × IC50 (14.8 nM for Porf@dppf and 54 nM for Porf@dppb). This 
inhibitory effect was more pronounced for Porf@dppf.

2.6. Inhibition of cell migration

Because cell migration plays a key role in cancer metastasis, the ef
fects of Porf@dppb and Porf@dppf on A375 cell migration were inves
tigated over 24 h using a wound healing assay. The assay was performed 
in the absence or presence of the complexes under light irradiation. As 
shown in Fig. 4, both Porf@dppb and Porf@dppf inhibited A375 cell 
migration following irradiation. This inhibitory effect was more pro
nounced for Porf@dppf: at ½ IC50 (3.7 nM), wound closure reached only 
~18% and ~28% in cells treated with Porf@dppf and Porf@dppb, 
respectively, compared with approximately 76% in the control group 
(untreated A375 cells).

2.7. Intracellular ROS generation

Intracellular ROS production was evaluated to assess the photody
namic activation potential of the porphyrin complexes. This assay 
measures oxidative stress generated within cells upon light irradiation, a 
key mechanism underlying PDT efficacy. In A375 cells treated with the 
compounds at their respective IC50 (7.4 nM for Porf@dppf and 27.0 nM 
for Porf@dppb), concentrations and subsequently irradiated, intracel
lular ROS levels increased by approximately 150% compared with the 
control group. ROS production also showed a concentration-dependent 
increase, although no significant differences between the complexes 
were observed (Fig. 5).

2.8. ROS generation: spin trap EPR spectroscopy

Electron paramagnetic resonance (EPR) spin trapping was employed 
to identify and compare the ROS generated by the porphyrin complexes 
under visible light irradiation. This analysis is crucial for clarifying the 
photochemical pathways involved in photodynamic therapy (PDT) and 
for correlating ROS generation with the biological activity of the 
photosensitizers.

To compare hydroxyl radical (•OH) generation by the four porphy
rins under visible light irradiation, spin trapping experiments were 
performed using PBN (Fig 6A). Irradiation of PBN in DMSO in the 
absence of porphyrins led to formation of the PBN–•OH adduct, char
acterized by hyperfine coupling constants of aN = 14.0 G and aH = 2.4 G 
in DMSO (for comparison, in water aN = 15.5 G and aH = 2.7 G), 
consistent with literature values for hydroxyl radical formation via 
solvent radiolysis. Under these conditions, all porphyrin complexes 
generated •OH; however, Porf@dppf exhibited markedly higher hy
droxyl radical production than the other complexes.

Superoxide anion (O2•
-) formation was evaluated using DMPO, 

Fig. 3. Clonogenic assay conducted with A375 cells treated with Porf@dppb or 
Porf@dppf and irradiated with light (LED of 415 nm; light dose of 1.8 J/cm2). 
Above: Representative images of clonogenic colonies formed in the presence of a 
porphyrin complex after irradiation with light. Bellow: Quantitative analysis of 
the colony-forming efficiency relative to the control (non-treated) group. Data 
are presented as the mean ± standard deviation. Different letters indicate sta
tistically significant differences between the groups (p < 0.05).
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which forms the DMPO–O2•
- adduct characterized by hyperfine 

coupling constants of aN = 13.0 G, aH
β = 9.8 G and aH

γ = 1.5 G [32]. 
Detection of superoxide requires an aprotic solvent, such as DMSO, 
typically containing a small fraction of water, since in purely aqueous 
solutions O2•

- rapidly undergoes dismutation to hydrogen peroxide and 
molecular oxygen [33]. Aprotic solvents stabilize superoxide by sup
pressing proton-mediated reactions, as disproportionation to O2

2− is 
thermodynamically unfavorable under these conditions [34]. In a 95:5 
(v/v) DMSO:water mixture, irradiation of the four porphyrins (95 μM) 
for 10 min resulted in detectable superoxide formation. Porf@dppb and 
Porf@dppf produced similar and higher signal intensities, whereas 
Porf@dppe and Porf@dppp generated comparatively lower levels of 
superoxide (Fig. 6B).

2.9. DNA cleavage properties

In the next part of our study, we used agarose gel electrophoresis to 
investigate whether Porf@dppb or Porf@dppf promotes DNA cleavage 
under light irradiation. For this purpose, we employed a pBR322 
plasmid DNA. In general, three DNA forms are detected in the gel: 
supercoiled (SC), open circular (C), and linear (L). These forms present 
different migration rates, which depend on their size and conformation.

As presented in lanes 1 and 6, the DNA migration rate remained 
unchanged after light irradiation. Hence, two bands are observed in the 
gel, corresponding to supercoiled (SC) and open circular (OC) forms 
(Fig. 7) [35].Porf@dppb seems to cause a single strand break (SSB) 
producing a linear plasmid, which exhibits a migration between SC and 

OC forms (lane 2). Furthermore, a higher electrophoretic mobility was 
observed after increasing the concentration of this compound (lane 3). 
On the other hand, although Porf@dppf did not alter the DNA mobility 
at lower concentration (lane 4), it caused a decrease on the mobility of 
both forms (lane 5) at 25 μM, suggesting alteration in the DNA confor
mation and/or formation of adducts.

2.10. Serum albumin binding properties

Understanding the interaction between porphyrin complexes and 
albumin is essential to elucidate their bioavailability and in vivo dis
tribution, thereby enabling optimization of their efficacy as photosen
sitizers (PS) in photodynamic therapy (PDT). Such interactions can be 
quantitatively characterized through binding or quenching constants, as 
well as through thermodynamic and photophysical parameters associ
ated with these processes [36,37].

The interaction between Porf@dppb or Porf@dppf and bovine serum 
albumin (BSA) was evaluated to assess the potential binding affinity of 
these photosensitizers for plasma proteins. The addition of Porf@dppb 
or Porf@dppf led to a concentration-dependent decrease in BSA fluo
rescence intensity, without causing a shift in the emission maximum 
(Fig. S27).

Stern–Volmer analysis (Table 6) demonstrated that Porf@dppb and 
Porf@dppf quenched BSA fluorescence, and that the Stern–Volmer 
constants (Ksv) were in the order of 105 (Fig. S28). The biomolecular 
quenching rate constants (kq ~1013 M− 1 s− 1) exceeded the diffusion- 
controlled limit for biopolymers (7.40 × 109 M− 1 s− 1), which suggests 

Fig. 4. Migration assay of A375 cells treated with Porf@dppb or Porf@dppf and irradiated with light (LED of 415 nm; light dose of 1.8 J/cm2). (a) Representative 
images of the wound healing assay showing cell migration to the scratch area 24 h after treatment, Quantitative analysis of wound closure (%) for cells treated with 
(b) Porf@dppf and (c) Porf@dppb. Data are presented as the mean ± standard deviation. ns = not significant (p > 0.05); **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Fig. 5. Intracellular ROS generation in A375 cells treated with Porf@dppb or Porf@dppf under irradiation with light (LED of 415 nm; light dose of 1.8 J/cm2). Data 
are presented as the mean ± standard deviation. ns = not significant (p > 0.05); *p < 0.05; **p < 0.01; ****p < 0.0001.

Fig. 6. Representative EPR spectra of the spin traps PBN (panel A), DMPO (panel B) and , recorded in aerated porphyrin solutions after visible light irradiation for 
10 min (720 J cm− 2). Control samples lacking porphyrins were analyzed in parallel. PBN (80 mM) detected hydroxyl radical adducts (PBN-•OH) for 95 μM por
phyrins in DMSO (panel A). DMPO (25 mM) detected superoxide anion adducts (DMPO-•O2− ) in a 95:5 DMSO:water mixture containing 95 μM porphyrins (panel B). 
Relative signal intensities are expressed in arbitrary units (y-axis).
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a non-collisional quenching process [38]. Furthermore, Ksv did not 
depend on temperature. The binding constants (Kb) were also in the 
order of 105 L/mol, which indicates that Porf@dppb and Porf@dppf 
have moderate affinity for albumin [39,40]. We obtained the lowest Kb 
value for Porf@dppf (1.25 × 105 L/mol) at 298 K, and the number of 
binding sites (n) was approximately 1, which suggests a 1:1 binding 
stoichiometry.

The thermodynamic parameters revealed that the Gibbs free energy 
(ΔG) ranged from − 29.1 to − 32.0 kJ/mol, which confirms that the 
interaction is spontaneous. The entropy (ΔS) increased from 85.9 J/ 
mol⋅K for Porf@dppf to 95.7 J/mol⋅K for Porf@dppb, while enthalpy 
(ΔH) became less negative for the latter complex (− 3.46 kJ/mol for 
Porf@dppf and − 2.33 kJ/mol for Porf@dppb).

DNA.

3. Discussion

Melanoma remains one of the most challenging targets for photo
dynamic therapy due to intrinsic resistance mechanisms [40]. A major 
limitation arises from its high melanin content, which can act as an 
optical filter by competitively absorbing light and reducing photon 
penetration, thereby decreasing effective photosensitizer excitation 
[41]. Among the main components of this pigment, eumelanin and 
pheomelanin play distinct roles in the photobiological behavior of tumor 
[42]. Eumelanin exhibits strong antioxidant and photoprotective prop
erties, acting as a scavenger of reactive oxygen species and contributing 
to the neutralization of PDT-induced oxidative stress [43]. In contrast, 
pheomelanin has different redox characteristics and, under certain 
conditions, may participate in the generation of reactive species, 
potentially enhancing the photodynamic response of melanoma. One 
strategy to overcome these limitations is the use of optical clearing ap
proaches [44].

In addition to the optical absorption caused by melanin, melanoma 
also presents well-established hypoxic microenvironments associated 
with rapid tumor growth and disorganized vascularization. This condi
tion can compromise the efficiency of conventional PDT, since Type II 
mechanisms depend directly on the availability of molecular oxygen for 
singlet oxygen generation.

Considering that melanoma is a cutaneous cancer of superficial 
localization, 415 nm LED light sources have been widely employed in 

melanoma studies using porphyrins, as this wavelength overlaps with 
the Soret band and shows proven efficiency in photodynamic activation 
under blue light [45–47]. Akasov et al. (2019) [48] demonstrated that 
irradiation with blue light (~450 nm and 5 J/cm2) in the presence of 
flavin mononucleotide (FMN) promotes tumor regression (~85–90%) in 
a murine melanoma model and reduces A375 cell viability 
(IC50 = 10–30 μM), confirming that blue light is effective even in the 
presence of melanin.

In this context, coordination of meso-tetra(4-pyridyl)porphyrin 
(TPyP) with peripheral palladium(II)–diphosphine precursors results 
in enhanced intrinsic cytotoxicity of the corresponding porphyrin 
complexes under dark conditions. Notably, three of the four pre
cursors—[PdCl2(dppe)], [PdCl2(dppp)], and [PdCl2(dppb)]—displayed 
low cytotoxicity toward the tested cell lines (IC50 > 50 μM). In contrast, 
[PdCl2(dppf)], which contains a ferrocene moiety, exhibited signifi
cantly higher cytotoxicity, with IC50 values ranging from 4.2 to 6.3 μM.

Although melanin is often considered one of the main barriers to 
PDT, upon light irradiation (415 nm), all porphyrin complexes became 
highly phototoxic, displaying IC50 values in the nanomolar range 
(1–27 nM). Among the tested compounds, Porf@dppb showed the 
highest phototoxicity index, indicating superior photoinduced cytotoxic 
efficiency. These results demonstrate that these complexes can over
come melanin-related optical limitations and confirm their strong ROS 
generation and phototoxic potential. Meanwhile, recently reported and 
structurally similar porphyrin systems have IC50 values in the micro
molar range. Martin et al. (2024) [49] reported an IC50 of 
0.47 ± 0.12 μM against B16–F10 cells under irradiation with 415-nm 
light (4 J/cm2). Similarly, Trentin et al. (2024) [26] investigated two 
palladium(II) porphyrins, 3-PdTPyP and 4-PdTPyP, and showed that 
they exhibit strong phototoxicity (IC50 = 0.43 μM for A375 and 0.51 μM 
for B16–F10) under LED irradiation (50 mW/cm2, 90 min, 270 J/cm2).

From a structural standpoint, Porf@dppe, Porf@dppp, and 
Porf@dppb are closely related. However, Porf@dppb exhibited superior 
photodynamic efficacy, which can be attributed to a combination of 
properties. Among these complexes, Porf@dppb showed higher lip
ophilicity, more efficient triplet-state formation, enhanced singlet oxy
gen generation, and increased production of hydroxyl radicals and 
superoxide. This profile indicates that its activity results from favorable 
cellular uptake associated with its lipophilic character, together with the 
concurrent contribution of both Type I and Type II photodynamic 
pathways.

Although Porf@dppf displayed lower triplet-state and singlet oxygen 
yields, it presented the highest lipophilicity overall and was the most 
effective in generating hydroxyl radicals and superoxide. Its photody
namic performance is therefore mainly associated with its strong lipo
philic nature and pronounced Type I contribution. In addition, the 
ferrocene iron center may enhance intracellular redox cycling through 
Fenton-type reactions, promoting hydrogen peroxide decomposition 
and hydroxyl radical formation, consistent with the EPR results.

The ability of these complexes—particularly Porf@dppb and 
Porf@dppf—to operate through both Type I and Type II mechanisms is 
especially relevant under hypoxic conditions. Their substantial pro
duction of hydroxyl radicals and superoxide suggests maintained 
photodynamic efficiency even in the oxygen-limited tumor microenvi
ronment characteristic of melanoma.

Fig. 7. Agarose gel electrophoresis image of pBR322 plasmid DNA (50 μM) 
incubated with Porf@dppb and Porf@dppf at 37 ◦C for 1 h after irradiation 
during 10 min at 415 nm (light dose of 1.8 J/cm2). lanes 1 and 6: pure DNA 
plasmid; lane 2 and 3: DNA treated with Porf@dppb (12.5 and 25 μM); lanes 4 
and 5: DNA treated with Porf@dppf (12.5 and 25 μM).

Table 6 
Binding constants and thermodynamic data for the interaction between Porf@dppb or Porf@dppf and BSA. Stern–Volmer quenching constant (Ksv), bimolecular 
quenching rate constant (Kq), binding constant (Kb), number of binding sites (n), and thermodynamic parameters (ΔH◦, ΔS◦, and ΔG◦) for the interaction between 
Porf@dppb or Porf@dppf and BSA at different temperatures (298 and 310 K).

Complex T (K) KSV (105) Kq (1013) Kb (105) n ΔH◦ ΔS◦ ΔG◦

Porf@dppb 298 2.32 ± 0.02 3.74 2.57 ± 0.17 0.94 − 2.33 95.7 − 30.9
310 2.19 ± 0.10 3.53 2.48 ± 0.30 0.85 95.7 − 32.0

Porf@dppf 298 1.17 ± 0.07 1.89 1.25 ± 0.28 0.97 − 3.46 85.9 − 29.1
310 1.18 ± 0.03 1.90 1.18 ± 0.41 0.87 85.9 − 30.1
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Although the selectivity indices of the investigated complexes are not 
particularly high, which may limit their applicability for systemic 
administration, this does not diminish their potential relevance for the 
treatment of superficial melanoma lesions by photodynamic therapy 
[50,51]. Notably, approximately 70% of newly diagnosed melanoma 
cases are classified as thin melanomas (TMs), defined by a Breslow 
thickness of less than 1 mm, which reinforces the clinical relevance of 
localized therapeutic approaches [52]. In PDT, photosensitizers can be 
administered directly at the site of interest, and light activation is 
spatially confined to the irradiated area [53]. As a result, photodynamic 
damage occurs in a highly controlled and localized manner, leading 
predominantly to tumor destruction within the illuminated tissue while 
minimizing adverse effects on surrounding healthy structures [54].

From a pharmacological perspective, the interaction with serum al
bumin provides important information about the transport and bio
distribution of these complexes in biological systems. Since albumin is 
the main carrier protein in plasma, the observed moderate affinity 
suggests that the photosensitizers can be efficiently transported in cir
culation while maintaining stability and availability for tumor uptake. 
This reversible interaction may favor passive accumulation in tumor 
tissue while preserving the free fraction required for cellular 
internalization.

Our results support this interpretation by demonstrating pronounced 
quenching of BSA fluorescence, indicating the formation of stable 
ground-state complexes through a static quenching mechanism. The 
binding constants (Kb ≈ 105 L/mol) reveal moderate and reversible af
finity with a 1:1 binding stoichiometry, while thermodynamic parame
ters (negative ΔG, positive ΔS, and slightly negative ΔH) confirm a 
spontaneous process predominantly stabilized by electrostatic in
teractions [8,45–48,55,56]. Together, these findings suggest a favorable 
profile for plasma transport, stability, and biological availability of the 
photosensitizers.

Morphological analyses revealed that A375 cells exposed to 
Porf@dppb or Porf@dppf undergo characteristic apoptotic changes: 
reduced adhesion, nuclear fragmentation, and collapse of the cell 
monolayer after 48 h. Wound healing and clonogenic assays further 
confirmed that, even at low concentrations, Porf@dppb and Porf@dppf 
inhibit cell migration and colony formation [57].

Furthermore, agarose gel electrophoresis results suggest that 
Porf@dppb and Porf@dppf act in a dose-dependent manner, altering 
DNA mobility upon interaction with the double helix [58–60]. The 
mechanisms through which Porf@dppf or Porf@dppb interact with BSA 
provide insight into how these porphyrin complexes are transported and 
biodistributed in biological systems. Given that albumin is the main 
carrier protein in plasma, its interaction with PS directly influences 
bioavailability, stability, and tumor-targeting efficiency in PDT [61].

Taken together, these findings indicate that the investigated com
plexes combine high photodynamic efficiency, strong cellular internal
ization, and multifactorial ROS generation, maintaining activity even in 
the presence of melanin and under adverse biological conditions. The 
achievement of nanomolar IC50 values, significantly lower than those 
reported for structurally related systems, highlights their potential as 
promising platforms for the development of new photosensitizers for 
melanoma treatment.

4. Conclusions

Coordinating meso-tetra(4-pyridyl)porphyrin (TPyP) to peripheral 
palladium(II)–diphosphine complexes modulates the photodynamic 
properties of TPyP. The presence of the ferrocene moiety increases the 
intrinsic cytotoxicity of Porf@dppf and enhances oxidative damage and 
tumor selectivity. Upon visible light irradiation, all investigated 
porphyrin complexes exhibited pronounced phototoxicity, with IC50 
values in the nanomolar range, associated with their lipophilic character 
and DNA fragmentation.

In addition, the porphyrin complexes were shown to produce 

multiple reactive oxygen species under irradiation, including hydroxyl 
radicals, superoxide anion, and singlet oxygen. Suggesting simultaneous 
contribution of both Type I and Type II photodynamic mechanisms. 
Notably, Porf@dppf displayed substantially higher hydroxyl radical 
production, consistent with the redox activity of the ferrocene unit and 
supporting the involvement of Fenton-type processes in its enhanced 
phototoxic effect. Differences in superoxide and singlet oxygen genera
tion among the complexes further indicate that the diphosphine ligand 
modulates the balance between ROS pathways, which is likely related to 
their distinct biological responses.

Moderate and spontaneous interactions between the photosensitizers 
(PS) and BSA suggest favorable transport in biological media, allowing 
circulation without permanent sequestration. Overall, these findings 
provide relevant insights into palladium(II) metalloporphyrins and 
highlight their potential application in photodynamic therapy (PDT) for 
melanoma treatment.
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